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Usng a variety of geophysicd and geologicd data, the Phanerozoic tectonic evolution of
Syria has been interpreted. The dudy is inspired by the diverse syles of tectonic
deformation within Syria generated by long-lived proximity to active plate boundaries. The
work is aso relevant to hydrocarbon exploration. The availablity of seismic reflection and

refraction profiles, wells, and other resources made this research possible.

Three studies focused on specific areas of Syria are presented. The firdt is a seilsmic
refraction interpretation dong a north — south profile in eastern Syria. The results show that
metamorphic basement depth (and hence Paleozoic thickness) in southeast Syria is grester,
by >2 km, than that in the northeast.

The next study interprets the structure and tectonics in northeast Syriaw  During Late
Pdeozoic and Mesozoic time northeast Syria was an extenson of the Pamyride trough. In
the Maadtrichtian, regiona extension opened the Abd € Aziz and Sinjar graben that were

sructurdly inverted in the Late Cenozoic to form the present topography.

The third study concerns the Ghab Badn in western Syria.  This 3.4 km deep Plio-
Quaternary pull-apart basin suggests that the Dead Sea Fault System has only been active in

Syria since the end of the Miocene in accordance with a two-phase modd of Red Sea

opening.



The find study integrates the previous interpretations with new work to provide a tectonic
evolutionary mode that shows the Phanerozoic development of dl Syria  This modd is
closdly tied to Sratigraphic data that improve the interpretation of many tectonic events, and
put the results into a paleogeographica context. The modd shows how specific deformation
episodes within Syria have been penecontemporaneous with regiona plate tectonic events.
The Late Paleozoic / Mesozoic northeast trending Palmyride / Sinjar trough formed across
centrd Syria in response to Permo-Triassic opening of the NeoTethys Ocean. Proximd
subduction in the NeoTethys created the Late Cretaceous Euphrates Fault System and Abd
e Aziz | Sinjar graben in eastern Syria. Late Cretaceous to Late Miocene collisons and
shortening dong the northern Arabian margin caused platform-wide dructurd inversion,
uplift, and shortening. This compression continues today under the influence of Arabia /

Eurasia convergence.
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CHAPTER ONE

I ntroduction

This dissartation concerns the tectonic evolution of Syria  Various geophysica and
geologicd data have been interpreted in unison to document and andyze the Phanerozoic
sructurd deformation of severd areas within Syria. These interpretations are combined with
previous work, and knowledge of regiond plate tectonics, to form a complete Phanerozic

tectonic modd for dl Syria.

The work presented here is the latest contribution of the ‘Cornell Syria Project’. This
academic / indudtrid collaboration has been active for over twelve years studying the
northern Arabian Platform. Interest in Syria and the surrounding areas comes from severd
geologic and logigtic motivations. The primary rationae isto study intracontinental areas that
have experienced significant tectonism. Even a casud consderation of Syria showsthat it is
currently proxima to severa active plate boundaries (Figure 1.1), and has been through
much of geologic time, especidly the Mesozoic and Cenozoic. Previous work of the Cornell
SyriaProject (e.g. Barazangi et d., 1993), and this dissertation, show how activity on these
nearby plate boundaries has affected the deformation within Syria.

A further motivetion is the very diverse styles and timing of tectonics within Syria. Tectonism
within the country is concentrated in four major tectonic zones. These include a fold and
thrust belt, a plate boundary transform fault, inverted basins and an extensive aborted rift.
Inspection of the topography of Syria (Figure 1.2) immediately reveds the physiographic

provinces that have prominent topographic expression.



Figure 1.1: Map showing regiond setting of Syria, dmost surrounded by currently active
plate boundaries. NAF = North Anatolian Faullt.



Figure 1.2: Map showing topographic contours and generd tectonic zones in Syria. The
aress investigated in Chapters 2, 3, and 4 of this dissertation are indicated. Chapter 5

concerns the tectonic evolution of dl Syria
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The find motivetion for the sudy of Syria is the rdlevance this work has in the search for
hydrocarbons.  Although not comparable with the vast reserves of the Arabian Gulf dates,
the oil and gas reserves of Syria are nonetheless important to the loca economy. The
maturation of many of Syria s older fields leads impetuous for new discoveries. Many recent
efforts have focused on exploration in Paeozoic drata, degper than most previous
discoveries. Our mapping of dratigraphic didributions and Structures, as well as regiond

tectonic e ements, can assis in this search.

It is our greet fortune that we have access to a very extensve geophysical and geologica
database that can be used to examine the diverse and interesting tectonics of Syria. Through
the generogty of the Syrian Petroleum Company (SPC), the Cornell Syria Project has
access to many thousands of kilometers of seismic reflection profiles, data from hundreds of
wells, and many other data sets. Detailed descriptions and maps of these data are given in

later chapters.

This dissertation is presented as a series of self-contained chapters, each concerned with a
certain facet of Syrian tectonic evolution. Chapter 2, 3, and 4 examine the tectonic style and
history within three digtinct areas of Syria (Figure 1.2). Chapter 5 is concerned with the
tectonic evolution of al Syria. In the remainder of this chapter (Chapter 9 a very brief
tectonic tour of Syria is undertaken. The direct contributions of this dissertation to the

undergtanding of these tectonics is given with reference to later chapters.

Syria consigts of four mgor tectonic zones separated by less deformed aress.  Extending
~400 km northeast from the Lebanese border in the west into central Syria are the

Pdmyrides, the largest topographic feature, and the firgt tectonic zone of Syria. The



Pdmyrides can be further divided, on the basis of topography and structure, into the
Southwest Pamyrides (a fold and thrust belt), and the Bilas and Bishri blocks, Mesozoic
sub-basins inverted during Cenozoic compression. The Pamyrides have been wdl studied
previoudy by the Corndl Syria Project including Best et d. (1990; 1993), Chamov €t d.
(1990; 1992; 1993), McBride et . (1990), Al-Saad et a. (1991; 1992), Barazangi €t d.
(1993), Seber et a. (1993), and Alsdorf et d. (1995). They showed how the Pamyride
area was an extensive Permo-Triassic rift, formed under regiona extension associated with
the opening of the NeoTethys Ocean and the eastern Mediterranean. While this dissertation
does not directly add to their understanding, the Palmyrides are included in our discussion of
regiond tectonic evolution (Chapter 5). This includes structura maps for the Pamyrides,
dratigraphic descriptions, isopachs, and seismic reflection examples showing the various
syles of deformetion.

The subdued topography of the second mgor tectonic zone, the Euphrates Fault System,
belies its complex structure that harbors the greatest oil production in Syria. The Euphrates
Fault System (Figure 1.2) extends across Syria from the Iragi border in the southeast to the
Turkish border in the northwest. The southeastern area, the ‘ Euphrates Graben’ is the most
intensaly deformed part, and most reminiscent of a classc segp-sded graben. The
Euphrates Fault System was rigoroudy studied by Cornell Syria Project researchers (Sawaf
et a., 1993; Litak et a., 1997, 1998). They concluded that moderate latest Cretaceous
rifting, distributed among many branching faults, was aborted near the end of the Cretaceous.
Extensve Paeogene thermd sag above the rift was followed by very minor compresson and
dructurd reectivation in the Neogene. The dructure, stratigrgphy, and evolution of the
Euphrates Fault System is detailed in Chapter 5 in the context of the regiond tectonic

evolution.



Chapter 2 of this dissertation is an investigation of the deep structure of the Euphrates Fault
System and the areas north and south of therift. This study is based on the interpretation of
asaignic refraction profile (see profile location in Figure 1.2). The powerful explosions used
in the saismic acquistion and high dengty of data collection make this a very high qudity
dataset, unique for Syria. Offsets were long enough to record refracations from sedimentary
basement in many places on the profile. These are the best congtraints on basement depth
available, as metamorphic basement is not penetrated by drilling or imaging on reflection
data. The refraction data were interpreted using a ray-tracing approach together with other
elements of our database to decrease ambiguity. The results show much deeper basement,
and hence a thicker Pdeozoic sedimentary section, south of the Euphrates. The

interpretation aso shows that the faulting in the Euphrates is complex, deep-seeted, and

seeply dipping.

Two topographicadly prominent uplifts in northeast Syria, the Abd & Aziz and Sinjar
sructures, reveal the location of the third mgjor tectonic zone that is consdered in Chapter 3
(see Figure 1.2 for location). Almost wholly ungtudied in previoudy published work, the
proximity to the northern Arabian margin and topographic expresson made this an intriguing
target for research. Chapter 3 presents many examples of saismic reflection profiles and
maps that show the evolution of this zone. For much of the Late Padeozoic and Mesozoic
the area was the northeastern extension of the Pamyride trough. This broad downwarping
accumulated many thousands of meters of predominantly cagtic Paeozoic drata and
Mesozoic carbonates. In the latest Cretaceous this area was affected by the extensiond
tectonics that crested the Euphrates Fault System. East —west striking normd faults formed
the Abd € Aziz and Sinjar grabens that amassed up to 1.6 km of syn-extensona marly
limestone. Chapter 3 goes on to show how these latest Cretaceous normd faults were

gructurdly inverted from Late Pliocene time onwards. Fault-propagation folding above the



gructurdly inverted latest Cretaceous normd faults has crested the topography that is
observed in northeastern Syria today.

The fourth and find mgor tectonic zone is the Dead Sea Fault System, an active transform
plate boundary in western Syria.  Chapter 4, the find study of a specific area in this
dissertation, examines the Ghab Basin, a pull-apart structure on the Dead Sea Fault System.
The Plio-Quaternary age of the Ghab Basin suggests that the Dead Sea Fault System did not
propagate through Syria until after the Miocene. This observation fits with previous modds
of two-phase Red Sea opening and Dead Sea Fault movement. The Late Cretaceous to
Recent uplift of the Syrian Coasta Ranges is dso documented.  This prominent topography
directly west of the Dead Sea Fault in Syria is shown to be part of the Syrian Arc
deformation, abeit strongly modified on its eastern limb by the Dead Sea Fault System and

Ghab Basin formetion.

The ultimate result of this dissertation is anew regiona tectonic evolutionary modd for Syria,
presented in Chapter 5. This brings together many of the observations made in Chapters 2,
3, and 4, together with results from previous research and new interpretations. For the first
time, data from dl Syria are conddered in totdity. Adding sgnificantly to this is the
incorporation of many dratigraphic observations thet refine the timing of many of the tectonic
events that are discussed, and set the modd into a regiona paleogeographic framework.
Additiond products include a series of subsurface structural maps for the whole country and
anew lithogtratigraphic chart.

The plates presented in the back pocket of this dissertation are discussed in Chapter 5.
Plate 1 is a new tectonic map for Syria. It shows a summary of our mapped tectonic

dements, together with Syria geology (Ponikarov, 1966), topography, seismicity and other



relevant data. Annotations on the map make it a single primary reference for any researcher
concerned with the sructure and tectonics of Syria. This mapping clearly shows how the
vast mgjority of tectonic deformation within Syriais focused in the four mgor tectonic zones
as outlined above. Plate 2 is our regiond tectonic evolutionary modd. It shows two
different views of the northern Arabian Plaiform a twelve time points throughout the
Phanerozoic. The fird view is of regiond plate tectonic recongtruction (modified from
Stampfli et a., 2000), and the second is a schematic map of tectonic deformation in Syria.
The timelines on Plate 2 show the timing of globa, regiond, and locd tectonic events. In
summary, Plate 2 contains the essence of dl Corndl Syria Project work concerned with
timing and styles of tectonic evolution. This chart shows the contemporaneous evolution of
many structures within Syria, and the relationships between this evolution and regiond plate
tectonic events. To date, this is the sngle most complete tectonic summary, based on the

most extensive data, ever proposed for Syria.
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CHAPTER TWO

Basement Depth and Sedimentary Veocity Structurein the
Northern Arabian Platform, Eastern Syria’

ABSTRACT

Basament depth in the Arabian plate beneath eastern Syriaiis found to be much deeper than
previoudy supposed. Deep-seated faulting in the Euphrates fault system is a'so documented.
Data from a detalled, 300 km long, reversed refraction profile, with offsets up to 54 km, are
andyzed and interpreted, yielding a velocity mode for the upper ~ 9 km of continentd crugt.
The interpretation integrates the refraction data with seismic reflection profiles, well logs and
potentid field data, such that the results are congstent with dl available information. A
model of sedimentary thicknesses and seismic velocities throughout the region is established.
Basement depth on the north side of the Euphrates is interpreted to be around 6 km, whilst
south of the Euphrates basement depth is at least 8.5 km. Consequently, the potentidly
hydrocarbon-rich pre-Mesozoic section is shown, in places, to be a least 7 km thick. The
dramétic difference in basement depth on adjacent sides of the Euphrates graben system may
suggest that the Euphrates system is a suture / shear zone, possibly inherited from Late
Proterozoic accretion of the Arabian plate. Gravity modding across the southeast Euphrates
sysem tends to support this hypothesis. Incorporation of previous results alows us to
establish the first-order trends in basement depth throughout Syria.

" Originally published as “Basement depth and sedimentary velocity structure in the northern Arabian
Platform, eastern Syrid’ by G. Brew, R. Litak, D. Seber, M. Barazangi, A. Al-Imam, and T. Sawaf,
Geophysical Journal International, 128, 618-631, 1997.
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INTRODUCTION AND GEOLOGIC BACKGROUND

We present an interpretation of seismic refraction data collected aong a north-south profile
in eastern Syria.  The refraction data are interpreted in conjunction with well logs, seismic
reflection data, gravity and magnetic data. Hence, previoudy unknown metamorphic
basement depth, and pre-Mesozoic sedimentary thickness, in eastern Syria are established.
Along with indications of basement and deep sedimentary sructure, this can help to

determine the intracontinenta tectonic processes that have shaped the region.

The tectonic setting of Syria within the Arabian plate (Figure 2.1) shows that the country is
amogt surrounded by active plate boundaries. The western boundary is marked by the left-
latera Dead Sea fault sysem which extends from the Gulf of Agaba in the south to the
Cyprus subduction zone - Bitlis suture - Dead Sea transform triple junction in the north. The
Dead Seafault marks the boundary between the Arabian plate to the east and the Levantine
(east Mediterranean) subplate to the west. To the north of Syria lies the Bitlis suture which
represents the collision zone of the Arabian and Eurasian plates. Continuing moverment along
this boundary is accommodated by thrusting aong the Bitlis suture as well as movement on
the Eagt Anatolian Ieft-latera fault, as the Anatolian subplate escapes collison. To the east
and southeast of Syria the Neogene-Quaternary Zagros fold belt marks the collison zone of
the Arabian plate with Iran (e.g. Sengor and Kidd 1979; Sengor and Yilmaz 1981).

It is generdly believed that the movement aong the surrounding plate boundaries controls the
intraplate deformation observed in Syria (eg. Barazangi et a. 1993). The two magor
structurd features of the country are the Pamyride fold and thrust belt of
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Figure 2.1: Regiond tectonic setting of the northern Arabian platform.
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Figure 2.2: Map of eastern and centra Syria showing location of selected data sources.
Shaded area represents gpproximate location of Euphrates fault sysem. The extent of the
faulting to the north and into Turkey is largdy uncondrained. Only a smdl portion of the
tota number of saiamic reflection lines used in this sudy are shown. Subgtantid additiond

wdl data farther from the refraction line were dso available.
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central Syria, and the Euphrates fault system in the east (Figure 2.2). It has been suggested
(e.g. Best et d. 1990) that these structures could be formed by reactivation aong zones of
weakness in the Arabian plate - weaknesses that have perhaps perssted since the
Proterozoic (e.g. Barazangi et d. 1993; Litak et al. 1997). However, whilst an appreciable
amount of research has been conducted in the PAmyrides (eg. Chaimov et a. 1990;
McBride et al. 1990; Al-Saad et a. 1992; Barazangi et a. 1992), rdaivdly little work has
focused on eastern Syria. In particular, the Euphrates system has received limited attention
in comparison to its geologic and economic importance (e.g. Beydoun 1991; de Ruiter et d.
1994). Recent work (Sawaf et a. 1993; Alsdorf et a. 1995; Litak et d. 1997, 1998) has
increased undergtanding of the Euphrates system, but detailed assessment of basement
sructure and depth in this region has, until now, been unavailable. Hence, our results are a
vauable contribution to the knowledge and understanding of the regiond structure and

tectonics of eastern Syria.

The area of eastern Syria focused upon in this study can be roughly divided into four
sructurd zones of intrgplate deformation, within which the deformation appears to be
controlled by movement on the nearby plate boundaries. From north to south these are the
Abd € Aziz sructurd zone, the Derro high, the Euphrates fault sysem and the Rutbah uplift
(Figure 2. 2).

The Abd d Azz uplift is an anticlinorium controlled mainly by a mgor south-dipping reverse
falt (eg. Ponikarov 1967; Lovelock 1984). It is thought that the Abd € Aziz was a
sedimentary basin in the Mesozoic which inverted in the Neogene (Sawaf et a. 1993), and
may have been the northwestern edge of the larger Sinjar trough which existed at that time
(Lovelock 1984).



18

South of Abd d Aziz, and to the north of the Euphrates, is a series of sructurd highs,
controlled by deeply penetrating faults. Most prominent of these is the Derro high which is
interpreted to be bounded by north-dipping reverse faults that separate this area from the
Abd d Aziz (Sawaf et a. 1993). Basdtic outcrops dong some of the larger faults around

the Derro high could offer further evidence for the degp-seated nature of faulting in this area.

Although largely unexpressed by surface features, the Euphrates fault system represents an
aborted rift system, striking roughly NW-SE and extending completely across Syria. The
faulting is thought to represent a Late Cretaceous trangtensiond graben system with minor
reactivation in Neogene times (Lovelock 1984). The system can be roughly divided into
three parts dong its length (Litak et a. 1997): a northwestern segment exhibiting shalow
grabens and sgnificant inversion; a centra segment where the Euphrates system bounds the
Pdmyrides and srike-dip movement is gpparent; and the southeastern part which is
characterized by deep graben features and only very minor inverson (Figure 2.2). Although
Loveock (1984) suggested that most movement in the system took place on a few mgor
faults, recent work clearly indicates that the deformation is widely distributed (de Ruiter et dl.
1994; Litak et d. 1997, 1998). Faulting, for the most part, is nearly vertica in most places,
resulting in limited (< 6 km) extenson across the system (Litak et a. 1998).

The southernmost section of the refraction profile crosses the eastern edge of the Rutbah
uplift, an extensve upwarp which affects large parts of western Irag, northern Jordan and
southern Syria. Doming and extensive erosion of the area is known to have taken place
during the Mesozoic and Tertiary (e.g. Lovelock 1984). Very little deformation is found in
the drata of the Rutbah Uplift, except aong the northeastern edge where it trends into the

Euphrates depression.
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Basement Rocksin Syria

The lack of current congtraints on basement depth in Syria is a consequence of an amogt
complete absence of basement outcrops, and only one well, in the far northwest of the
country, has penetrated the Precambrian (Ponikarov 1967). The few basement exposures
that exig are in northwest Syria, Jordan, southern Isragl and in southern Turkey, dl at
extensve distances from the study area, and in different geologic regimes (Ponikarov 1967;
Sawaf et al. 1993). Leonov et d. (1989) congructed a depth to basement map within Syria
based on well data and seismic reflection data, thus establishing the broad trends which are
dill generdly accepted. However, the smdl scde and lack of direct evidence used in the
study of Leonov et a. (1989) limit its applicability and new results presented here disagree
somewhat with this earlier assessment. Best et d. (1993) mapped basement for the whole of
Syria by usng a prominent Mid-Cambrian reflection event as a proxy for basement rocks.
However the results presented here show there can be substantia differences between the
depth of the Middle Cambrian and basement rocks. Seber et d. (1993), usng sasmic
refraction data, established basement depths in central Syria to be around 6 km benegth the
Aleppo Plateau, 9-11 km beneath the Pamyrides and at least 8 km in the south of the
country. Additionally, Seber et d. (1993) found seismic veocities of basement rocks to be
aound 6 km/s in agreement with the findings of refraction surveys in Jordan which
interpreted basement velocities of 5.8 - 6.5 kn/s (Ginzburg et d. 1979; El-lsa et d. 1987).
However, in the absence of previous investigations in eastern Syria, the results presented
here offer a unique assessment of basement depth in this region, and hence offer new insght
on the deformationa history of the northern Arabian platform.
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DATA ANALYSIS

Data Acquisition

The model of basement depth and deep sedimentary structure that we develop relies on the
andysis of severa data sources, particularly a 300 km long seismic refraction profile. The
refraction data were collected as part of alarger seismic profiling effort spanning al of Syria,
conducted by a Soviet/Syrian joint project in 1972-3. Nine refraction lines were shat,

totaling 2592 km, providing unique data for the study of deep sedimentary structure.

The origind andyss of the sdamic refraction data (Ouglanov et a. 1974) relied on
interpretation techniques that established velocities using smpligic formulae that are now
known to be problematic. Additiondly, the origind interpretation attached dratigraphic
sgnificance to some of the velocity contrasts observed in the refraction interpretation. Data
from wells drilled since this initid interpretation show these dratigraphic inferences to be
incorrect. However, asthis old interpretation was never written in fina form, and was never
published, further results of the 1974 andysis of the data are not discussed here. With the
benefit of technologica advances in the interpretation of these type of data, and aided by
extensve supplementary data sources, we present a new interpretation of the origina data
showing basement depth to be much greater than originally interpreted.
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Figure 2.3: Configuration of shots and geophone spreads used in the refraction

interpretation. Cumulative fold of coverage aso shown.
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Figure 2.2 shows the location of the refraction profile, the seismic reflection lines and the well
logs used in this interpretation. The refraction line is 302 km long and oriented north-south.
A totd of 44 shot points were employed dong the profile having a spacing of approximeately
7 km. Shot sizes varied between 50 and 1250 kg dependent on geophone offset; data were
recorded along forward and reverse geophone spreads for each shot, and geophone spacing
was 150 meters. For most shots both a high and low gain andog recordings were made,
The geophone spreads were of two types: every second shot point had ‘ short’ spreads of 28
km maximum offset and the remaining, ‘long’, soreads had nomind maximum offsets of 48
km, with the longest spread being 54 km.

Since degp sedimentary structure was the primary focus of this investigation, it was decided
that the shorter spreads 8 km offsets) contained little data that could not be obtained
independently from the longer spreads. Thus, data from 23 shots, each with forward and
reverse geophone spreads, are used in our interpretation. This yields a fold of coverage a

least 700% in most places (Figure 2.3), unusudly high for a survey of thistype.

In andyzing these data the origind photographic andog recordings from the survey were
used to digitize first and, wherever possible, subsequent arrivals. Recognition of firgt arrivals
was generdly unambiguous owing to large shot Sizes and relatively quiet recording conditions
(Figure 2.4). Identification of subsequent arrivals, however, was generaly precluded by the
large amplitudes of the traces and short recording times. A total of approximately 17,000

arivaswere digitized.
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Figure 2.4: Typicad example of origind refraction data. Part of reverse spread from shot
17. Note the good qudity of firg arrivas (highlighted with line added by authors) which

were digitized to accomplish aray-traced interpretation.
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Data I nter pretation

The refraction data were interpreted using a geometric ray-tracing gpproach utilizing the
software of Luetgert (1992). Prdiminary interpretation involved smple refraction modding;
the pogitions and velocities of various user-defined layers in the software were subtly dtered
until travel times of calculated rays-paths through the computer modd matched those of the
digitized arriva times. This preiminary-type interpretation produced a 7 layer modd with
seigmic velocity increasing in each degper layer.  Although naturdly in agreement with the
refraction data, the velocity interfaces in this model were found to be in disagreement with
some velocity boundaries observed in sonic logs and travel times from saismic reflection
daa The disagreement was largely a consequence of the limitations in the refraction
method, in particular the inability to resolve low-velocity layers that are clearly demongtrated

by the sonic logs (Figure 2.5).

However, the ambiguity of low-veocity layers can be diminated if velocity information is
avaladle from an independent source, or if reflection travel times are known in addition to
refraction times (e.g. Kallaet d. 1981). Therefore, an interpretation strategy was adopted in
which the refraction, reflection and well data were used smultaneoudy in the refinement of
the velocity modd, thus establishing a model consstent with al available data This began
with the congtruction of an initid velocity modd congrained a shdlow depths (< 4 km) by
saigmic reflection and wel data, with sonic logs from parts of 3 wells (Figure 2.2) dlowing
estimates of seismic velocities. The deegper section of the initid mode was less constrained
and relied on extrgpolation from the shalow section and limited reflection data. The ground
surface of the modd was extracted from digita topographic data, sub-sampled to
goproximately 1 km horizontal resolution. The initidd mode was refined through ray-
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Figure 2.5: Sonic log and synthetic seismogram from Derro wel (see Figure 2.2 for
location). Vdocities from find veocity modd shown by heavy gray line on same scde.
Sonic logs from this and severa other wells were used to congrain the velocity modd. Note
the low-velocity Upper Pdeozoic strata which are undetectable by refraction data aone.
Saismic line PS-289 at the tie with the Derro wdl is shown for comparison to the synthetic

segmogram.
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tracing to improve agreement with the various data, in particular the refraction arriva times.
The modeling effort, described further below, culminated in what is heresfter referred to as
the ‘find velocity model’ - amoded consstent with dl the available data.

Due to the high fold of coverage of the refraction data, and the various other congtraining
data, many iterations were necessary to produce a velocity model in agreement with dl the
daa The refraction interpretation was done by teking each individud shot in turn, and
changing the velocity mode to produce the best between the observed and the caculated
arivasfor that shot. However, due to the higher than 100% fold of coverage, modifications
meade to the modd by examining the fit for one shot obvioudy changed the fit between the
observed and caculated arrivas for other adjacent shots. Thus, after each change to the
velocity modd, the fit between the calculated and observed arrivals from every shot had to
be checked. The find velocity modd was determined by obtained the best overal fit of the
arivas for dl the shots. Although this was extremely time-consuming, the process yielded

an essentidly unique velocity model that isin agreement with dl the refraction arrivas.

It was clear from the integrated modeling that some of the velocity interfaces detected by the
refraction data coincided with age horizons and associated velocity changes in sonic log data
Fgure 2.5 shows the sonic log and synthetic seismogram from the Derro well, aong with
velodities from the find velocity modd. This shows how the velocities in the find modd fit
those found in the sonic log, whilst a the same time the depths of the velocity interfaces
match the depths of certain age horizons found in the well. Where such correlations were
observed the velocity model was modified to fit both the well data and the refraction data as
accurately as possible.
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Figure 2.6. Examples of correations between seismic reflection data and two-way
incidence reflection times deduced from the velocity model (see Figure 2.2 for location of
saiamic reflection lines).  Interfaces not corresponding to velocity changes are shown as
dotted lines on the velocity graph. Uncertain velocity interface podtions shown as long

dashed lines.
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Knowing the age of certain velocity interfaces, reflection data were utilized in conjunction
with the refraction data. Two-way reflection times derived from the find velocity model and
those from saiamic reflection data were compared to support the refraction interpretation and
add further detail which could not be resolved by the refraction method done. For example,
faults interpreted from seismic reflection data were used to refine the detail of the find
velocity modd (eg. Figure 2.6a). Figure 2.6 shows examples of how two-way timesin the
find veocity modd compare to those from saamic reflection data. Although not Al
prominent reflections are associated with refractions (e.g. mid-Cambrian reflector, Figure
2.6b) most of the reflectors are corrdated to refracting horizons, indicating a smilar physica

nature for refracting and reflecting horizons.

Aeromagnetic data (Filatov and Krasnov, 1959) show few anomdies of interest from the
sudy region, with generdly long waveength, low amplitude variaions indicating sources at
sgnificant depths.  Assuming the source of the anomalies to be basement rocks then the
magnetic data agree with the observations of large basement depths established in the
velocity modd, with shalower sources in the north. Isolated patches of short wavelength,
high amplitude magnetic anomalies correspond with known basdtic outcrops. Additiondly,
gravity observations aong the profile (BEICIP 1975) were compared to the gravity signature
of the velocity mode, with each velocity layer assgned an appropriate dengity. In this case
aso, the caculated and observed observations show overal agreement. More anaysis of

gravity datais presented in the next section.

The Final Velocity Model

The find velocity modd that satisfactorily fits dl available data is presented in Figure 2.7a

The velocities in some of the layers change laterdly, but layers have uniform velocities in a
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vertica direction. Wl data dong the profile, superimposed on the velocity interfaces and
their presumed dratigraphic significance, demondtrate the close semblance between the
model and well data (Figure 2.7b).

However, despite direct evidence for the mgority of the mode, a few uncertainties remain.

For example, no direct evidence exigts for parts of some low velocity layers, hence the exact

position of these horizons is, in places, uncertain. It is aso not possible to obtain exact

measures of the velocities of the low-velocity zones in these cases and S0 parts of the layers
have been given veocities that are interpolations between well-determined vaues.

Additiondly, the depth to basement in the far south of the modd is only thought to be a
minimum condraint. No refractions were observed in this part of the refraction profile a

velocities conddered typicd of those for metamorphic basement rocks, either because
basement velocities are appreciably dower in this region, or because the geophone spreads
employed were too short to sample refractions from the gpparently deeper basement in this

region. The latter explanation is considered more probable, therefore the depth to basement

shown isaminimum (Figure 2.7). Another uncertainty concerns the interface Sgnified as top

of Khanasser (Lower Ordovician) in the north of the modd. The interface interpreted based

on the refraction data does not correspond exactly with observations from the Jafer well

(Figure 2.7b). Therefore, the refractor in thisregion is labeled ‘ Infra-K hanasser’ .
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Figure 2.7. Cross section showing the find velocity modd. Modd interfaces not
corresponding to velocity changes are shown as dotted lines. Uncertain interfaces positions
shown as long dashed lines. (8) shows seismic velocity modd and interface positions.
Locations of shots used in Figure 2.8 dso shown. (b) demonstrates the correlation between
the velocity interfaces and age boundaries sampled in wells dong the refraction profile.
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Despite these shortcomings, the mgority of the find velocity modd is based on direct
evidence from at least one and, in many cases, severa sources. In generd, the modeled
refraction times show excellent agreement with the observed arrivas from the refraction data.
Four examples of this, from various pointsin the transect, are shown in Figure 2.8. Each of
the other shots, not shown here, demonstrate Smilar agreement between the velocity model
and the observed arrival times. Given reasonable inaccuracies in the fit between observed
and caculated refraction arrivals, such as those indicated in Figure 2.8, the errors in the bulk
of the model can be shown to be rdatively smal, with approximately £ 200 m error in depth

to mogt interfaces and less than + 0.1 kim/sin velocities.

DISCUSSION

A mode of seismic velocity down to basement in eastern Syria has been congtructed from
the interpretation of refraction data and additiona coincident data sources (Figure 2.7). The
model shows basement-involved tectonics beneath the Euphrates graben system and the
Abd d Aziz uplift. The faulting is seeply dipping (even though the modd is oblique to the
dominant drike of the area), a result supported by the extensive seismic reflection andysis of
Litek et d. (1998). In the area where the refraction transect crosses the Euphrates, Litak et
a. (1998) reported that the graben morphology in the upper sedimentary section is Smilar to
the ‘classc’ modd of a normaly-faulted rift syslem, more so than esewhere dong the
Euphrates. Our model shows this style of faulting persists to basement depth.

The modd indicates that whilst increasing formation age generdly causes increasing seismic
velocity, velocity is aso controlled by depth of burid and, more significantly,
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Figure 2.8: Examples of ray-tracings from the fina velocity mode chosen to represent the
full range of structures interpreted dong the transect. Numbers represent seismic velocities
in km/s. Note the effect of the near-surface high-velocity layer in (c). Modeed refractions
from basement in (d) do not necessarily fit observed arrivas, but are shown to illudtrate that
basement depth for this part of the modd isaminimum.
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by lithology. These, and other ideas, are explored below as each of the velocity layers, from
shallowest to deepest, are discussed in relation to their Stratigraphic significance and

relevance to regiond tectonics.

Cenozoic and M esozoic

The uppermost velocity layer (2.2 km/s), is interpreted as being a superficia covering of
weethered and poorly consolidated materid underlain by more competent rocks of various
ages (3.2 - 36 km/s). Somewhat deeper is a reatively high veocity (4.7 kn/s) layer
extending across the middle portion of the modd (Figure 2.79). This sratum hindered
refraction interpretation by acting as a ‘ screening layer’ (as described by Rosenbaum 1965;
Poley and Nooteboom 1966), preventing some seismic energy from reaching deeper
interfaces.  However, enough energy was returned from deeper horizons to permit
meaningful andysis (eg. Figure 2.8c). The postion of the 4.7 knVs layer was correlated
with well data (Figures 2.5 and 2.7b) to a Middle Miocene sequence of anhydrites, gypsum
and limestone, known locdly asthe * Trangtion Zone' (Sawaf et a. 1993). Sight doming of
this horizon, as well as the underlying top of Cretaceous interface, that was not detected as a
refractor but which is mapped on the basis of well logs and reflection data, may be due to
minor inverson on the north sde of the Euphrates graben.  This inversion is probably the
result of the continued Cenozoic collision between the Arabian and Eurasian plates along the
Bitlis suture and Zagros collison zone (Litak et d. 1998).

Below the Cretaceous, the Triassic layer (5.1 - 5.4 km/s), of predominantly dolomites and
anhydrites, produces good refractions of characterigticaly high seismic velocity. The Triassc
drata pinch out in the south whilgt thinning dightly away from the graben toward the north
(Figure 2.7b).



Paleozoic

The Upper Pdeozoic formations - Permian, Carboniferous, Silurian (Devonian is entirely
absent) - are grouped together on the basis of their smilar seigmic velocities (3.2 - 3.6 km/s)
(Figure 2.78). These mainly shde and sandy shae formations (Table 1), show dight thinning
towards the north. The thinning is a result of extensve eroson tha took place whilst
northern Syria formed an intermittent broad subaeriad uplift from Late Slurian to Permian
time (Sawaf et d. 1993). The uppermost Ordovician, the Affendi formation (5.0 - 5.1
km/s), is dearly of higher velocity than the overlying rocks, presumably due to its
predominately sandstone lithology. The Affendi formation shows thinning by around 2 km
from south to north, again possibly due to uplift in northern Syria.

Below the Affendi formation is a 4.0 - 4.2 knv/s layer corresponding to the shdey Swab
formation of Early Ordovician age deposted during the Llandellian regresson (Hussaini
1990). Beneath the Swab is the lowest Ordovician formation, the Khanasser, a
predominately quartzitic sandstone unit with correspondingly high seismic velocity of 5.5 -
5.6 km/s. The Khanasser formation, combined with the Upper Cambrian sediments, show a
thickening of around 17 km from south to north. This observation corresponds with the
map of Hussaini (1989) that shows isopachs of these units following the edge of the Arabian
plate, with thickening of the Upper
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Table 2.1: Stratigraphy of the Paleozoic in Syria (modified from Best et al. 1993).

SYSTEM

Permian
Carboniferous
Devonian

Silurian Upper

Lower
Ordovician  Upper

Lower

Cambrian

Pre-Cambrian

FORMATION

Tanf

Affendi
Swab

Khanasser

Sosnk
Burj
Zabuk

Saramuj

LITHOLOGY

Shde/ sandstone
Sandy shdes
(not present)

(not present)
Shde

Sandstone with minor shde
Mainly shde

Quartzitic sasndstone

Quartzitic sandstone
Limestone
Sandstone
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a7

Cambrian/Lower Ordovician sediments away from the center of the Arabian platform

towards the Tethys Ocean to the northeast.

Globa sealeve rise in the Early to Mid-Cambrian caused the depostion of an extensive
carbonate layer, the Mid-Cambrian Burj limestone, throughout Syria.  Due to the high
impedance contrast with the surrounding clastic rocks, this horizon forms a prominent
reflection event which is correated across much of the country (e.g. Figure 2.6b). However,
perhaps because of the limited thickness of this unit (< 200 meters), no definitive refraction
arivas are observed from the Burj formation. Thus reflection times from seismic data have
been combined with the velocity modd to give an gpproximate pogtion of the Burj limestone
within the mode (Figure 2.7b).

Thinning of the drata between the Burj limestone and basement rocks by more than 2 km
from the south to the north is observed (Figure 2.7b). This extensve thickness of Lower
Cambrian / Precambrian clagtics to the south of the Euphrates could be a consequence of
pre-Mid-Cambrian rifting and subsidence. It is thought that during the Early Cambrian (600 -
540 Ma) the Arabian plate underwent NW-SE crustal extension (e.g. Husseini 1988, 1989;
Cater and Tunbridge 1992). This rifting is evidenced in the extensive evgporite basins of
Pakistan, Oman and the Arabian Gulf region, and rifting farther to the northwest is possible.

Seber et d. (1993), usng smilar refraction data, also established a thickened pre-Mid-
Cambrian section in south-central Syria, as did the gravity interpretation of Best et d. (1990)
which showed the likelihood of thickened Lower Paleozoic / Precambrian sediments to the
south of the PAmyrides. These observations could show that the Early Cambrian rifting was

extensve across southern Syriawhilst the north of the country remained structuraly high.
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An aternative, better supported, explanation for the thickened pre-Mid-Cambrian section in
the south, could be that the Euphrates trend formed a suture / shear zone caused by the
Proterozoic accretion of the Arabian plate. This idea is expanded upon in the Precambrian

discussion below.

Overdl, the thickness of the preMesozoic sedimentary section demondrated here is
sgnificantly greeter, by more than 3 km in places, than any previous edtimates. These
obsarvations have important economic implications snce extensve Paeozoic clagic
reservoir rocks and source rocks are known to exist in eastern Syria and elsewhere in the
Middle East (eg. Husseini 1990). As emphasized in the regiond summary of Beydoun
(1991), Pdeozoic plays are likdy to be a dgnificant factor in future Middle East
hydrocarbon production.

Precambrian

Although no wells penetrate basement rocks in Syria and basement has not been
unambiguoudy identified on saismic reflection sections, previous refraction sudies (Ginzburg
et d. 1979; El-lsaet al. 1987; Seber et a. 1993) have established basement velocities to be
around 6 km/s. Therefore, we assume the veocity layer of 6 knm/s in the velocity model
represents basement (Figure 2.78). Across the Rutbah uplift in the far south of the profile,
basement depth is a least 8.5 km. Along the southern margin of the Euphrates fault system
we have definitive refraction arrivals that put the basement at 8 km below surface. North of
this region, the basement deepens through faulting into the deepest part of the Euphrates
graben system, where basement depth is around 9 km. To the north of the Euphrates
basement depth is around 6 km.
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Although previous investigations are consstent with these generd trends in basement depth
(Lovelock 1984; Leonov et d. 1989; Best et ad. 1993), our interpretation generdly puts
basement somewhat deeper than the earlier suggestions.  This is paticularly true in the
Rutbah uplift where the estimates of both Lovelock (1984) and Leonov et a. (1989) suggest
basement depth at least 3 km shalower than the new results.

The obvious difference in basement depth on ether sde of the Euphrates graben system
could be evidence of a terrane boundary dong the Euphrates trend. The Arabian shidd
(Figure 2.1) accreted from discrete crustal blocks during the Late Proterozoic (e.g. Fleck et
al. 1980; Paligter et a. 1987; Stoesser and Camp 1985; Vail 1985) and it is thought that
smilar processes might have formed the northern Arabian platform. Zones of weakness
inherited from the accretion might control regiond tectonicsin the platform (eg. Barazangi et
al. 1993; Bedt et a. 1993, Litak et d. 1997), but thick sedimentary cover across the region
makes such ideas difficult to prove. The gtark difference in basement depth across the
Euphrates could be an indication of two different crusta blocks accreting somewhat to the
southwest of what is now the Euphrates graben system. This accretion could have been in
the form of a suture zone, a shear zone, or some combination of the two - current data do
not dlow the definition of the precise mechanism. The possible accretion event in Syria
would have to be Proterozoic, or very early Phanerozoic, in age since seismic reflections
from the Mid-Cambrian Burj limestone (e.g. Figure 2.6b) are continuous across most of

Syria(e.g. Best et a. 1993).

This accretionary hypothesis, previoudy implied by Best et d. (1993) and Sawaf et d.
(1993), is ds0 consgtent with gravity investigations. Bouguer gravity observetions (BEICIP
1975) show a clear difference across the Euphrates with generdly high gravity vaues to the
northeast, and lower values to the southwest of the graben system (Figure 2.99). We model
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a profile across these observations, condraining the upper structure of the modd in
accordance with seismic reflection interpretation, and changing the deep crusta Structure to
obtain the best fit with the gravity vaues. Dendties are condrained in the upper section by
well logs from the El Madabe and Thayyem wells (Figure 2.2).

Figure 2.9b shows a geologicd modd that accounts for the gross trends in the gravity
obsarvations. The difference in gravity vaues on ether sde of the Euphrates is modded by
invoking differences in the density of basement and lower crustd rocks, and by differencesin
basement depth (as derived from our refraction modding). Even though maximum basement
depth to the southwest islargely uncongtrained, modeling the large scale gravity anomaly with
variations in basement depth doneis not plausible, and a crusta dendty contrast is required.
In this model (Figure 2.9b) the difference in crustal density and basement depth on opposite
sdes of the Euphrates supports the suture / shear zone hypothesis. Previous gravity models
(e.g. Best, Wilburt and Watkins 1973; Gibb and Thomas 1976) show that, in a wide variety
of settings, crustdl dengity contrasts are a common feature of suture zones. The Euphrates
graben isin isogtatic equilibrium, compensated by an elevated Moho. It isinteresting to note
that the gravity observations aso tend to refute the Early Cambrian / Late Proterozoic rifting

hypothesis discussed in the previous section. The gravity data
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Figure 2.9: (a) Map showing Bouguer gravity anomalies in southeastern Syria across the
Euphrates graben system. Bouguer reduction dengity = 253 kg m-3. Contour interval 2
mGa. (b) Gravity modd to explain gross trendsin gravity anomdies. Gravity high to NE of
Euphrates modeled using shdlower basement and a reduction in crustd / upper mantle
dengty contragt. (C) Refinement of the modd in which gravity high ‘A’ in (a) is modded with
dipping high-density body in crust.
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observations do not support a thinning of the crugt to the south, which one would expect in a

rifted area.

Further gravity modeling (Figure 2.9¢) attempts to explain the loca gravity high on the
southwest margin of the Euphrates (labded ‘A’ in Figure 29a), which extends a
consderable disgtance into Iraq to the southeast (not shown). Although a basement high is
thought to exig in this area (based on saismic reflections from the Mid-Cambrian Burj
reflector), no reasonable uplift of the basement could account for this significant gravity
anomay. The high could be explained by a dipping, high-density mafic body extending to
Moho depth (Figure 2.9¢). The location of this gravity high also gppears to correspond with
amagnetic anomaly from a deep source, perhaps further evidence for a mafic or ultramafic
body a depth within the crust. The dip of the body shown in Figure 2.9c is farly arbitrary,
and many variations of this shgpe could be made to fit the observations. A smilar high-
density body was modeled by Hutchinson, Grow and Klitgord (1983) as part of their gravity
interpretation of the Piedmont gravity gradient aong a possible Appaachian suture zone.

Obvioudy, the gravity modds presented here are highly non-unique (eg. Hutchinson et d.
1983). Congant ambiguity exists between dengity and dructure, for example, basement
depth verses crusta dengity contrast. However, our gravity modeling appears to show that
the hypothetical suture / shear zone across the Euphrates shares many features in common
with other sutures documented elsawhere.  Such a zone adong the trend of the Euphrates
graben could offer a unified explanation for various tectonic and geophysical observationsin
the area. The accretionary hypothesis lends considerable support to the ideas of Best et 4.
(1990, 1993) which were expanded upon by Litak et d. (1997). These authors implied a
regionad NW-SE trend of weak zones beneath the northern Arabian platform, inherited from

Proterozoic / Earliest Phanerozoic tectonics, anongst which is the Euphrates trend.



Incorporation of our results with those from other workers leads to a regiond picture of
basement depth and trends across much of Syria. Figure 2.10 shows our results, aong with
basement depths derived using smilar data by Seber et d. (1993), and selected deep well
data. We see a clear trend of deeper basement to the south of the Pamyrides and to the
southwest of the Euphrates, and shallower basement to the north.  The deepest basement is
located actualy beneath the Euphrates and Pamyride structures. The locations of possible
suture / shear zones (modified from Best et d. 1993) are dso shown. Whilst the suture /
shear zones dong the Euphrates and Pamyride trends have now been documented with

gravity and refraction data, the zone to the northeast remains untested and is largdy
hypothetical.

CONCLUSIONS

Basement depth and the location of several degp sedimentary interfaces are mapped from
the interpretation of saigmic refraction data incorporated with seismic reflection data, well
logs and potentia fidd data. Thus, basement depth beneath eastern Syria is found to be
greater, by between 1 and 3 km, than previoudy supposed. Across the Rutbah uplift the
basement is at least 8.5 km deep, in the Euphrates depression it is around 9 km, and to the
north of the Euphrates basement is between 5.5 and 6.5 km in depth (Figure 2.7). Hence,
extengve thicknesses of pre-Mesozoic rocks are documented. Deeply penetrating faults are
identified in the Euphrates graben system demondtrating the thick-skinned tectonic style of

thisregion. Incorporation of results
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38N

Figure 2.10: Map showing basement depths in Syria in kilometers below surface. Results
from this study and previous refraction interpretation of Seber et d. (1993). Underlined data
points are from selected deep well data Shading represents locations of possible suture /

shear zones.
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from previous research alows gross trends in basement depth across Syria to be presented
(Figure 2.10).

Clearly different basement depths on the northern and southern sdes of the Euphrates
graben could be evidence for the Late Proterozoic accretion of the northern Arabian
platform with the Euphrates fault system as a suture / shear zone. This idea is supported by
gravity observations that suggest higher density crust to the northeast of the Euphrates trend -
a common feature of other suture zones. This leads support to the speculation of a system of
week zones beneeth the northern Arabian platform, inherited from Late Proterozoic / Early

Cambrian accretion, which continue to control regiond tectonics.
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CHAPTER THREE

Tectonic Evolution of Northeast Syria: Regional I mplications
and Hydrocarbon Prospects'

ABSTRACT

We present the Phanerozoic tectonic evolution of northeast Syria and incorporate the results
into regiona deformation models of the northern Arabian platform and nearby Arabian plate
boundaries. Based on anayss of extensive seiamic reflection profiles and well data, we
interpret that the Sinjar - Abd & Aziz area in northeast Syria was subsiding under extenson
a various rates from the Carboniferous until the end of the Mesozoic, most markedly during
the latest Cretaceous. The predominant basin through most of the Late Paeozoic and
Mesozoic was SW-NE trending; this formed the northeast extension of the mgor PAmyride
basin to the southwest. During the Late Cretaceous, extension in eastern Syriainitiated along
SE-NW and then E-W trends - possibly as a result of changing subduction geometries and
plate motions in the NeoTethys to the northeast. The E-W driking faulting resulted in
syntectonic deposition of up to ~1600 m of Late Campanian - Maadtrichtian marly limestone
inthe Sinjar - Abd & Aziz area. The area was subjected to horizontal shortening throughout
the Cenozoic, primarily during Plio-Pleistocene time, resulting in sructurd inverson adong
some of the faults.  Although crugtd shortening through the Syrian Sinjar and Abd  Aziz
gructures is relaively minor (~1%), this has been critica to hydrocarbon trgp formation in
Mesozoic and Cenozoic strata through the formation of fault-propagation folds. We present
regiond models that show the interrelated tectonic history of northeast Syria, the PAmyrides,

" Originally published as “Tectonic evolution of northeast Syria: Regional implications and hydrocarbon
prospects’, by G. Brew, R. Litak, M. Barazangi and T. Sawaf, GeoArabia, 4, 389-318, 1999.
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and the Euphrates fault system are dl inseparably linked to the polyphase opening and
closing of the nearby NeoTethys Ocean.

INTRODUCTION

Syria, and the surrounding northern Arabian platform, offer an exemplary environment in
which to study intraplate tectonic deformation. It has been established that tectonic
deformation within Syria (e.g. Barazangi et d., 1993) has been controlled by repeated
collisons, openings, and movements on the plate boundaries that amost completely
surrounded the country (Figure 3.1, inset). Previous workers have studied certain dements
of northern Arabian tectonics in greet detail, including the Pamyride fold and thrust belt in
central Syria (e.g. Chamov et al., 1990; Best et d., 1993), and the Euphrates graben in
eagtern Syria (Litek et d., 1997; 1998). Until recently northeast Syria remained relatively
unstudied. Interpretation of the geologic history of that area can help to further develop
tectonic models of the region. Northeast Syriais the Ste of sgnificant oil accumulations, and

the focus of continuing exploration activity.

The most comprehensive account of northeast Syria was by Metwalli et d. (1974) who
examined the dratigrgphic and depostional development of that area together with
northwestern Irag. The geology of northesst Syria was aso discussed in a minor way by
Ponikarov (1966); Alaand Moss (1979); Lovelock (1984); Leonov et d. (1986); Sawaf et
a. (1993) and Laws and Wilson (1997), without exclusive focus on that area. An important
contribution by Kent and Hickman (1997) was based upon petroleum exploration of the

Abd d Aziz anticlinorium (Figure 3.1). Their work was avery
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Figure 3.1: A topographic image of northeast Syria. Reds represent high topography, blues
are lows — color scae is non-linear; maximum devation is ~1460 m on the top of the Sinjar
Uplift and minimum is ~150 m near the Euphrates river in the south of the image. Note the
Pdmyride fold and thrust belt that extends significantly to the southwest, and the Euphrates
River vdley, that lies roughly above the Euphrates fault sysem. Arrow highlights surface
expresson of faulting discussed in text. Inset figure shows location of Syria and the
surrounding northern Arabian platform in plate tectonic context. Dashed box shows location
of main figure. NAF = North Anatolian Fault; EAF = East Anatolian Faullt.
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thorough account of the evolution of that structure since the Late Mesozoic, and was the firgt

detailed subsurface investigation within northeast Syriato be published.

We present a spatidly and temporaly more expansive study, based on more extensive data,
than any previoudy published work on thisarea. Our findings are set into aregiond tectonic
context by incorporating results from this, and smilar sudies of Syria, into a modd of
northern Arabian plate deformation since the Late Pdeozoic. We find that previous
suggestions of an aulacogen in centrd Syria (e.g. Best et al., 1993) can explain the Lae
Paleozoic and Early Mesozoic evolution of these fegtures, but more enigmatic causes are
involved in the Late Cretaceous rifting in eastern Syria. The entire area has been subjected
to compresson in the Neogene. The implications of these findings for hydrocarbon

exploration are considered.

DATA AND METHODOLOGY

The data used in this sudy were primarily around 3300 km of 2-D selamic reflection profiles
and information from over 60 wedlls (Figure 3.2). These data were provided by the Syrian
Petroleum Company (SPC) and are pat of a much larger database held a Corndl

Univergty as part of ongoing joint collaborative research between SPC and Cornell. Limited
data from Iraq were obtained from the literature including Al-Nagib (1960) and Al-Jumaily
and Domaci (1976). Selsmic data were mainly migrated 4.0 seconds TWT hardcopy
records, collected using Vibrosals sources during the 1970's, 80's and early 90's.

Formation top data were avallable for dl wells, with wire-line logs available for around a
quarter of the holes. The avalable sonic logs (Figure 3.2) were digitized to produce
gynthetic seilsmograms that were tied to the seismic data. Seismic refraction data (Brew et

al., 1997) provided some information on the deeper
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Figure 3.2: Database map showing locations of sdlected data sources used in this study.
Hydrocarbon status of wells is indicated based on various sources referred to in the text.
Abandoned and suspended wells not digtinguished. Dashed box (approx. 175 km x 175
km) marks primary study area.  The Tichreen 2 wedl marked in green is location of

backstripping analyss (Figure 3.7).
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sedimentary and basement structure.  In addition, 1:200,000 scale geologic maps and
reports (Ponikarov, 1966), gravity fidd data (BEICIP, 1975), high resolution topography
(e.g. Figure 3.1) and Landsat TM imagery (see Kent and Hickman, 1997) were available for

the whole study area.

Weinterpreted the seigmic reflection profiles and tied them to coincident or nearby wells for
gratigraphic identification. Where possble, synthetic seismograms were used for the ties,
dternatively time-depth charts congtructed from sonic logs faciliteted the ties. Severd
reflectors, chosen for their prominence, continuity, and geologica significance, were mapped
over the study area (shown as bold interfaces in Figure 3.3). At each dtage in the
interpretetion al the available information was integrated to ensure the interpretation agreed

with all the data sources.

TIMING AND STYLESOF DEFORMATION

Northeast Syria and northwest Iraq are dominated by two topographic and structura highs
(Figure 3.1). These are the Sinjar uplift (length ~150 km, max. elevation 1463 m) and Jebel
Abd d Aziz (length ~100 km, max. devation 920 m), separated by the Khabour river. We
refer to this combined region asthe ‘Sinjar - Abd € Aziz aresl. These highs are the result of
Pliocene - Recent gtructurd reactivation of normal faults forming fault-propageation folds and
some associated break-through faults. This reactivation has structuraly inverted many older
dructures.  The origind norma faults were roughly east - west driking and were active
amog exclusvely in the latest Cretaceous (latest Campanian - Maadtrichtian), extending
from the west through Jebel Abd & Aziz and eastwards well into Iraq (Figure 3.1). Prior to

this episode of norma
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faulting, the area was hogt to a northeast trending basin, associated with the Palmyride rift

and subsequent subsidence, that extended across Syria since Carboniferoustime.

Figure 3.4 clearly shows the greatly-thickened, syn-extensond uppermost Cretaceous
section and underlying Mesozoic basin beneath the Sinjar dructure.  The figure.dso
illugtrates the reectivation of the norma faulting in a reverse sense, and the consequent
gructurd inversion, that has formed the present topography. Although smilarly deformed
since the latest Cretaceous, Jebel Abd € Aziz had a dgnificantly different earlier higtory
compared to the Sinjar sructure. Whilgt the Sinjar uplift is underlain by a Late Pdeozoic
and Early Mesozoic sedimentary basin (Figures 3.4 and 3.5), there is no such obvious
thickening beneeth the Abd € Aziz area (Figure 3.6). The Abd & Aziz experienced
somewhat |ess deposition during the latest Cretaceous extensiona episode (compare Figures
35and 3.6).

A subsidence recongtruction of the westernmost Sinjar area based on well data (Tichreen 2,
location on Figure 3.2) is shown in Figure 3.7. Present-day formation thicknesses are
projected back in time by estimating compaction rates, densties and porosty vaues for the
sediments following the method of Sclater and Chrigtie (1980). Formation thicknesses for
the Paleozoic section are projected from nearby wells. There is uncertainty of erosion rates
a the unconformities, thus this curve represents the minimum subsidence amount. We see
three episodes of significant sedimentatiory in the Carboniferous, in the Permian, followed by
continued subsidence in the Early Mesozoic, and in the latest Cretaceous. Sawef et d.
(1999) and Stampfli et d. (1999) hed smilar findings
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Figure 3.4: Depth converted seismic interpretation dong seismic profile DH-46. See Figure
3.2 for location. As with dl seamic profiling, fault interpretation a depth is somewhat
speculative due to degradation of sgna with increasing depth. Also, the data do not alow
an accurae differentiation of Paeozoic formations dong thisline. Totd depths (TD) in this,
and dl subsequent figures, are in meters below kelly bushing, and the distances that the wells

were projected onto the seismic lines are indicated.
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Figure 3.5: Well corrdation section across the western portion of the Sinjar structure in
Syria. Seeinset for location. Mgor sratigraphic boundaries, unconformities and formation

numbers are shown with reference to Figure 3.3.
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Figure 3.6: Wdl corrdation section acrossthe Abd € Aziz structure in northeast Syria. See
inset for location. Mgor dratigraphic boundaries, unconformities and formation numbers are

shown with reference to Figure 3.3. Lithology key isthe same asin Figure 3.5.
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Based upon our integrated interpretations, Figure 3.8 presents an overdl schematic modd of
the tectonic evolution of northeast Syria. This modd clearly illustrates the three basic Sages
of the evolution, namely Late Paeozoic / Early Mesozoic trough formation, latest Cretaceous
ead - west trending normd faulting, and Plio-Pleistocene structurd inverson. The evidence
behind the modd presented in Figure 3.8, and certain complexities not illugtrated by this

schematic modd, are now chronologicaly discussed.

Paleozoic

Since no well penetrates the metamorphic basement in Syria, depth to basement estimates of
around 6 km come from a detailed refraction data analysis (Brew et d., 1997). Cambrian
sediments are adso not penetrated within the study area, but Ordovician clagtics are found
over the entire region (Figure 3.9) and form a sequence many kilometers thick (Sawaf et d.,
1993). Lower Silurian shales were deposited throughout the region by repested regressions
and transgressions (Beydoun, 1991). However, Upper Silurian and Devonian formations
are entirdy absent.  The top of the Silurian unconformity, where observed, shows little

dructure, perhgps suggesting aregiona Silurian / Devonian uplift.

Carboniferous time, coincident with eudtatic transgression, appears to have marked the
beginnings of a northeast - southwest trending trough running through Syria roughly dong the
axis of the present-day Pamyride fold and thrust belt, with continuation to the northeast (e.g.
Best et a., 1993). Figure 3.10 shows some fault-reated dratigraphic thickening of
Carboniferous strata on the northwestern margin of the clagtic basin, and some subtle onlap
of the Carboniferous towards the north. - Abrupt



81

Figure 3.8: Schematic block diagrams showing the geologic evolution of northeast Syria

sncethe Late Paeozoic. See Figure 3.2 for location.
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Figure 3.10: Migrated seiamic section AB-06. See Figure 3.2 for location. Magor faults
are shown. Note the didtinct thickening of the Carboniferous unit towards the south-

southeast.
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thickness changes of Carboniferous drata in adjacent wells esewhere in the Sinjar area point
to some fault-related thickening. Subsidence andysis (Figure 3.7) based on well sections
aso indicates a Carboniferous event, and isopachs show that much of the thickening appears
to be a consequence of broad subsidence, rather than being purely fault controlled.

The lack of Late Carboniferous and Early Permian age deposits in the region suggests
emergence a that time, athough this could be due to Early Triassic eroson. Subsidence
andysis (Figure 3.7) and isopachs suggest rifting and subsidence in the Late Permian that
propagated aong the line of the Carboniferous subsidence event. At the Permo-Triassic
boundary the region underwent broad uplift and was again exposed and eroded. Thus only
the deepest parts of the Pamyride / Sinjar rift preserved the Late Permian Amanous
sandstone formation, as it was eroded out or not deposited to the north and south.
Carboniferous and Lower Silurian formations were also eroded out to the north on the
Mardin high during this episode (Figures 3.8 and 3.11). This led to a Paleozoic subcrop
digribution where the oldest formations the most extendve, and younger ones are
progressively limited by widespread Permo-Triassic erosion (Figure 3.9). Whilst we report
only limited Pdeozoic faulting in this area, evidence for such activity is somewhat obscured
by poorer quality seismic data and more recent tectonic events. Even <o, isopach data
suggest that most of the Paeozoic sratigraphic thickening in the Sinjar area was subsidence
related.

The Derro high (Figures 3.1 and 3.9) was an uplift between the PaAmyride / Sinjar basins
during much of their formation. Wl data indicate that either the Derro high was an uplift

during Permo - Carboniferous time, or was subjected to later uplift and
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Figure 3.11: Portion of seiamic line SA-12. See Figure 3.2 for location. The seigmic
interpretation is tied to the nearby Affendi and South Al Bid wells.
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extensve Permo-Triassic erosion; seismic data does not permit the resolution of thisissue.

M esozoic

The very limited subcrops of the Lower Triassc Amanous shde (Muloussa A) formation
encountered in the southwest of the study area are indicative of continued Permo-Triassic
emergence and only gradud transgression from the Pamyride area towards the northeedt.
The gtuation changed subgantidly in the Middle Triassc when depostion was agan
widespread. The Middle Triassic Kurrachine Dolomite (Muloussa B) formation (Figure 3.3)
is preserved in subcrop everywhere in the study area, except in the Turkish borderlands

where it was lost to later eroson.

During the Early Mesozoic, the Pamyride / Sinjar basins accumulated greet thicknesses of
Triassc shdlow marine carbonates. The thickening in the Sinjar basin a this time was
predominately accommodated through broad downwarping, as illustrated by onlapping
relationship of Triassc drata onto Paleozoic formations (eg. Figure 3.11). This pattern
perssted throughout the Mesozoic until Coniacian times (Figure 3.7). Some evidence for
Early Mesozoic fault related thickening is shown in Figures 3.12 and 3.13. These figures
show northeast - southwest driking faults that accommodated some movement in the
Triassc, and in some cases have been active until at least Neogene time (Figure 3.13).
Further examples of this orientation of faults are found (Figure 3.14). Note that Figure 3.13
aso shows possible thickening of the Permian and Carboniferous strata across some of these
northeast - southwest trending faults, indicating that these faults may aso have been active in

the Late Pdeozoic rifting event.
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Figure 3.12: Enlarged portion of migrated seismic line DH-46 (Figure 3.4) showing an

example of Early Mesozoic and Paeozoic fault controlled thickening in the sudy area. See

Figure 3.2 for location.
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Figure 3.13: Composite of migrated seismic lines TSY-88-201 and TSY-90-201X with
interpretation that istied to nearby wells. See Figure 3.2 for location.
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Figure 3.14: Smoothed structure map near top of the Lower Cretaceous Rutbah formation
(see Figure 3.3 for dratigraphy and Figure 3.2 for location). Magor faults are shown with
sense of movement indicators. The most significant faults are shown as bolder lines. Note
that the history of movement on many of these faults is complex, and the symbols are only a
generalized account of the movement. Some faults of indeterminate displacement are not
symbolized. Note the three structural trends: Northeast - southwest predominately aong the
Pdmyride / Sinjar trend; northwest-southeast dong the Euphrates fault system; and east -

westinthe Snjar - Abd & Aziz area.
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The broad downwarping and deposition continued into the Jurassic and ended with a mgor
uplift event during the Late Jurassc that continued into the Early Cretaceous. With
widespread eroson of much of the Jurassc and Triassc section a this time, Jurassic
sediments are only preserved in the deepest parts of the Sinjar and Pamyride areas. Sawaf
et a. (1993) described the Neocomian age ddltaic sandstone and conglomerates of the
reservoir-quality Rutba formation (Figure 3.3) that were deposited in eastern Syria during
this regresson. Transgression during Aptian - Albian time alowed deposition to resume in
the Sinjar basin, with perhaps even less fault-rdated dratigraphic thickening than the Early
Mesozoic (e.g. Figure 3.13).

Beginning in Coniacian times, there was a mgor change from northwest - southeast
extenson to a southwest - northeast extensond regime.  This is manifest in the opening of
the Euphrates fault system with associated faulting striking northwestwards to the west of the
Abd d Aziz area (Figure 3.14) (Kent and Hickman, 1997; Litek et d., 1997). From wdll
data it is clear that thickening of the mid-Senonian Soukhne formation took place to the

southwest across the Abba fault (Figure 3.14) - part of the Euphrates faulting event.

The northeast - southwest striking faults mentioned previoudy (Figure 3.13) are seen to be
older than the Euphrates faulting and, as mentioned, may have ther origin in the Paeozoic
rifting and trough formation in centrd Syria These older faults partidly control the
Maeadtrichtian sedimentation in the Euphrates fault sysem (Alsdorf et al., 1995). Also, the
grike direction of faults in the Euphrates system reorient at this point (Figure 3.14), and no
northwest - southeast trending Euphrates-type faults that cross the older northeast -

southwest faults are found (Figure 3.14).
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The Late Campanian was a time of further change when a new set of roughly east-west
griking faults developed in the Sinjar - Abd d Aziz area (Figure 3.14). It is mogt likely that
these were trangtensona sructures, and antithetic faults on some of these mgor latest
Cretaceous faults attest to this (Figures 3.4, 3.10, and 3.13). The amount of strike-dip was
likdy reativey smdl, dthough very difficult to quantify given the current data The
overwheming development a this stage was norma movement on the east - west faults
focusng the depogtion of the Shiranish formation (Figure 3.4). Similar structures extend
eastwards into Iraq (eg. Hat and Hay, 1974), eventudly curving more northwest -
southeast before merging with the more prominent Zagros trend.  The timing of the faulting is
consgent throughout the trend with thickening condrained to Late Campanian -
Maadtrichtian time. No fault-related thickening found either immediately above or below this
interva. The Shiranish formation was a high fluid content body that would easily have flowed
to fill the space created by the normd faulting (Hart and Hay, 1974). Pdeocurrent studies
by Kent and Hickman (1997) on sand bodies within the Shiranish show that currents were

mainly from the north and northeast, that is, from the Mardin high.

To the west, the Abd d Aziz faulting appears to have been bounded by the previoudy
mentioned Abba fault (Figure 3.14). Wadl data indicate that Shiranish thickness is
gpproximately 200 meters greater on the Abd € Aziz (northeast) side of this fault, thus the
Abba fault shows signs of motion both down to southwest and subsequently down to the

northeast.

During the latest Cretaceous extensond phase, the earlier northeast - southwest striking
faults most likely underwent transtension and acted as transfer faults between the east - west
griking faults (Figure 3.8). Chaimov et d. (1993) documented a Smilar set of faults active
during the Mesozoic in the southwest PAmyrides. Figures 3.12 and 3.13 show some
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thickening of the Shiranish formation across these faults. Given the more recent stages of
movement on these structures, the amount of drike-dip that they underwent is difficult to
quantify, dthough the minor deformation caused by these faults as a whole would suggest it

was limited.

The latest Cretaceous normd faulting that we document here appears to have been a thick-
skinned phenomenon. No detachment is gpparent on any of the seismic lines examined from
the area. Although the quality of the seismic data degrades with time, and most sections are
only 4 seconds TWT, many of the faults appear to be dightly ligtric with depth. We
speculate that these faults are detaching at some deeper leve in the crust.

The limited spatid and tempord extent of the latest Cretaceous faulting suggest that perhaps
the whole crust was not involved in this event. Thus we do not consider this structure to be a
‘rift’ in the true sense, and avoid the use of that term here (e.g. Sengor, 1995). This
observation is supported by the lack of extensive pre-rifting erosion, and the absence of a
Cenozoic therma sag basin above the Sinjar area (Figure 3.15), such as the sag clearly
evident above the Euphrates graben (Litak et ., 1998).

Edtimates of extension, through line-length balancing, have been made assuming that dl of the
extension took place within a 34 km zone (Figure 3.4), and that the strike-dip activity had
negligible effect. Only the latest Cretaceous extensond event was conddered. The
balancing yields an extensond estimate of around 3.5 % (1.2 km); the vaue is probably
greater for the Iragi portion of the Sinjar structure. Crustd-scale models based on the
thickness of the syn-rift sedimentation and the assumption of
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Figure 3.15: Smoothed structure map near top of Cretaceous (see Figure 3.2 for location).
Cretaceous rock outcrop marked with wavy line. Symbols same as Figure 3.14. Note that
the top of Cretaceous surface closdly follows the topography (Figure 3.1) indicating the lack
of any sgnificant Cenozoic sag basin above the Sinjar region.
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isogtatic equilibrium yield a much grester vaue of dretching. This discrepancy could be
because the extension was of such limited spatia and tempora extent that isostasy was not
maintained, and perhaps the whole crust was not involved in the latest Cretaceous

extensond event.

Cenozoic

Although there are hints of minor pulses of contractiond tectonics during the Eocene and
Miocene (Kent and Hickman, 1997), most horizontal shortening of the Sinjar - Abd & Aziz
area did not take place until the Late Pliocene. This timing has been established using
gratigraphic relaionships by workers in the fidd (Ponikarov, 1966; Kent and Hickman,
1997), and is supported by the examples we have presented. Figure 3.4 shows uniform
gratigraphic thickness throughout the Miocene section, with no signs of onlap. Some of the
poorly reflective Pliocene section aso records no tectonism, suggesting that the shortening
event began here probably no earlier than aout 3 Ma. This would make the timing of the
uplift and folding approximatey synchronous with the depodtion of the Bakhtiary
conglomerate formation. Reactivation and shortening took place largdly in the form of fault-
propagation folds (e.g. Suppe and Medwedeff, 1984) above the latest Cretaceous normal
faults (Figure 3.4). In some cases the reactivation has extended these faults into the
Cenozoic section, and even to the surface (Ponikarov, 1966) (Figures 3.4 and 3.16). The
pattern of shortening and reactivation can be demonsrated by the mapping of the pre-
compressiond top of Cretaceous horizon (Figure 3.15) and is prominently reflected in the
current topography (Figure 3.1). Figure 3.4 demongtrates how the larger, bounding faults of

the Sinjar deformation are those which experienced most reverse movement.
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Figure 3.16: Saismic reflection profile UN-350. See Figure 3.2 for location. Mgor faults

are shown with gratigraphic picks tied to Maghlouja and other nearby wells.
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There is no outcrop evidence for any Cenozoic strike-dip having occurred on these east -

west faults during the reactivetion, athough such movement is possible.

The eagterly trends of structure and topography observed in Syria continue into Irag. The
Iragi portions of these structures are poorly studied, but the geologica and geophysica
interpretations of Abdelhady et d. (1983), Naoum et a. (1981) and Hart and Hay (1974),
as well as Landsat TM imagery interpretations show that a smilar pattern of deformation
extends sgnificantly to the east (Figures 1 and 14). Line length baancing through the Syrian
Sinjar sructure (Figure 3.4) produces overadl horizontal shortening estimates of around 1 %
(~350 m). Similar work across the Jebel Abd d Aziz (Kent and Hickman, 1997) puts
shortening there a lessthan 1 %. However, it is clear from topographic images (Figure 3.1)
and Landsat TM data that the amount of horizontal shortening in the Iragi portion of the
Snja dructureis Sgnificantly higher than this.

Cenozoic reactivaion and inverson of an older northeast - southwest normd fault (the El
Bouab fault) appears to be controlling the southeastern edge of the Abd & Aziz uplift
(Figures 3.1, 3.14 and 3.15). Ponikarov (1966) reported ~5 km of |eft-lateral displacement
of Upper Miocene rocks, together with a minor amount of reverse movement on a exposure
of this fault, and a repesated section is observed in the nearby El-Bouab well. Ponikarov
(1966) aso mapped smilar sructures with smaler amounts of offset in the Jebe Abd d Aziz
(Figure 3.14) where they have offset the east-west fault traces. Seismic reflection profiles
(Figure 3.13), topography (see arrow on Figure 3.1) and earthquake catalogs (Chamov et
al., 1990; Litak et a., 1997) indicate that the northeast - southwest gtriking faults mapped
from the Pamyride fold and thrust belt towards the northeast have been active recently.
However, as discussed by Litak et d. (1997) the sense of motion on these faults is

ambiguous. It is possble that they are currently right-laterd and form continuations of
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dextrd faults mapped in the PAmyride fold and thrust belt (e.g. Searle, 1994). Alternatively
they could be left-latera, smilar to the El Bouab fault and othersin Jebel Abd d Aziz.

DISCUSSION

Paleozoic

We now place our findings from northeast Syria into the context of regiond tectonics (Figure
3.17a- f). After rdaively sable conditions for mogt of the Early Paeozoic during which
Arabia resded on the southern margin of the Tethys ocean, we observe a regiona
unconformity during the Late Slurian and Devonian.  This event is observed
contemporaneoudy in many locdities around northern Gondwana and could be interpreted
as a consequence of uplift on the flanks of PaeoTethyan rifts, rather than an orogenic event

(persond communication, G. Stampfli, 1998).

Evidence from many sources points to the initiation of subsidence adong the Pamyride /
Snjar trend beginning in the Carboniferous and rifting activity in the Late Permian (e.g.
Robertson et a., 1991; Stampfli et a., 1991; Best et a., 1993; Ricou, 1995). The
Carboniferous subsidence event is attributed to a reorganization of lithogpheric stresses
resulting from the docking of the Hun superterrane (Stampfli et d., 1999), or possibly as a
result of continued extensond tectonics generated by the opening of the PdeoTethys
(Sengor et al., 1988). The more important Late Permian rifting was a result of the formation
of the NeoTethys as the Cimmerian superterrane broke away from Gondwana towards the

northeast through oceanic accretion, and spreading began



105

Figure 3.17: Summary maps of the geologic evolution of the northern Arabian platform
showing preserved sediment thickness and schematic tectonic events. The isopachs are
based on our data plus Al-Nagib (1960); Rigo de Righi and Cortesini (1964); Al-Jumaily
and Domaci (1976); Al-Laboun (1988); Abd-Jaber et al. (1989); Sage and Letouzey
(1990); May (1991) and Litak et d. (1997). Paleo-plate boundaries are based on
Robertson and Dixon (1984), Dercourt et a. (1986), Guiraud (1998) and Stampfli et d.
(1999). Eachframeilludrates the end of the stated timeinterva.

a) Late Pdeozoic (Carboniferous and Permian). The dmost ubiquitous cover of
Triassc formations indicates that the sediment thicknesses shown here have not been
subjected to post-Early Triassic eroson, dthough significant Permo-Triassc eroson took
place. Opening of the NeoTethys ocean aong the northeast margin of the Arabian plate was
concurrent with rifting along the PAmyride/ Sinjar trend.

b) Early Mesozoic (Triassic and Jurassic). The greatest preserved Mesozoic section
is dong the Levantine margin and in the degpest parts of the PAmyride / Sinjar basins that
were thermally subsding with some fault reactivetion & thistime,

c) Cretaceous (Late Campanian - Maadtrichtian excluded). Cretaceous rocks
outcrop in many parts of the Pamyride fold and thrust belt. Subduction in the NeoTethys
caused new extensond eventsin eastern Syria

d) Late Campanian and Maadtrichtian. Cretaceous rocks outcrop in many parts of
the PAmyride fold and thrust belt. Extension in northeaest Syriatook place.

€) Paleocene. Paeogene or older rocks outcrop in most areas west and south of the
Euphrates river.  After abrupt cessation of extenson throughout the northern Arabian
platform at the end of Cretaceous, the Paleogene was largely quiescent.

f) Neogene and Quaternary. Neogene or older rocks outcrop throughout almost the
entire dudy area.  Note the thinning over the uplifted areas in the northeast formed largely

gnce the Pliocene as aresult of collison aong the northern margin.
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in what is now the eastern Mediterranean (Garfunkel, 1998). We support the hypothesis
that the Pamyride / Sinjar structure could be an aulacogen (e.g. Ponikarov, 1966; Best et
al., 1993), and note that in most respects it fits the definition of an aulacogen as used by
Sengor (1995). Sengor (1995) described an aulacogen as the failed arm of a rift-rift-rift
triple junction with mainly clagtic syn-rift fill covered by carbonate podt-rift sediments,
repeatedly reactivated with some drike-dip pardld to the rift axis, and possibly formed
aong a much older zone of weakness. Furthermore, the amount of faulting and deformation
in the PAmyride / Sinjar structure diminishes towards the northeast, again smilar to the
aong-drike variation that would be expected in an aulacogen (Figure 3.178). The plate
recongtructions of Ricou (1995) and Stampfli et d. (1999) would dlow for rifting in the
Pamyrides, as would certain paleogeographic scenarios considered by Robertson et al.
(1996).

Further evidence for Late Permian and Early Mesozoic rifting in the vicinity of the PAmyride
/ Sinjar rift isfound in Israel farther to the southwest (Guiraud and Bosworth, 1997) where
syn-sedimentary thickening and volcanics are described.  This activity continued into the
Mesozoic related to the formation of the Levantine passve margin there. Limited well data
from Lebanon inhibit interpretations from that area dthough Beydoun (1981) speculated on

the occurrence of an Lebanese aulacogen in Late Paleozoic / Mesozoic time.

The Late Pdeozoic rifting and subsidence activity observed dong the PAmyride / Sinjar
trend could have been concentrated there dong a zone of crustal weakness relic from the
Late Proterozoic (Pan-African) accretion of the Arabian platform (e.g. Stoesser and Camp,
1985). It has previoudy been suggested that the PAmyrides might lie above such a suture or
shear zone (e.g. Best et al., 1990) that could form a mobile zone between the rdatively
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gable crusd blocks of the platform, for instance the Aleppo plateau in the north and the
Rutbah uplift in the south.

The exception to the pattern of NE-SW rifting in Syria is the Derro high of centra Syria
(Figure 3.1). As discussed, this areawas a structurd high in the Early Triassic and possibly
the Carboniferous, and represents the ‘Beida Arch’ of Kent and Hickman (1997) that
connects the adjacent Rawda and Mardin highs (Figure 3.1). The work of Brew et d.
(1997) suggests that the Derro high is a basement uplift, partidly bounded by faults, a
conclusion supported by the present seismic reflection interpretations and previous work
(Sawaf et d., 1993). Thus the uplifting of the Derro high is not pat of the structurd
shortening of the Pamyride fold and thrust bet that began in the Late Cretaceous (eg.
Chaimov et d., 1993). We speculate, admittedly with limited evidence, tha this structure
could betheinterior corner of a old continental block that participated in the accretion of the
Arabian platform in the Proterozoic. Such an accretionary peattern, in which suture zones
would underlie the Pamyride fold and thrust belt and the Euphrates graben, but not the
Sinjar, was suggested by Litak et d. (1997) as a modification of the origind suggestion of
Best et d. (1993). As a result of such an arangement, rifting in the present Sinjar region
would be less pronounced than in the PAmyrides. This could further explain the raively

limited occurrences of Late Paeozoic faulting in northeast Syria.

M esozoic

Widespread erosion around the Permo-Triassic boundary left Permian deposits preserved in
only the deepest parts of the PaAmyride / Sinjar rift (Figure 3.9). This pattern could be
interpreted as aresult of pogt-rift thermd uplift, aswell as a consequence of globaly low sea

levels. It is debated whether rifting on the northern margin of Gondwana continued into the
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Triassc (Robertson et d., 1991), or if rifting terminated in the Permian and therma
subsidence dominated Triassc tectonics (Stampfli et a., 1991). Although the current data
do not dlow a complete answer to this, much of the Mesozoic sedimentation in the

Pdmyride/ Sinjar basin is more concordant with therma subsidence above therift.

During the Triassc, Syria changed from being an eadt-facing margin, to a westward-facing
one (Best et al., 1993) as the Mesogean ocean formed in the west.  Thisis illudrated in the
isopach for that time (Figure 3.17b) that shows the further development of the Pamyride /
Snjar basins dong the axis of the earlier Pdeozoic rift. Clearly the PAmyride basn is
connected to the developing margin dong the Levantine where most sediment accumulation
was occurring. In this respect the PAmyride basin was smilar to the Benue trough in Nigeria
that formed an embayment on the margin of the opening Atlantic (e.g. Sengor, 1995).
Isopachs aso show digtinct thickening northeast of the Sinjar areain northeast Syria (Figure
3.17b). The Sinjar region was linked to the mgor Middle Eastern basin in the northeast that
was developing dong the northern passive margin of Gondwana (Lovelock, 1984). Thus
sedimentation there was controlled by this as well as the rifting and subsidence of the
Pdmyride / Sinjar trend. Some evidence points towards renewed rifting in the Late Triassic
(Delaune-Mayere, 1984). Thisis seen as a dight accderation in both the subsidence curve
shown here (Figure 3.7) and in Sawaf et d. (1999). Undoubtedly, the opening of the
NeoTethys was a prolonged and complex event digtributed widdy in time and space. This
complexity is manifest in the geologic history of northeast Syria and the rest of the Arabian

platform.

The Late Jurassic / Early Cretaceous was the time of a sgnificant regiond unconformity
throughout the northern Arabian platform. Laws and Wilson (1997) suggested tha this

regiona uplift could be associated with plume activity, as it occurred synchronoudy with
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widespread volcanic activity having possble plumetype geochemicd sgnatures. The
somewhat accelerated deposition found in the Sinjar area, the Pamyrides (Best, 1991,
Chamov et al., 1992) and the eastern Mediterranean at this time could aso be a result of
this regiond volcanic / tectonic activity. Some researchers have dso documented that
accelerated spreading in the eastern Mediterranean perhaps contributing to the Late Jurassic
| Early Cretaceous faulting (Robertson and Dixon, 1984).

During Cretaceous time, a mgjor plate boundary reorganization took place (Figure 3.17¢).
Seafloor spreading was dying out and subduction was underway on the northern margin of
the NeoTethys ocean as its consumption commenced.  Through the dating of volcanics and
other work, Dercourt et d. (1986) found evidence for a new northeast-dipping, northwest -
southeast striking, intra-oceanic subduction zone in the NeoTethys near the margin of Arabia
around the Turonian / Coniacian boundary. In the Euphrates graben mgor rifting seems to
have commenced in the Coniacian (Lovelock, 1984; Litak et d., 1997).

We suggest that the extension in Syria a this time was a consequence of stresses originating
from dab pull dong this subduction zone, as first proposed by Lovelock (1984). Zeyen et
a. (1997) caculated that dab pull effects could extend a crust that was dready under the
influence of a mantle plume for instance, such as that proposed by Laws and Wilson (1997).
Additiondly, it has been suggested that the crust beneath the axis of the Euphrates fault
system was a week zone inherited from Proterozoic accretion of the Arabian platform (Litak
et a., 1997), as discussed above. Thus the northwest - southeast striking subduction zone,
together with plume activity and a possible pre-existing week zone, caused extenson in the
Euphrates fault sysem. Stampfli et d. (1999) suggested a smilar dab pull mechanism could
have created the Syrt (Sirte) basin in Libya
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An dternative mechanism for the extenson in the Euphrates and Sinjar - Abd d Aziz areas
was proposed by Alsdorf et d. (1995). Usng the principles of Sengér (1976), they
suggested that the initid latest Cretaceous continental collison aong the northern margin of
the Arabian plate caused tensond forces orthogond to the collison, thus cregting the
Euphrates fault sysem and Sinjar - Abd d Aziz faulting. However, the earlier initiation of
faulting in the Euphrates graben (Litak et al., 1998), the increasing tectonism away from the
callison (Litak et a., 1997), and the rdatively large distance of the Euphrates from the
collison, tend to invdidate this suggestion. For the Sinjar - Abd € Aziz area, the strongly
oblique angle and digtance from the initid collision, suggests this mechanism is dso unlikely to
have been the cause of faulting there. Rather, we propose that the initid collision caused the
abrupt cessation of extenson in the Euphrates and Sinjar - Abd € Aziz areas as detailed
below.

Beginning in the Late Campanian - Maadrichtian further change took place and pronounced
east-west oriented graben formation in the Sinjar - Abd & Aziz area began (Figures 3.8 and
3.17d). Thiswas dso thetime of mogt active formation of the east - west trending Anah and
Sinjar graben in Iraq (Ibrahim, 1979). We suggest that the formation of east - west trends at
this time was a consequence of lithospheric tenson creeted by reorienting subduction off the
north and northeast margins of the Arabian peninsula (Dercourt et al., 1986), dthough the
precise orientation and location of this subduction is difficult to ascertain.  Additiondly, the
relative southerly advance of ophilolitic ngppes that were to obduct onto the northern margin
could have contributed to norma faulting through loading effects (Yilmaz, 1993). These
factors could cause roughly north - south dress that resulted in extension, or more likely
trangtension, within the Sinjar - Abd & Aziz area. Perhaps the strain was accommodated
there because it represented a structurdly weak zone of thick sedimentation on the northern
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edge of the Sinjar basin, athough the precise reasons for east - west striking fault formation

here remains somewhat enigmatic.

The Euphrates fault system at this time was experiencing transtension under the influence of
the more obliquely oriented, north - south directed, extension direction (Figure 3.17d). In
agreement with this, Litak et a. (1997) reported that strike-dip features are more common
amongs the northwest - southeast striking faults of the Euphrates deformation, than amongst

the west-northwest - east-southeast striking structures.

Extension in al areas stopped abruptly very near the end of the Maadrichtian.  This is
evidenced by the unconformities in the Euphrates graben and Abd € Aziz areas and the
absence of faulting in the Tertiary section (e.g. Figure 3.4). Late Maedtrichtian folding and
basin inverson are widely reported in the southwestern Pamyride fold and thrust belt (e.g.
Chaimov et d., 1992; Guiraud and Bosworth, 1997) sgnding that the stresses that stopped
the rifting in the east of Syria, caused uplift in the west. Latest Maadtrichtian time aso saw
some relaively minor shortening in the foothills of Turkey farther to the north (Cater and
Gillcrigt, 1994). This trangtion from an extensond to a contractiona regime was perhagps
due to collision of the Arabian platform with the intra-oceanic subduction trench in the north
and eadt, as suggested by Lovelock (1984). This event was related to widespread
Maeastrichtian obduction of supra-subduction ophiolites aong the northern and northeastern
margin of Arabia (Robertson et a., 1991). This was not the Eurasan - Arabia collison,
however, and the NeoTethys ocean, with associated subduction, persisted to the north and
east.
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Cenozoic

The Pdeogene was largely a time of quiescence in the northern Arabian platform with
widespread therma subsidence following rifting in the Euphrates and Sirhan grabens (Figure
3.17e) and depostion of sgnificant open marine sediments dsewhere.  Chaimov et d.
(1992) documented minor uplift in the southwest PAmyride fold and thrust belt in Middle
Eocene time, and minor shortening is dso reported in the Mardin arealin southern Turkey for
that time (Cater and Gillcrist, 1994). The Late Eocene was important in the development of
the Syrian Arc (Guiraud and Bosworth, 1997) and detailed field work by Kent and Hickman
(1997) reveds that the Abd & Aziz was perhgps a very subtle structurd high during latest
Eocene. The mid-late Eocene has been documented as a period of collison in the
northwestern corner of Arabia (e.g. Hempton, 1987; Ricou, 1995) with what Dercourt et d.
(1986) cdl the Kirsehir block, thus explaining these observations (Figure 3.17¢€).

Around mid-Miocene time (~15 Ma) (Hempton, 1987; Yilmaz, 1993) termind suturing
occurred between Arabia and Eurasia dong the Bitlis and Zagros sutures, bringing with it
widespread horizonta shortening throughout the region. This collison caused accelerated
basin inverson of the PAmyride fold and thrust belt (Chaimov et d., 1992), minor shortening
in the northwest portion of the Euphrates fault syssem (Litak et a., 1997), and shortening in
the Turkish foothills (Cater and Gillcrist, 1994) and the Zagros (Ala, 1982).

Kent and Hickman (1997) report sgns that the Abd d Aziz may have been a subtle high
during the Late Miocene. However, mgor uplift of the Sinjar - Abd & Aziz only occurred in
the mid / late Fliocene - Recent. Interestingly, Pliocene time saw renewed northward
movement of Arabia with respect to Eurasa under the influence of renewed spreading in the
Red Sea accommodated by escape dong the then newly active North and East Anatolian
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faults (Hempton, 1987). Thisinterpretation is supported by Féraud et d. (1985) who dated
dikes and volcanic dignments in Syria, and rdlated them to crustdl sress directions. They
found that there was a reorientation at around 5 Ma from northwest - southeast maximum
compressive sress, to a more north - south direction. This could explain why north - south
shortening in the Sinjar - Abd d Aziz area occurred digtinctly after northwest - southeast

shortening in the Pamyrides.

The southeast of the Euphrates fault system has also experienced Pliocene transpression
(Litak et al., 1997) that geomorphologica evidence suggest might be gill active today
(Ponikarov, 1966). The Euphrates fault system shows much less shortening than the Sinjar -
Abd d Aziz area due to the later’s proximity to the northern margin, and its nearly
perpendicular orientation to the maximum horizonta compresson, in contrast to the

Euphrates fault system’ s oblique angle (Figure 3.17f).

Currently the PAmyride region is deforming by trangpresson (Chaimov et a., 1990; Searle,
1994), under the influence of stresses from the northwest (Figure 3.17f). Our andyss
suggests that the northeast trending faults mapped from the Bishri block towards the Abd €
Aziz (Figures 3.1, 3.14 and 3.17f) could be acting to trandate right lateral shear away from
the Pamyride region. This would imply counterclockwise rotation of the Bishri block.
Alternatively, these could be snigrd faults active under the north - south compression,
implying that the Bishri block is undergoing clockwise rotation (Best, 1991). Focal

mechanisms and surface evidence are not yet sufficient to resolve thisissue.
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HYDROCARBON POTENTIAL

Higtorically, northeast Syria was the most hydrocarbon-productive region in the country,
athough the Euphrates graben (Figure 3.2) is now volumetricaly more prolific (e.g. Litek et
al., 1998). Edtimated recoverables from Syria are about 2.5 Bbbl of oil and 8.5 TCF of gas
(Oil & Gas Journd, December 1998). The northeast fidds till form an appreciable part of
the country’s 550,000 barrels a day of oil production with, for instance, the Tichreen fied
(see location on Figure 3.2) producing about 10 % of this (GeoArabia, E & P Features,
September 1997).

The reatively minor Late Mesozoic extenson and Late Cenozoic horizonta shortening
described in this paper were critical to the plays in northeast Syria, southeast Turkey, and
northwest Irag (e.g. Harput et a., 1992). Hydrocarbons are trapped in fault blocks and
fault-propagation folds above reactivated norma faults. These reationships are evident from
a cursory comparison between fied locations (Figure 3.2) and Figures 3.1 and 3.4. Most
source rocks in northeast Syria are thought to be of Cretaceous and Triassic age (Mewali
et a., 1974; Alaand Moss, 1979). Reservoirs are predominately found in Mesozoic and
Cenozoic fractured carbonates that were charged during the Late Mesozoic and Late
Cenozoic; many fields have multiple objectivesin the Miocene, Cretaceous and Triassic (Ala
and Moss, 1979). Seding is accomplished by shdes and eveaporites that are distributed
throughout the Mesozoic and Cenozoic sections. The older reservoirs tend to harbor lighter
oils or gas. As an example of current production in northeast Syria, the Tichreen field
produces from four horizons: the Chilou (Oligocene), Jaddda (Middle Eocene), Shiranish
(Maadtrichtian) and Kurrachine (Middle Triassic). All of these formations are carbonates
with generdly low porogty and fracture permeghility. Oils of ~18 API gravity are produced

from the upper formations, and gas from the Triassic (Alsharhan and Nairn, 1997).
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In Syria, producing Cenozoic reservoirs in fault-propagation formed anticlind trgps have
been charged since the initiation of Late Cenozoic fault reactivation (Ala and Moss, 1979).
However, farther north in Turkey, a grester amount of shortening has led to fault propagation
breaching many of the reservoirs (Cater and Gillcrigt, 1994). This illugtrates the criticd
relationship between the extent of dructurd inverson and the formaion of viable
hydrocarbon traps. The reservoirs in northeast Syria are reminiscent of those in the Zagros
where Ala (1982) reported various levels of fractured carbonate reservoirs, with traps
formed mainly in anticlines. Migration of the oil into these traps has occurred since the

folding eventsthat, as in northeast Syria, are a Late Cenozoic phenomenon.

As production has declined in these reatively younger fields more atention has focused on
possble Pdeozoic plays, as dsawhere within Arabia (Al-Husseini, 1992). Graptolitic
Silurian shade source rocks of the Tanf formation (Figure 3.3), have been documented in the
Euphrates graben and through most of the Middle East. Additiondly, the Lower Ordovician
Swab formation seems to form a viable source (Alsharhan and Nairn, 1997). In northeast
Syria the Tanf shdes exis over much of the area (Figure 3.9) before being eroded out
towards Turkey; the Swab is ubiquitous. The top of the Tanf is found between ~1400
mbmd (meters below mean sea level) and ~2300 mbmd across much of the study area, but
deepens to ~4000 mbmd in the vicinity of the Khabour river in the south of the study area.
The top of the Swab formation is generdly found ~500 m or more deeper than the top of the
Tanf formation, except on the Mardin high where the Silurian and Upper Ordovician have
been lost to erosion (Figure 3.9). The work of Serryea (1990) suggests that the Silurian and
Ordovician age sources in northeast Syria are generdly mature. In southeast Turkey, where

Silurian oil and gas discoveries have been made, the Silurian Dadas formation is the best
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source with TOC of 2 - 5 % and favorable maturity (Harput et a., 1992), amilar to results
from the Tanf formation in north Syria

In Syriareservoir rocks in the Paeozoic could include Permo-Carboniferous and Ordovician
sandstones that are present over most of the region (Figure 3.9). The depth to top of the
Pdeozoic section varies sgnificantly throughout the study area from around sea leve on the
Derro High to more than 3700 mbmd in the Sinjar trough. Well data from northeast Syria
show Upper Ordovician age Affendi sandstones to have 1525 % porosty and
permesbilities of up to 500 md. The Maghlouja well on the Abd & Aziz gtructure (Figures
3.2 and 3.16) found Pdeozoic oil and gas in uneconomic qudities (Kent and Hickman,
1997). Thiswdl had shows of gasin the Silurian section, and limited shows of relatively light
oil (39 APl gravity) in the Upper Ordovician Affendi formation (K. Norman, persond
communication, 1998). Perhaps this oil was sourced in the Silurian and migrated after fault
inverson juxtgposed that unit with the Ordovician in the Neogene (Figure 3.16)? This
potentialy recent migration could be the cause of low charge. For other potentid Paleozoic
reservoirs, tranggressve and regressive cycles that prevailed through much of the Paleozoic
could have I€ft viable gratigraphic trgps in place, whilst fault control is possible aong the axis
of the Euphrates faulting west of Abd & Aziz. Timing of migration could be the deciding
factor for Pdeozoic production in this area.  Current exploration in eastern Syria
(GeoArabia, E & P Features, September 1997) will reved more about Paeozoic

hydrocarbon potentia.

CONCLUSIONS

The Sinjar area of northeast Syria was part of the larger southwest - northeast trending

Pdmyride/ Sinjar basins from Late Paeozoic to Late Cretaceoustime. Although rifting took
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place in the PAmyrides / Sinjar in the Late Padeozoic, during the Mesozoic mogt of the
gratigraphic thickening was subsidence rdated. Following plate tectonic reorganization in
Cretaceous time, rifting commenced dong northwest - southeast trends in the Euphrates fault
system beginning in the Coniacian. In later Cretaceous time, extension began across east -
west driking faults in the Sinjar - Abd d Aziz area causing subgtantid thicknesses of syn-
extensond Late Campanian - Maadtrichtian marly limestone to be deposited there.

A latest Cretaceous collisond event dong the northern Arabian plate margin terminated the
extenson in the Sinjar - Abd & Aziz area. Eocene - Miocene suturing of Arabiato Eurasa
had little effect on the structures of northeast Syria, despite being the cause of significant
uplift in the adjacent Pamyride fold and thrugt belt. Rather, the stress reorganization and
northward Arabian plate movement experienced since Pliocene time has caused reactivation
of the norma faults in a reverse sense in northeast Syria.  Fault-propagation folding and
sructurd inverson have resulted in the topography that perssts in the areatoday. This late
gsage structurd reectivation is critica to Cenozoic and Mesozoic anticlina  hydrocarbon

trgpping in the area. Paleozoic horizons remain to be fully explored.
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CHAPTER FOUR

Structur e and tectonic development of the Dead Sea Fault
System and Ghab Basin in Syria

ABSTRACT

We examine the dructure and evolution of the Ghab Basin that formed on the active, yet
poorly understood, northern Dead Sea transform fault system. Interpretations of seismic
reflection and well data, gravity modeling, and surface geology yield a subsurface image of
the basin. The basin formed in Flio-Quaternary time a a complex step-over zone on the
fault. Subsidence occurred along cross-basin and transform-parale faultsin two asymmetric
depocenters. The larger depocenter in the south end of the basin is asymmetric towards the
eadt, the margin dong which mogt active transform displacement is occurring. Our andysisis
enhanced by comparison to deformation and deposition observed in other strike-dip basins
and physica models.

The topographically and structurdly high Syrian Coastal Ranges, located directly west of the
Ghab Bagin, are a consequence of Late Cretaceous and Cenozoic regional compression,
heavily modified by the Flio-Quaternary Dead Sea Fault System and Ghab Basin formation.
They are part of the broader scheme of Syrian Arc deformation. Plio-Quaternary uplift of
the Coagtal Ranges has been preferentidly focused west of the Dead Sea Fault, possibly
through reverse movement detached dong the fault. A Plio-Quaternary age for the
development of the Dead Sea Fault System in northwest Syria is consgstent with previoudy
proposed models of two-phase Dead Sea Fault Systerm movement and Red Sea spreading.
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INTRODUCTION

Continentd transform faults, such as the San Andreas Fault in Cdifornia, the Alpine Fault in
New Zedand, the North Anatolian Fault in Turkey, and the Dead Sea Fault System
(DSFS), involve complex sructurd and sedimentary regimes.  This complexity reaesto the
history of displacement dong these fundamental components of the globd plate tectonic
framework. Our work concerns the development of structures and history of depostion
aong the northern DSFS that is relatively little studied compared to the southern DSFS (i.e,
south of the Lebanese restraining bend, Figure 4.1). The evolution of the DSFS remains one

of the most contentious issues of Middle Eastern tectonics.

This work begins with a very brief review of the DSFS. After a description of available
data, we present our interpretation of the dructure of the Ghab Badin that lies dong the
northern DSFS (Figures 4.1 and 4.2). This interpretation is largely based on high qudity
saigmic reflection profiles from the basin that are published here for the firg time.  Our
andyss, integrated with interpretations of Bouguer gravity anomaies and surface geology,
shows the deep, asymmetric, double-depocenter structure of the Plio-Quaternary Ghab
Basin. We compare this to other strike-dip basins and models of strike-dip basin formation
to provide further indght into the tectonic controls on basin formation and evolution of the
basin through time. The gross scale topographic sgnature of the adjacent Syrian Coadtal
Ranges is then considered. This prominent topography (Figure 4.2) is shown to be part of
the regiona Late Cretaceous and Cenozoic Syrian Arc uplift, abeit srong modified by the
Plio-Quaternary propagation of the DSFS and development of the Ghab Basin. Our new
regiond mode, founded on the previous work of Hempton (1987) and Chaimov et d.
(1990), illustrates how the
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Figure 4.1: Regiond shaded rdief image of the Eagtern Mediterranean illuminated from the
northwest. The Dead Sea Fault System (DSFS) extends from the Gulf of Agabato Turkey,
as highlighted between the two large arrows on this figure. Numerous flat-bottomed step-
over basins aong the fault, and sgnificant asymmetric topography on ether sde of the faullt,
are clear in thisimage. The proposed location of the Roum fault (e.g. Butler et d., 1997) is
aso shown. Locations of traverses shown in Figure 4.9 are indicated. The dashed box
marks the extents of Figures 4.2, 4.3 and 4.11. Inset illustrates the regiond plate tectonic
setting (EAF = East Anatolian Faullt).
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Figure 4.6
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Figure 4.2: Shaded rdief image of the area immediately surrounding the Ghab Basin
illuminated from the northwest, location shown in Figure 4.1. The very low relief Ghab Basin
is a an eevation of ~170 m, and the marked peak of the Coastal Ranges is 1562 m.
Locations of other figures are shown. Seismic reflection profile locations are shown as thin
black lines and well locations are illustrated with solid circles. (AP = Asharneh Plain, W =
Jebel Wadtani, JZ = Jebd Az-Zawieh, BT = Bdou Trough.)
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evolution of the Ghab Basin integrates with theories of Late Cretaceous Cenozoic plate
moations in the eastern Mediterranean indicating that the DSFS only propagated through
northwest Syria after the Miocene.

The Dead Sea Fault System

The DSFS is a transform fault linking Red Sea / Gulf of Agaba seafloor-spreading to
NeoTethyan collison in Turkey. Most researchers agree that in total ~107 km of snistral
motion has taken place on the ‘southern’ portion of the fault, south of the Lebanese
restraining bend (Figure 4.1) (e.g. Dubertret, 1932). In concert with the episodic rifting in
the Red Sea area (Hempton, 1987), many authors have suggested that the lateral motion on
the DSFS occurred during two different episodes (e.g. Quennell, 1959; Freund et al., 1970;
Beydoun, 1999). In this scenario there was ~65 km of movement during the Early - Middle

Miocene, with the remaining ~42 km of from earliest Pliocene until present.

More controversd is the amount of trandation experienced by the ‘northern’ DSFS in
Lebanon and farther north in northwest Syria. The controversy arises from limited mapping
of the trace of the DSFS, and a lack of piecing points by pre-Fliocene features, making total
offst mapping in Lebanon and Syria extremdy difficult (Chaimov et d., 1990).
Displacement of ophialite cut by the DSFS in Turkey is open to very broad interpretations,
but was used by (Freund et a., 1970) to suggest ~70 km of totd sinisra movement on the
northern DSFS.

Chamov et d. (1990), expanding on the ideas of Quenndl (1959), suggested that only the
second episode of motion on the DSFS (~40 - 45 km since the start of the Pliocene) has
affected the northern DSFS.  In this scenario shortening in the southwest PAmyride fold and
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thrust belt (Figure 4.1) accommodated ~20 km of sinistral movement, leaving ~20 - 25 km
of movement to be transferred to the DSFS north of the PAmyrides. Supporting evidence
for the post-Miocene development of the northern DSFS includes offsets of Pliocene basat
(Quennell, 1984), Quaternary fans, and Mesozoic ophiolite (Freund et a., 1970), athough
this lagt interpretetion is discounted by many (e.g. Quenndl, 1984). The Roum Fault in
Lebanon (Figure 4.1) or Smilar structures, may have trandated the ~65 km of pre-Pliocene

displacement offshore, hence explaining the abosence of a northern DSFSin Miocenetime.

Another scenario suggests that the northern DSFS has been inactive since the Miocene
(Butler et d., 1997). Given the geomorphic evidence for Pliocene — Recent tectonic activity
on the fault, however, together with seigmicity (Ambraseys and Jackson, 1998) and GPS
measurements (McClusky et al., 2000), this inactive northern fault hypothess seems

improbable.

The recent tectonics of the Ghab Basin (Figure 4.2) further attest to the current activity aong
the northern DSFS. Ponikarov (1966) considered the Ghab Basin to be a Pliocene - Recent
feature, and recognized that the basin developed on a left-step in the DSFS (Figure 4.3).
These findings were echoed in geomorphic studies by Hricko (1988), Domas (1994), and
Devyatkin et d. (1997). Pdeostress analyss on faults around the Ghab Basin by Mater and
Mascle (1993) further suggest an active step-over geometry. Herein we do not present
direct evidence regarding the history of movement on the northern DSFS, however, we
suggest that the Ghab Basin formed through |eft-latera strike-dip since earliest Pliocene.

This is supports the scenario of
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Figure 4.3: Generdized geologic and fault map of the study area; location shown in Figure

4.1. Sense of fault movement was not reported by the origina author (Ponikarov, 1966).
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northern DSFS development in which ~20 - 25 km of sinistra displacement has occurred on
the northern DSFS since the earliest Pliocene (Chaimov et d., 1990).

Data and Interpretation M ethodology

Among the data used for our subsurface analysis of the Ghab Basin are ~260 km of 2-D
migrated seiamic reflection profiles (Figure 4.2), acquired during 1994 using a Vibrosas
source to Six seconds two-way time. These data were processed and migrated using
sandard seismic processing flows. Interpretation utilized the Landmark SeiswWorks software
package. The sections shown here are in time, rather than depth.  Within the basin seismic
p-wave velocities are 2.0 £ 0.2 knm/s as derived from sonic logs and seismic stacking
velocities (Dzhabur, 1985). Hence the two-way time scalesin Figures 4.4, 4.5, and 4.6 are
a close approximation for depth in kilometers for the basin fill. The data are largely not

interpretable past four seconds two-way time.

The one deep wdl within the basin (Ghab, Figure 4.2) was used, together with seismic
sgnatures, to provide gratigraphic control on the seigmic interpretetions.  There is very
limited penetration of the basin fill by drilling (Figure 4.4), so while there is good Stretigragphic
control of older horizons within and around the basin, age contral for the basin fill remains
soeculative. Regardless, the main objectives of this interpretation — the mapping of the

sructure of the basin — are met using the seismic data (Figure 4.7).

Geologic maps (Figure 4.3) and gravity interpretations provide additiona information
epecidly where seigmic data are lacking. We moded ed the Bouguer gravity data from agrid
of eight profiles, two of which are presented here (Figures 4.4 and 4.5). The gravity
modeling software permitted changing densties and body lengthsin the strike
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Figure 4.4. Transect dong the Ghab Basin (see Figure 4.2 for location) showing a seismic
reflection profile, density model and associated gravity anomaies. Dashed box on density
model illudtrates extent of seismic reflection data coverage. Intersections with other seismic
reflection profiles are shown as smdl arrows, different line patterns are used to distinguish
different reflectors. Dengties shown on mode are g/cm3, see text for discussion.
Quaternary age depodits form the surface layers dong the entire length of the transect. Most
of the faults shown have components of both norma and strike-dip fault movement. Deeper

sructure cannot be constrained with current data (see text).
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Figure 4.5: Interpreted migrated seismic profile across the Ghab Basin. See Figure 4.2 for
location.  Intersections with other seismic reflection profiles are shown as smdl arows,
different line patterns are used to distinguish different reflectors. Quaternary age deposits are
the surfica grata dong the whole line. Most of the faults shown have components of both
norma and grike-dip fault movement. The fault marked F is the main strand of the DSFS

and the mgor eastern bounding fault of the Ghab Basin, see text for discussion.
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Figure 4.6: Transect across the Ghab Basin (see Figure 4.2 for location) showing a seismic
reflection profile, density model and corresponding gravity anomalies dong transect. Dashed
box on density modd illustrates extent of seismic reflection data coverage. Intersections with
other seismic reflection profiles are shown as smal arrows; different line patterns are used to
digtinguish different reflectors. Dengties shown on modd are g/cms, see text for discussion.
The faults marked A are the dong strike continuation of the main strand of the DSFS (as
shown in Figure 4.3). The faults marked B and C have surface expression, as documented
by Ponikarov (1966). Mogt of the faults shown have components of both normal and strike-
dip fault movement. Note the required thinning of the crust toward the Mediterranean Basin,
as commonly observed long the Levantine margin (e.g. ten Brink et al., 1990), dthough
exact lower crugtd dructure is indeterminate. Step shown in the Moho is not resolvable in

the gravity data.
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Figure 4.7 Perspective view from the northwest of the Ghab Basin, looking to the
southeast. See Figure 4.2 for location. The top layer represents the topography surrounding
the Ghab Basin. For this, and the middie layer, darker shades representing higher levels and
illumination is from the northeast. Middle layer is a representation of the base of Ghab Basin
sedimentary fill; the dightly angular appearance is a consequence of the gridding process.
Lowermogt layer shows Bouguer gravity contours (BEICIP, 1975). Contour intervd is 2

mGd, bolder linesevery 10 mGa. Note the large depocenter in the south of the Basin.
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direction; hence, the modds are sendtive to latera variaions beyond what is usualy
considered two-dimensond modding. Along-drike variations, at distances farther than ~5
km from the profile, caused no gppreciable impact on the modeled anomay. Consequently,
with the exception of the profile dong the axis of the basn (Figure 4.4), the modeing
presented here is sufficiently accurate with no along-dtrike variations. Likewise, faults were
not directly incorporated into the dendty models because of its inggnificant effect relative to
continuous surfaces. The find models give a reasonable fit (< 3 mGa difference) between

caculated and observed anomalies.

During the gravity modding, dengty information came from field samples (Hricko, 1988),
borehole dengty logs (this study and Lupa, 1999), and seismic refraction data (Seber et d.,
1993). Depth limits came from seismic refraction and reflection data, and well data, as
presented in this study (for locations see Figure 4.2). Where density logs from wells were
not directly available, sonic log velocities borehole sonic logs (this study and Dzhabur, 1985)
were converted to dendgties usng well-established velocity-densty curves.  Rigorous
comparisons between densties obtained directly from densty logs, those estimated from
sonic logs, and those from direct field samples show differences of less than +0.1 glcm3 (for
further details, see Lupa, 1999). Furthermore, the resulting dengties were found to be
reasonable according to our knowledge of lithologies derived from drilling information.
Given thee externa controls on dendties and depths, this gravity modeing is better-

determined and less ambiguous than typica gravity studies.
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GHAB BASIN

Geomor phology

The surface expresson of the Ghab Basin is an extengve, flat plan with dmost no
topographic relief thus betraying its recent lacudtrine history. The plain is ~60 km long and
~15 km wide (Figure 4.2). In the south, between two strands of the DSFS, is the Missyf
Graben (Figure 4.3). The eastern fault strand can be traced northward at the surface aong
the eastern margin of the Ghab Basin before bifurcating to the north-northeast (Figure 4.3).
No definitive termination of this eastern fault is observed dong the basin margin.

The Syrian Coastal Ranges - that Ponikarov (1966) referred to as Jebe An-Nusseriyeh -
rise dramaticaly by ~1300 m in just four kilometers of distance (Figure 4.2), exposing
Jurassic, and even uppermogt Triassc, strata (Figure 4.3) directly west of the basin (Mouty,
1997). This steep flank suggests geologicaly recent uplift dong the western margin of the
Ghab Basin (the origin of the Coastdl Ranges is discussed below). In contrast to the eastern
margin, this edge of the basin is poorly defined, obscured by significant masswadting and
large blocks detached from the Coastal Ranges (Domas, 1994). Faults would be expected
adong the western margin given a typicd fault ep-over arangement for the Ghab Badin.
However, no surface expression has been detected aong these margins, except in the far

north (Figure 4.3), probably owing to buria by mass-wasting.

At the northern end of the Ghab Basin, the surface plain bifurcates and the Balou Trough
extends to the north-northeast; Jebel El-Wadtani - up to 800 m high - divides this from the
northern Ghab (Figure 4.2). Surface observations indicate the Ghab Basin fill is Neogene -
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Quaernary lacudtrine and dluvid depodits, finer grained in the basin center (Domas, 1994;
Devyakin et d., 1997).

Subsurface Analysis

Stratigraphy

In our seigmic interpretations (Figures 4.4, 4.5, and 4.6), tied to the Ghab well, the degpest

mapped reflector is ardatively thin bed of Mid-Cambrian age limestone (Best et al., 1993).

The unconformity at the top of Paeozoic (generally Upper Ordovician dratd) presents a
clear reflector where the mainly carbonate Mesozoic section overlies a largdy clagtic

Pdeozoic section. Middle Triassic age anhydrite and dolomite form a sequence of strong

reflectors, as does Early Cretaceous sandstone. The uppermost mapped reflector, (other

than arbitrarily traced horizons within the basin fill shown by dashed linesin Figures 4.4, 4.5,

and 4.6), is at the base of bagin fill that is Middle Eocene age, or in the south of the basin,

Upper Cretaceous (Devyatkin et d., 1997).

The Ghab well penetrates Middle Eocene limestone immediately beneeth Pliocene strata. A
clear unconformity at this point is expressed by abrupt facies change (clay to limestone),
paleontologic evidence, and an absence of volcanic detritus that is found throughout the
younger srata. We interpret this unconformity (at a depth of 350 m in the Ghab well, but
dropping sharply to the south and north, Figure 4.4) as the base of basinfill. This putsinitia
Ghab Basn formation, a lesst & the lditude of the Ghab wel, in Pliocene time.
Furthermore, we interpret a very thin layer of volcanic rocks encountered at a depth of 200
m within the basinfill in the Ghab well is part of anearby 1-2 Ma sequence.
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Since mogt of the Ghab Basin fill has not been drilled, directly dating the overal onset of
extenson and basin formation is not possble. However, when the seismic data are tied to
the well data, there is no evidence of basin drata older than earliest Pliocene.  Shdlow
borings (< 500 m) in the main depocenter have dso faled to penetrate rocks older than
Pliocene, and find Mesozoic drata immediately below Pliocene (Devyatkin et a., 1997).
Furthermore, outcrop studies have shown marine Pliocene drata a the northern end of the
current Ghab Basin, but continental strata of the same age near the south end of the basin
(Ponikarov, 1966). Thus the full extent of the Ghab Basin topographic depression was not
fully established until at least after the earliest Pliocene. In summary, the balance of evidence

suggests Ghab Basin formation commenced around earliest Pliocene.

Structure

The basic sructure of the Ghab Basin is a fault-controlled double depocenter. The main
depocenter is postioned beneath the southern portion of the surface plain, and dight
northward migration of that depocenter with time is clear from the seismic data (Figure 4.4).
Als0 gpparent are a mid-basin ridge (on which the Ghab well is drilled) and a second smdler
depocenter to the north.

The rdaively undeformed nature of much of the badin fill suggests that most subsidence has
been accommodated aong the mgjor basin-bounding faults. An gpparent western bounding
fault (marked A on Figure 4.5) when projected to the surface would be close to the foot of
the Coastd Ranges. Abrupt sediment thickness changes are very gpparent across the
eagtern bounding fault (marked A in Figure 4.6). Mog of the subsidence is clearly
asymmetric in the southern depocenter controlled by the more prominent eastern basin-
bounding fault (marked F in Figure 4.5). Mesozoic strata encountered by shalow drilling on
the western flank (Devyatkin et a., 1997) further support this interpretation. Gravity and
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seigmic interpretations reved this southern depocenter to be up to ~3400 m deep (Figure
4.7). Assuming basin formation occurred in the last 4.5 Ma, the gpproximate subsidence
rate in the degpest part of the Ghab Basin is ~0.8 m/ 1,000 years. This is comparable with
amilar drike-dip basins dsawhere (Nilsen and Sylvester, 1995).

In the earlier stages of basin formation, accommodation space was created by movement on
cross-badin faults that are now interna to the basin, rather than on the flanking faults. This
displacement shifted between the faults, with older displacement on the more interior
(western) faults (marked B-E in Figure 4.5), and most recent motion accommodated on the

eastern basin-bounding fault (marked F in Figure 4.5).

The geometry of the faults can be gppreciated from Figures 4.7 and 4.8a. Two depocenters
areillugrated - the larger in the south, and the smdler in the north - both formed againg the
basin-bounding faults. Cross-basin faults are found particularly in the south of the basin,

predominately steeply dipping to the northeast (faults B-E on Figure 4.5). These transverse
features are generdly northwest — southeast triking, suggest some extension across the
basin. The centrd region is dominated by acutely striking cross-basin faults that bound a
horst extending across the basin (faults A-C on Figure 4.6, feature marked R in Figure 4.8a).

Confidence in the interpretation of a second depocenter in the northwest of the basin is
improved by analysis of gravity data (Figures 4.4 and 4.7). This second basin is somewhat
asymmetric toward the western bounding fault and is up to ~1700 m deep.

North-northeast of the Ghab Basin, faults splay out significantly and severd depocenters are
present. A gravity low east of the Jebel El-Wagtani (Figure 4.7) shows another step-over
basin, beneeth the Balou Trough (Figure 4.2). Whilst no seismic data have imaged this area,

our gravity interpretations and previous work (Hricko, 1988) reports 500 - 1000 m of basin



152

fill in whet is gpparently another strike-dip basin bounded by Ieft-latera faults (Ponikarov,
1966). Higoricd ssigmicity shows recent activity on some of these fault splays (Ambraseys
and Melville, 1995).

Eadt of the south part of the Ghab Basin, (Asharneh Plain, Figure 4.2), there is no significant
Bouguer gravity low (Figure 4.6). Seismic interpretations (Figure 4.6) dso indicate that
there is no sgnificant basin in that area, and thisareais not an extension of the Ghab Basin as
might be expected from the topographic expresson (Figure 4.2). Faults in the Aleppo
Plateau area are minor (Figure 4.6), and generdly no older than movement on the northern
DSFS. Seamic reflection data image deformation associated with the DSFS in this area
(labeled A on Figure 4.6). This location corresponds directly with surface faults inferred
from topography imagery (Figure 4.7) and Quaternary faults observed in the fidd. The
displacement is distributed among severa fault strands that are seen to coalesce at depth.
This image is comparable with other examples of continenta transform faults (e.g. Ben-
Avraham, 1992), and is a typica ‘flower structure such has often been shown to be
associated with grike-dip faulting (Harding, 1985).

Comparison with other basins and basin models

Despite out interpretations that have used al avalable data, severd issues regarding the
evolution of the Ghab Basin remain unresolved. Furthermore, while the fault geometry
controlling the Ghab Basin roughly fits the pattern of a ‘step-over’ basn (Nilsen and
Sylvester, 1995), the Ghab Basin shows severd departures from this smple transform-
pardld extenson case. Below we compare the Ghab Basin with other basin studies and
basn modes (Figure 4.8), thus shedding some light on many of the second-order

complexities we have observed.



153

Asymmetric basns have been documented dong the DSFS (especidly in the Gulf of
Agaba), the San Andress Fault, the North Anatolian Fault, and many other mgor strike-dip
faults (Ben-Avraham, 1992; Ben-Avraham and Zoback, 1992). These asymmetric basins
are bound on only one sde by a mgor linear strike-dip fault, againgt which most depostion
aways occurs. The opposite Sde of the basin is bound by predominantly normd faults; thus,
the overal fault geometry is ditinctly different from the classic sep-over. The sense of basin
asymmetry commonly changes dong drike in these fault systems as strike-dip digplacement
transfers from one en-echelon srike-dip fault to the next. This geometry could be caused by
a reorientation of stresses near a week fault in an otherwise strong crugt, so as to minimize
shear dtress on the fault, resulting in transform-norma extension (Ben-Avraham and Zoback,
1992).

The asymmetry within the Ghab Basin closdly follows this pattern of deformation, with the
southern depocenter asymmetric to the east. This suggests that, at the latitude of the Ghab
Basin mogt of the laterd movement on the DSFS is accommodated on the eastern bounding
fault of the basin. Some displacement steps over to the western bounding fault farther to the
north, and the smdler northern depocenter is dightly asymmetric to the west. This geometry
agrees with surface observations and indicates a component of extension across the Ghab

Basn.



154

Figure 4.8. Comparison of the Ghab Basin dructure with physcd and mathematical
models, and red examples of strike-dip basins. See text for full discusson. Throughout the
figure, crosshatched areas indicate magjor depocenters and bolder linesindicate faults that are
more sgnificant. () Fault map in the Ghab Basin and immediate surroundings. See Figure
4.2 for location. These faults have been mapped ether from surface observations and
geomorphology (gray lines) (Ponikarov, 1966), or from sesmic reflection and other
interpretations (black lines, this study). Letters G, C, T and R correspond to features aso
observed in (b), see text for discussion. (b) Fault map from sandbox modd of step-over
basin, after Dooley and McClay (1997). (c) Numericd modd of a step-over basin from
Rodgers (1999). (d) Smplified structure map of the Cariaco basin, Venezuea, from
Schubert (1982). (e) Fault map from Dead Sea Basin, summarized from several sources
(Garfunkd and Ben-Avraham, 1996).



155




156

Transverse sructures, such as those found in the Ghab Basin, are dso commonly observed
in other gtrike-dip basins. The Dead Sea Basin (Figure 4.8€) is bounded by strike-dip faults
on which most of the deformation occurs and transverse structures separate smaller sub-
basins there (Garfunkd and Ben-Avraham, 1996). Another analog for the Ghab Basin isthe
Cariaco Bagin, Venezuda (Figure 4.8d), where twin depocenters, asymmetric toward the
more active strike-dip and separated by a centrd sl have developed at a dextrd fault step-
over (Schubert, 1982).

Physicd (eg., sandbox / clay) models of pull-gpart basins can provide ingght into strike-dip
basin evolution by consdering smplistic end-member cases that are rare in nature. For
Dooley and McClay (1997), their modd with resulting deformation most closaly resembling
the Ghab Basin was a case of an initial 90° rdleasing sidestep between the two segments of
the gtrike-dip fault (Figure 4.8b). Strong smilarities with the Ghab Basin include: Cross-
basin faults (C in Figure 4.8), mid-basin ridge (R in Figure 4.8), srongly terraced sidewdlls
of basin (T in Figure 4.8), and graben aong the principa displacement zone a the basin ends
(GinFigure4.8).

Rahe et d. (1998) usad unequa moation on the ‘crugta’ blocks on opposite sides of the
grike-dip fault in their physicad modes. The results show asymmetric basins, with increased
subsidence toward the moving boundary. Commonly observed in these modes are
intrabasin highs, early opening accommodated on oblique-dip transverse faults, and
switching basin asymmetry dong srike (associated with ‘master fault’ step-over). Again, dl
these features are observed in the Ghab Basin.
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Mathematicd (finite difference) modds for the deformation of a basn under srike-dip
conditions were made by Rodgers (1980) and Golke et d. (1994), among others. Rodgers
(1980) showed that once the tota offset across the bounding strike-dip faults is about equd
to the separation between the faults, two distinct depocenters begin to form through normal
faulting (Figure 4.8c). If consdered anaogous to the Ghab Basin (Figure 8a), this shows
that the northern depocenter in the Ghab developed sometime after the initiation of the
southern depocenter owing to increasing displacement on the DSFS.  This explains the
smdler size of the northern depocenter. Golke et d. (1994) found that two depocenters
developed when initid master fault overlap is close to zero - the 90° case of Dooley and
McClay (1997). They dso saw the formation of asymmetric basns when there is some
uneven movement on the magter faults. Golke et d. (1994) aso observed basin migration, in

the same sense as that in the Ghab, because of increasing master fault overlap with time.

SUmmary

Seigmic reflection interpretations revea that the Ghab Basin is not a textbook example of a
sep-over basin. However, through comparison with other basin studies and models we find
that many of the second-order structures within the Ghab Basin are common to other strike-
dip basins. The basn asymmetry seen in the Ghab is probably related to the amount, and
sense, of relative movement across the bounding latera faults. The results are consgstent with
the observed surface faults that show a greater amount of relative motion on the eastern
basin-bounding strike-dip fault. Observations from the Ghab are echoed in theoretical
models that show cross-basin oblique-dip faults accommodating initid basin opening, but
most subsidence on the basin bounding faults. A northward shifting depocenter, and the

subsequent development of a second depocenter in the Ghab Basin, are due to increasing
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fault overlap with time and step-over of the latera motion from the eastern to the western

faults,

SYRIAN COASTAL RANGES

To properly discuss the evolution of the Ghab Basn and DSFS in Syria we must dso
mention the adjacent, topographicaly prominent Syrian Coasta Ranges (Figure 4.2).
Although not well studied, this deformation can illuminate the regiond tectonic regime under
which the basin and DSFS formed.

Based on dratigraphic evidence, uplift in northwest Syria has been episodic since at least the
latest Cretaceous. In the Coastd Ranges Ruske (1981) found tilted and eroded
Maadtrichtian strata unconformably overlain by Paeogene transgressve depodts that
reached a high-stand in Middle Eocene time. The geometry of this latest Cretaceous and
Pdeogene uplift appears to have been smilar to the current Coasta Range topography,
abat without the imposition of the Neogene Ghab Basin.

Middle Eocene limestone was deposited in much of the sudy area, including some of the
Coadd Ranges, indicating that the latest Cretaceous and Paeogene uplift had largely
subsided by that time. It is unclear whether absence of the Middle Eocene drata in the
southern Coasta Ranges was due to continued emergence and non-deposition, or post-
Middle Eocene eroson. In any event, uplift of the Middle Eocene drata on parts of the
current Coasta Ranges indicates that most of the uplift has occurred since the Middle

Eocene.
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Structura relaionships and outcrop geology indicate that an anticlinorium, sub-pardle to the
present Coastd Ranges, formed a some time since the Middle Eocene. It is this
anticlinorium that dominates the current topography. The crest of the anticlinorium forms the
current ridge of the Coasta Ranges. The doming clearly narrows towards the north, and all
evidence of the upwarping is lost near the present Turkish / Syrian border. The absence of
any Late Eocene — Miocene strata on or around the Coastal Ranges - or beneath the Ghab
Basin - strongly suggests that this second stage of uplift started around Late Eocene time, as
suggested by Ruske (1981). Quaternary coastal terraces attest to continued tectonic uplift in
thisarea (Ddongevilleet a., 1993).

Clearly the Coagtd Range uplift has been very strongly modified by the propagetion of the
DSFS through northwest Syria, and the related formation of the Ghab Basin. The Hio-
Quaternary Ghab Basin formed near what was presumably the crest of the pre-Pliocene
Coadta Range uplift. This created the extremely steep scarp on the eastern face of the
Coagtd Ranges dongsde the Ghab Basin.  Furthermore, the presence of the DSFS has
caused asymmetry in the uplift (Figures 4.2 and 4.9). The Coastd Ranges ae
topographicaly and structuraly significantly higher directly to the west of the present DSFS.
This indicates that some of the post-Middle Eocene uplift has occurred since the DSFS
propagated through northwest Syria.

In the remainder of this section we examine two related attributes of the current Coastal
Ranges that are presently unexplained. The firdt is the strong asymmetry of the current uplift.
The second issueis the support of the topography. The Bouguer gravity anomalies
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Figure 4.9: (a) Graph showing comparison of topographic profiles acrossthe DSFS. These
profiles are the average topography across a 20 km wide sweth, locations shown on Figure
4.1. Thethin black lines are the modeled regiond isodtatic response of the lithosphere owing
to the formation of the Ghab Basin. Each profile has been gpproximately digned rative to
the faullt.
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(Figure 4.6) indicate that the current topography is not locally isostatically compensated, thus

an explanation of aregiona support mechanism is required.

Supeficdly, the asymmetry of uplift dong the southern DSFS is amilar to that near the
Ghab Badin (Figure 4.2). On closer ingpection, however, the haf-width of the uplift is much
greater in the southern DSFS (~100 - 125 km) than in the Syrian Coagtal Ranges in the
north (~15 - 25 km) (Figure 4.9). Even s0, we may consider the explanations given for the

uplift and asymmetry on the southern DSFS when trying to explain thet in the north.

Wdowinski and Zilberman (1996; 1997) concluded that the uplift dong the southern DSFS
is caused by the isodtatic lithospheric response to basin formation dong the fault. They
suggested the asymmetry adong the southern DSFS is caused by deeply detached ligtric
normd faults. ten Brink et d. (1990) dso invoked flexure with asymmetric loading, eadtic

parameters, or therma effects, to explain the asymmetry.

We have shown that a significant proportion of Coastal Range uplift occurred before the
propagation of the DSFS through northwest Syria, hence the fault (and related basin
formation) cannot be used to explain dl the uplift. However, we can consder the additiona
Pliocene-Quaternary uplift that may have been caused by the faulting. To test this idea we
have examined isodtatic uplift of the Coagta Ranges due to Ghab Basin formation by
assuming an dadtic gpproximation following Turcotte and Schubert (1982). Usng ther
method the uplift of an assumed dadtic lithosphere can be modeded as being due to an
upward force on abeam. In our case the upward force is the negative loaded created by
basin formation. The uplift isthen:

Zu(x) =woexp{-x+x/a} .[sn(x+x/a)+cos(x+x/a)] @



162

where:
wo=[Lta>/8D] @
a=[4D/Dr g]0'25 ©)
D=[ETe /12 (1-n)] (@)

If we consider the case of a broken lithosphere (beam), as could be the case dong the
DSFS, (1) becomes:

zB(X) =wop exp{-x +x /a} .cos(x+x/a) (5
where:
wog =[Lta"/4D] ()
In the above,

Zu,B(X) = flexure of lithosphere as afunction of distance for unbroken and broken
lithogphere, respectively
x = distance dong profile
W = maximum amplitude of flexure, unbroken lithosphere
wog = maximum amplitude of flexure, broken lithosphere
X| = offset distance of point load from center of profile
a = flexure parameter
Lt = ‘Negative’ Load: force that causes upward flexure
The Ghab Bagn is approximated with a 30 km2 cross-sectiona area (from
seismic data), filled with sediments of dengty 2200 kg/m3. The surrounding
rock density is assumed to be 2600 kg/m3, hence the negative load is 1.2x1011
N/m.
D = flexurd rigicity [18x 10°% N ]
Dr = density change between air and compensating *fluid' layer [3300 kg/mi]
g = acceleration dueto gravity [9.81 m/sz]
E = Young' s Modulus[6 x 1010 Pa]
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Te = eadtic thickness of the lithogphere [15,000 m]
n = Poisson’sratio [0.25]

The numbers in square brackets given next to the terms above are those used by Wdowinski
and Zilberman (1996). Weinitidly use these parameters to modd the isogtatic response due
to the formation of the Ghab Basin. The resulting flexures for the case of the unbroken
lithosphere, zy(x), and the broken lithosphere z5(x), are shown in Figure 4.9. Clearly,
these flexures are of too smal amplitude, and of too long a wavelength, to explain more than
agmal fraction of the present topography of the Syrian Coadta Ranges. The reault is little
changed if regiond isogtatic compensation occurs in the lower crugt, rather than in the upper
mantle (e.g. ten Brink et a., 1993). We conclude that the Pliocene-Quaternary Syrian
Coagtd Range uplift is not smply a consequence of Ghab Basin formation, and a regiond
isodtatic response to Ghab Basin formation is not supporting the topography.

Thus we consder other mechanism for support of the Coastal Range topography. Recent
seigmologica observations (Sandvol et a., 2000) indicate a zone of strong shear wave
attenuation in the uppermost mantle beneath western Arabia, especidly adong the DSFS.
This may indicate devated mantle temperatures that could be supporting the uplift
dynamicaly. However, a mantle driving force seems unlikely given the smal wavelength of
the uplift (Figure 4.9), and it dso fails to explain the asymmetry of the uplift.

A more likdy support mechanism for the Coastd Range uplift could be regiond
compression. We will seein the following section that regional compression caused the initia
Coadttd Range uplift. Regiond plate kinematics from preiminary GPS data permit small
convergence across the DSFS plate boundary (McClusky et a., 2000). The DSFS could

be acting to decouple this compression by accommodating strike-dip and reverse dip of the
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crust west of the DSFS. In this scenario the Coastd Ranges west of the DSFS are uplifting
though reverse faulting dong the predominantly strike-dip DSFS, thus providing a support
mechanism and explaining the asymmetry.

In summary, the true cause of the Syrian Coastal Range topographic support and asymmetry
remains equivoca given the rdaively limited deta avallable. However, we favor a scenario
in which the Syrian Coastd Ranges uplift began in the latest Cretaceous with regiond
compression causing folding and uplift. The area experienced Smilar compression in Lae
Eocene time onwards. After propageation of the DSFS through northwest Syria in Pliocene
time, the Ghab Basin formed thus causing collapse the eastern flank of the Coastal Ranges.
Regiond compresson continued to drive the uplift through reverse movement dong the
DSFS until present. This compression is largely detached dong the DSFS hence explaining
the current asymmetric uplift (Figure 4.10).

EVOLUTION OF NORTHWEST SYRIA

The previous sections have discussed our interpreted evolution of the Ghab Basin and Syrian
Coada Ranges. Now we consder these results in the context of the regiona tectonic
evolution of northwest Syria. As discussed, the timing of DSFS development in Syrialis il
controversad. Also, previous tectonic models have largely failed to incorporate findings from
northwest Syria.  Our reaults, dthough somewhat speculative, provide insight of this

development for Late Cretaceous to Recent.
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Figure 4.10: Highly schematic, verticdly exaggerated, three-dimensond representation of
Ghab Basn. Large arrows show approximate relaive movements, the Coastd Ranges
block is depicted uplifting while trandaing southwards.
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L ate Cretaceous

Deep wdl data from northwest Syria illustrate some of the Paeozoic and Early Mesozoic
higory of the area. In general these observations fit previoudy proposed tectono-
gratigraphic moddsfor theregion (e.g. Best et a., 1993; Brew et d., 1999). However, the
latest Cretaceous period is of most relevance to the current work. The Maastrichtian age
initia uplift of the Syrian Coastd Ranges (Figure 4.114) is coincident with contemporaneous
events documented throughout northwestern Arabia (Figure 4.12a8). Most notably this time
was the firgt episode in the formation of the ‘Syrian Arc’. The Syrian Arc is the swath of
folds and structurdly inverted faults observed along the Sinai and Levant coadts, sub-pardlé
to the present shordine (Figure 4.114). In the origind definition (Krenkel, 1924) the Arc
extended northward towards Turkey, athough more recent authors have aso included
Pdmyride foldsin the definition. The formation of the Syrian Arc is dated as a Maadtrichtian
phenomenon (Guiraud and Bosworth, 1997), dthough some subtle precursory compression
began earlier in the Late Cretaceous (Bartov et a., 1980; Walley, 1998). Chamov et d.
(1992) conddered the initid folding, uplift, and dructurd inverson in the southwest
Pdmyride fold and thrust belt to be part of the Syrian Arc and documented this compression
as latest Cretaceous. On a more regiond scade the cessation of extensona tectonics in
eagtern Syriaiswell established as a Maadtrichtian phenomenon (Brew et al., 1999).

The Maadtrichtian was the time of ophiolite emplacement dong the northern Arabian margin,
particularly in the Baer-Basst and Kurd Dagh areas proximal to the present Ghab Basin (Al-
Maleh, 1976; Robertson et a., 1991). This emplacement occurred because the north

Arabian margin collided with an intra-ocean subduction zone. These
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Figure 4.11. Mgp showing schematic dructurd evolution of the Ghab Basn and
immediatdly surrounding regions, location shown in Figure 4.2. Extents of zones illustrated

outside the Ghab are somewhat speculative. Legend shownin (&) appliesto al maps.
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Figure 4.12: Mgp showing schemétic structurd evolution of the DSFS in aregiona stting.
Area illugtrated is same as Figure 4.1, modern-day geography shown for reference. Bold
lines indicate approximate paeo-plate boundaries, and large arrows indicate approximate
motion of Arabia relative to Africa. No atempt is made to illustrate al tectonic events on
this map; see Figure 4.11 for more detail for the Ghab region in NW Syria (EAF = East
Anatolian Fault).
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collisons can explain the observations of Maadtrichtian age compression throughout the

northern

Arabian platform. Thus, the initid Maedtrichtian uplift of the Coastd Ranges fits completely
with the previoudy documented regiona plate tectonics. In this scenario, the Syrian Coasta
Ranges are consdered part of the Syrian Arc folding, as suggested by Waley (1998), in
accordance with the origind definition of the Arc (Krenkel, 1924).

Paleogene

The uplift that affected the Coastd Ranges in the latest Cretaceous continued into the
Paeogene but was subdued during the Eocene.  Middle Eocene marine deposits were
deposited throughout the studied area, with the possible exception of the crest of the Coadtdl
Range uplift that may have remained emerged. As discussed above, the second episode of
Coagtd Range uplift was post-Middle Eocene. This corresponds with the second episode
of Syrian Arc development (Guiraud and Bosworth, 1997). Middle Eocene was dso atime
of uplift of the PAmyrides (Chaimov et al., 1992) (Figure 4.12b), and some minor structura
inverson in northeast Syria (Kent and Hickman, 1997). Furthermore, through stratigraphic
relationships Dubertret (1975) documented how most of the structuration of the Lebanese
mountains was emplaced during the Late Eocene and Oligocene, a view supported by the

more recent work of Walley (1998).

These periods of renewed compresson within the northern Arabian platform are clearly
related to the Mid-Late Eocene find collison of Eurasa and Arabia dong the northern
Arabian margin (Hempton, 1985). This fina obliteration of NeoTethys oceanic crust led to
the Bitlis suture that till marks the boundary of these plates (Figure 4.12b). From Mid-Late
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Eocene time until the Middle Miocene, convergence between the Eurasian and Arabian
plates was accommodated by continental margin shortening the thickening aong this northern
margin (Hempton, 1987). Hence the Syrian Coastd Ranges are shown again to be part of

the larger Syrian Arc folding coincident with more regiona tectonic development.

Miocene

The firgt phase of rifting in the Red Sea area saw continenta stretching there that probably
gdarted in the Oligocene (Hempton, 1987). From Ealy Miocene time onwards the
differentid motion between rifting in the Red Sea and the Gulf of Suez began to be
accommodated along the newly formed DSFS (Figure 4.12b,c). Thus ~64 km of snistra
moation occurred on the southern DSFS during this first phase of DSFS movement in Early
and Middle Miocene time (Figure 4.12c). As discussed above, the baance of evidence
suggests that the northern DSFS had not formed at this time, and the motion was perhaps
transmitted offshore dong afault or faultsin northern Isradl / Lebanon (Figure 4.11c¢).

In his modd, Hempton (1987) argues that by Middle Miocene time the northern margin of
Arabia had reached full crustd thickness after shortening and thickening in the Eurasa /
Arabia collison. Hempton (1987) suggedts that this was therefore the termind suturing of
Eurasia Arabia, after which Arabia was unable to converge any further on Eurasia, and so
spreading in the Red Seahdted. In turn thisled to a cessation of movement dong the DSFS
(Figure 4.12d). Thus, in the modd of Hempton (1987) that we support herein, the first
phase of motion on the DSFS came to a close during the Middle Miocene and the DSFS
was inactive from around 14.5 Ma until about 45 Ma Interestingly, this time dso

gpproximately corresponds to a period no volcanic activity in Syria (Mouty et a., 1992).
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Pliocene - Recent

Hempton (1987) goes on to argue that activity on the DSFS commenced again in the Early
Pliocene (~4.5 Ma). This was due to commencement of Red Sea seafloor spreading as the
northward motion of Arabia was accommodated dong the newly formed North and East
Anatolian Faults. In accordance with this modd, we suggest that with the renewed activity
and reoriented dress regime, the DSFS formed its current path though Syria beginning in
Early Pliocene time (Figure 4.11€). The baance of our evidence indicates that the Ghab
Basin only formed during Pliocene time. This strongly suggests that the northern DSFS only
formed since the Miocene, as forwarded by the modd of Chaimov et d. (1990) that we
support here. Further evidence comes from offsets in Pliocene basalt and Quaternary fans
(Trifonov et al., 1991; Fleury et d., 1999), and offsets of ophiolites together with GPS
current motion vectors.  Preiminary GPS measurements suggest roughly 6 mm/year of
relative Africa/ Arabia motion in the northern Arabian platform (McClusky et al., 2000), in
agreement with fidd studies (Trifonov et d., 1991). If overdl this motion has been congtant
it indicates ~27 km of movement in the last 45 Ma, roughly equivdent to previoudy
suggested tota's (Quennell, 1984; Trifonov et a., 1991).

We suggest that after the northern propagation of the DSFS, the Ghab Basin formed owing
to the complex splaying left sep-over in the sinidrd fault sysem. Cross-basin oblique-dip
faults appear to have accommodated the initid extenson (Figure 4.11d) that was later
transferred onto the basin bounding faults that are till prominent today (Figure 4.10 and
4.11ef). Despite significant topography to the west, surface and subsurface data show the
eagtern basn-bounding fault to be the more active, and this fault is continuous north of the
basin as readily seen in topography and seismicity data. This suggests an incomplete transfer

of lateral motion from the eastern to the western strands of the DSFS across the Ghab Basin.
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Thus north of the Ghab Basin the DSFS splays out into a broad zone of deformation with
lateral motion distributed amongst severd faults.

We suggest that during the Pliocene - Recent the Ghab Basin and northern DSFS were
superposed on the pre-Pliocene Syrian Coastd Range topography. This faulting dong the
crest of the Coastal Ranges has created the very steep western flank of the uplift that we
observe today. Continued compression of northwest Arabian since the propagation of the
DSFS through the Coastal Ranges has caused further uplift to the west of the DSFS.

CONCLUSIONS

Geomorphology, dratigraphic relationships, and seismicity clearly demondrate the active
deformation of the northern, Syrian segment of the DSFS. Sinistrd movement a a left-step
and splaying of the fault has resulted in the Ghab Basin that, absence evidence to the
contrary, we interpret to have formed since earliest Pliocene time. Cross-basin oblique-dip
faults accommodated some initia basin opening, but most subsidence has occurred aong the
more active eastern basin-bounding fault. The basin exhibits two asymmetric depocenters
with geometry suggestive of some trandform-norma extenson. The timing of Ghab Basn
formation strongly supports a modd in which the current northern strand of the DSFS (in
Lebanon and Syria) has only been active since the latest Miocene / earliest Pliocene to

Recent.

Uplift of the Syrian Coastd Ranges has been episodic since latest Cretaceoustime. Thefirst
episode of uplift, in the Maadtrichtian, was clearly related to plate-wide compression and
folding caused by collison dong the northern Arabian margin. Mid-Late Eocene uplift was

again contemporaneous with regiondly observed folding due to fina continent-continent
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callison adong the northern margin.  This uplift is ongoing, and has been srongly influenced
by the formation of the DSFS that has delimited the uplift to the eedt.
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CHAPTER FIVE

Tectonic Evolution of Syria

ABSTRACT

For the firg time, we document the tectonic evolution of al Syria throughout the
Phanerozoic. These interpretations are based on a very extensve database, primarily

saigmic reflection data, well information, and surface geologic studies.

Syrian tectonic deformation is focused in four mgor zones that have been repeatedly
reactivated in response to activity on nearby plate boundaries currently and throughout the
Phanerozoic, especidly Mesozoic — Cenozoic time. The most extensve zone is the
Pamyrides, that includes the southwest Pamyride fold and thrust belt and the inverted sub-
basins that are now the Bilas and Bishri blocks. The Euphrates Fault System and Abd €
Aziz/ Snjar grabensin eastern Syriaare large extensgona features with a more recent history
of compresson. The find zone includes the Dead Sea transform plate boundary that cuts

through western Syria.

Combining the interpreted history of these zones, together with analysis from the remainder
of the country, we have congtructed a modd of tectonic evolution throughout Syria.
Integration of lithogtratigrgphic informeation into our find modd has refined the timing of
specific events and provided a paeogeographic framework for the results. The mode
shows how specific deformation episodes within Syria have been penecontemporaneous
with regiond scae plate tectonic events. Following a relatively quiescent Early Paeozoic
shef environment, the northeast trending Pamyride / Sinjar trough formed across centra
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Syriain response to regiona Hercynian compression followed by Permo-Triassic opening of
the NeoTethys Ocean and the eastern Mediterranean. The trough accumulated thousands of
meters of clastic strata, and was the focus of Mesozoic carbonate deposition as subsidence
continued. Late Cretaceous tectonics were dominated by extension in the Euphrates Fault
Sysem and Abd d Aziz / Sinjar graben in eastern Syria  Repeated collisons and
continental margin shortening aong the northern Arabian margin from Late Cretaceous to
Late Miocene time caused platform-wide compresson. This led to the structura inverson
and shortening of the Pamyride trough and Abd € Aziz / Sinjar graben. This uplift and

compression continues today under the influence of Arabia/ Eurasia convergence.

The tectonic evolution of Syria has been criticd to the hydrocarbon accumulations in the
country. Hydrocarbons, with Miocene to Slurian age sources, are found predominantly in
Mesozoic reservoirs with structurd trgps formed in response to Mesozoic extenson and

Cenozoic inversion tectonics. Some Paeozoic plays remain to be fully tested.

INTRODUCTION

The ‘Cornéll Syria Project’, active since the late 1980's, is an ongoing collaboration
between Corndl Universty and the Syrian Petroleum Company (SPC), and recently with
Damascus Universty. Our god has been to andyze and map the tectonic history of
gructuraly deformed areas of Syria, predominantly through geophysicd andysis. Syria is
part of the northern Arabian platform that has been proxima to active plate boundaries for
most of the Phanerozoic, from Early Paeozoic ProtoTethys Ocean formation until today

when plae boundaries  &ill  surround  the  country  (Figure  5.1).
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Figure 5.1: Regiond tectonic map of the northern Arabian Plate and surrounding regions
showing the proximity of Syria to many active plate boundaries. Leb. = Lebanon, NAF =
North Anatolian Fault.
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We show that regiona plate tectonics strongly control the continental deformation in Syria
(e.g. Brew et a., 1999). This deformation has been long-lived, episodic, and repeatedly
focused in previoudy tectonized areas. Understanding this rich history can yidd a fuller
gppreciation of plate tectonic processes. It can adso provide a better understanding of the
likely occurrence and distribution of naturd resources. While not comparable with the vast
reserves of the Arabian Gulf, the hydrocarbon resources of Syria are nonetheless

economically important, and the potentia for further Sgnificant discoveries remains.

Much of our previous work has concentrated on relaively distinct structurd provinces within
Syria. Our god in this paper is to document the tectonic evolution of dl Syria by integrating
our previous interpretations with new regiond gructurad maps and incorporating significant
lithogtretigraphic knowledge.  After outlining the tectonic setting of the studied area, this
paper continues with avery brief survey of previous work concerning Syriaand a description
of the newly expanded database used in the current work. We then describe the structure
and interpreted evolution of specific, tectonicaly deformed zones within Syria. Our regiond
mapping is then discussed, encompassing a new lithodratigraphic chart, structural maps, and
a new tectonic map for Syria. Our ultimate result is a regiond evolutionary tectonic model
for dl Syria, st in a framework of plate tectonic events. We conclude by discussing the

implications for hydrocarbon reservesin Syria.

Tectonic Setting

Syriais close to the leading edge of a continent / continent collison where the Arabian Plate
is converging on Eurasa & 18 + 2 mml/year in a roughly north-northwesterly direction
(McClusky et d., 2000). This colligon is manifes in the active trandform and convergent
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plate boundaries that currently surround Syria (Figure 5.1). The events on these boundaries,

and their ancestors, have largely controlled Phanerozoic Syrian tectonics.

The mogt prominent current margin of the collison is the Zagros fold and thrust belt. These
mountains, trending roughly northwest through western Iran and eastern Irag, accommodate
the convergence by widespread thrusting and folding with very sgnificant shortening (e.g.
Berberian, 1995). Along the northern Arabian margin the Zagros becomes the Eocene -
Miocene age Bitlis suture of Eurasian and Arabian Plates (Hempton, 1985). To the
northwest of the Arabian Plate the Mio-Pliocene age dextrd North Anatolian Fault, and the
snidra East Anatolian Fault accommodate westward movement of the Anatolian subplate

escaping under the influence of the convergence (McKenzie, 1970).

Codescing with the East Anatolian Fault from the south is the Dead Sea Fault System. This
system, that extends as far south as the Red Sea, separating Arabia from the African Plate
(Levantine subplate). The Dead Sea Fault Sysem is a gnigrad trandform fault
accommodating the differentid northward motion between the plates created by the opening
of the Red Sea. Restraining bend geometry dominates the Lebanese portion of the snigtra
Dead Sea Fault System (Walley, 1988). Totd offset south of the bend is well established to
be ~105 km (Quenndl, 1984). Displacement north of the restraining bend has been
documented at lessthan 25 km (Trifonov et a., 1991), but further work is needed to clarify
and document this edimate. Severd authors have suggested two phases of srike-dip
motion on the fault, one pre-Miocene / Early Miocene and one post-Miocene (Freund et al.,
1970; Quennell, 1984). This agrees with a widdy accepted modd in which Hempton
(1987) documented a two-phase opening of the Red Sea. Hempton (1987) went on to

corrdlate these phases of motion with the episodic deformation of many features in the
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northern Arabian platform, such as the Dead Sea Fault System. Bitlis suture, and Zagros fold
and thrust belt. The findings of this paper largely support the model of Hempton (1987).

Previous Geologic Studies by the Cornéll Syria Project

The work of the Syria Project has shown that, to a first-order, Syria can be divided spatialy
into four mgor ‘tectonic zones and intervening structura highs (see Figure 5.2 for locations).
The firg tectonic zone is the PAmyride area. Work there by Best et a. (1990; 1993),
Chaimov e a. (1990; 1992; 1993), McBride et a. (1990), Al-Saad et al. (1991; 1992),
Barazangi et d. (1993), Seber et d. (1993), and Alsdorf et a. (1995) documented a Late
Pdeozoic / Mesozoic depocenter trending northeast across centra Syria (namely the
‘Pamyride / Sinjar trough’). Compresson in the Cenozoic has created the current
topography above this trough (the Pamyride fold and thrust belt of the ‘southwest
Pdmyrides and the Bilas and Bishri blocks of the ‘northeast PAmyrides’). This topography
defines the aress that in totaity we loosdly cdl the ‘Pamyrides. Late Cretaceous rifting
created the second tectonic zone, the ‘ Euphrates Graben' in the farthest southeast of Syria
(Sawaf et d., 1993; Litak et a., 1998), and the associated ‘Euphrates Fault System’
tectonic zone that extends fully across Syria (Litak et a., 1997). Brew et a. (1999) mapped
the evolution of the third tectonic zone, the Abd € Aziz / Sinjar areain northeast Syria that
shows older association with the Pamyride trough, and more recent structurd and
gratigraphic smilarities with the Euphrates Fault System. Most recent Cornell work has
been focused on andyzing the



190

Figure 5.2: Map showing topography of Syria, seigmic reflection and well data locations,
and locations of other figures in this paper. Wells colors indicate depth of penetration,
symbols show best avalable knowledge regarding hydrocarbon status of the wells as
summarized from various literature sources. The map projection listed is used for thisand all

subsequent maps.
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Cenozoic evolution of the finad zone, the Dead Sea Fault System in western Syria (Brew et
al., 2000; Gomez et d., 2000).

These four tectonic zones have experienced the vast mgority of tectonic deformation in
Syria, while the gable zones remained dructurdly high and rdatively undeformed. This
follows the intuitively smple idea that a pre-existing weaknessin the crust will be the focus of
future strain accommodation. It has dso been shown that the style of reactivetion is
dependent on the orientation of the tectonic zone to the prevailing stress direction. Detailed
interpretations of the tectonics zones, and new ideas regarding their evolution, are further
discussed in a later section, before being ultimatdly tied into our find regiond tectonic
evolution modd for Syria

Recent contributions to the understanding of Syrian dratigraphy and paleogeographic
evolution are relatively numerous (e.g. Ponikarov, 1966; Al-Maleh, 1976, 1982; Al-Maleh
and Mouty, 1983, 1988, 1992; Sawaf et al., 1993; Mouty, 1997a, 1997b, 1998). This
work has concentrated on the extremely well exposed Mesozoic carbonate section in the
Pdmyride fold and thrust belt, the Syrian Coastal Ranges, and the Aafrin basin exposed in
the Kurd Dagh mountains (Figure 5.2). In contragt, the predominantly clastic Paeozoic
section and the Mesozoic of eastern Syria are known only from drilling data, and il present
sgnificant chalenges to dratigraphic undergtanding. In addition to detailed mapping of the
facies and biogtratigraphic variations in the Mesozoic section, researchers have dso made
important progress in corrdating formations regiondly (e.g. Mouty, 2000). Currently this
correlation, and many new regiona maps, are being findized by Al-Mdeh et d. (2001).
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DATABASE

The database available for this work is extremey extensive by academic research standards
(see Figure 5.2 for data locations). It conssts of roughly 18,000 km of migrated seismic
reflection profiles , drilling records from over 400 different wells, 1,000 km of seismic
refraction data, and numerous other datasets such as remote sensing imagery, topography,
and geologic maps. We thank the Syrian Petroleum Company (SPC) for providing most of

these data.

The saigmic reflection data are mostly migrated hardcopies to 4 seconds two-way travel
time. They are from a variety of vintages and show large variations in qudity. The highest
qudity data are from the early to mid 1990's collected using Vibroseis sources with a very
high fold of coverage. The poorest quaity records were shot with dynamic sources and 6-
fold coverage in the 1960's. In generd the Cenozoic section is fairly unreflective, with the
exception of some Miocene evaporite layers. The carbonate Mesozoic section forms very
prominent seismic reflectors, and regiona unconformities are easly digtinguished. The clagtic
Pdeozoic section is poorly reflective with the exception of severd abrupt facies changes in
Cambrian and Ordovician draa that form regiondly observed reflectors. Data qudity
decreases markedly in areas of complex structure, most notably the deeper areas of the
Euphrates Graben and most of the southwest Pamyrides. Recordings are aso very poor in
aress of Cretaceous limestone outcrop on the Bilas block, and basdtic outcrop in southwest
Syria. Metamorphic basement does not form a clear event on reflection records, and so
high-quality, multi-fold refraction data have been used to determine basement depth
throughout Syria (Seber et al., 1993; Brew et d., 1997).
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Formation top data are available for al of the more than 400 wells in the database. Various
wire-line logs are available for around a quarter of the wells. These include sonic, density,
gamma ray, and other assorted logs. Our dratigraphic data are based on these drilling
records and fieldwork by the authors and others. Many of these data have been used in past
interpretations of individud tectonic zones within Syria. For the firgt time, we congder dl the
datain totdity for creeting the present structural maps and tectonic modd of al Syria

The locations of our data, and dl digitaly held data, are stored within a GIS for easy retrieva
and andyss. Many daa interpretations have been conducted within the GIS, thus
harnessing the power of multiple-dataset visudization, manipulation and combination. For
more details see Brew et d. (2000).

The limitations of a printed journa do not dlow a full appreciation of this digita approach,
and space limitations dlow only a fraction of our datasets to be shown here. Consequently,
we are providing downloadable versons of many of our results and interpretations on the
web (http:/atlas.geo.corndl.edu/syrialwelcomehtml).  The benfit of the digita digtribution
includes the facility for any reader to plot their own maps, displaying any of the available
coverages, a any scae. The coverages can adso be interrogated (for example, ‘show only

oil producing wells that penetrate deeper than 4000 m’).

STRUCTURAL EVOLUTION OF MAJOR TECTONIC ZONES

Previous work of the Cornell Syria Project has documented the structure and evolution of
individual tectonic zones, based on subsets of the database discussed above. Here we

discuss some past results and incorporate new and revised findings from the interpretetions
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of these tectonic zones. These results will be integrated into our tectonic evolutionary model

in alater section.

Palmyride Area

The Pamyride area is the most extensve and topographicaly prominent tectonic zone in
Syria (Figure 5.2). Uplift in the PAmyrides is a relaive recent phenomenon, however, and
during most of the Phanerozoic the zone was a sedimentary depocenter (Pamyride / Sinjar
trough), accumulating severd kilometers of Paeozoic and Mesozoic drata through episodic

rifting and broad subsidence.

Best (1991) was the firgt to identify Pamyride and describe in detall rift-bounding faults, and
presented examples from around the Bishri block in the northeastern Pamyrides, many of
which core previoudy interpreted structures of McBride et d. (1990). Chamov et 4d.
(1993) documented the southwestern Pamyrides to be controlled by Late Paeozoic and
Mesozoic ligric norma faults that were structurdly inverted in the Neogene. Isolated seismic
examples show faults penetrating deep into the Paleozoic section (Chaimov et a., 1992,
1993), and wdls from the southwestern fold bet of the Pamyrides encounter repeated
sections across reverse faults down to a leest Lower Triassc levels.  Stratigraphic
relationships across these faults indicate movement a least as old as Middle Triassc.
Unfortunately, poor seismic reflectivity of the older section and drilling strategy limited to
Triassic objectives preclude documenting thickening of Paleozoic horizons that could be used
to definitively date initid faulting.

A very ggnificant portion of the Pamyride trough thickening can be related to broad
subsidence rather than smple extensond faulting (Chaimov et a., 1992). In particular, the
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majority of the Triassc successon shows the typical form of a dow subsiding depocenter —
perhaps the therma subsidence phase above the Permo-Triassic rift.  In the Jurassic,
however, faulting dominated and many examples of this sructurd reectivation are found (e.g.
Best, 1991; Chaimov et a., 1993; Litek et a., 1997). After gentle subsdence during the
Ealy Cretaceous, in Cenomanian (and especiadly Maadrichtian) to Eocene time the
Pamyride trough experienced accelerated subsidence (e.g. Mouty and Al-Maeh, 1983; Al-
Maeh and Mouty, 1988; El-Azabi et d. 1998) with sgnificant Late Cretaceous faulting in
the northeast around the Bishri and Bilas blocks (Figure 5.2).

Since the Late Cretaceous the Pamyrides have been subjected to episodic compression
leading to folding and the currently observed topography. About 400 km long and 100 km
wide this topography can be divided into two distinct parts, the southwest PaAmyrides, and
the northeast PAmyrides which in turn conggts of the Bilas and Bighri blocks. These areas
have digtinctly different Cenozoic histories as discussed below.

Southwest Palmyrides

The southwest Pamyrides are dominated by a series of short, southeast verging reverse
faults that core prominent surface folding. These short waveength |eft-stepping anticlines
have steeply-dipping (in some case overturned) fordimbs, and more shalowly dipping
backlimbs. In genera, the forelimbs become progressively steeper toward the southwest of
thechain (Chaimov et a., 1993). The crests of the folds are generdly 200 — 500 m above

the surrounding topography.

Chamov et d. (1993) argued for fault-propagation folding above inverted norma faults to
form the southwest Pamyride folding and shortening. Many of these faults are linked by
northwest striking sinigtrd transfer faults that are reactivated dextrd trandfers between the
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older normd faults. This modd is supported by wel data and outcrop evidence in the
southwest PAmyrides that require significant reverse faulting. For example, a the Abou
Zounar anticline ~70 km west-northwest of Damascus in the southwest Palmyrides, Triassc
drata are thrust over the Santonian age Rmah formation (Mouty, 1997b). Coward (1996)
aso suggested that inverson of northwest-facing haf graben could explain the Pamyride
fault-propagation folds. He indicates decreasing fault dip in the shalow section to explain the
tight folds Chamov e d. (1993) showed sub-paralel Upper Cretaceous and Lower
Pdeozoic horizons that argue againg regiond scde detachment development in the
Pdmyrides. However, Chamov et d. (1992) did map a locdly wel developed Triassc
detachment leve that precipitated some fault-bend fold formation, especidly in the northern
area of the southwestern Pamyrides (Figure 5.3). As an extenson of the detachment
hypothes's, Sda and Seguret (1994) argued for three levels of detachment and very
sgnificant thrugting in the southwest PAmyrides.

To the contrary, Searle (1994) suggested there is only very minor reverse faulting in the
Pdmyrides. He mapped complex folding, often in the form of box folds, above a localy
developed Upper Triassic detachment (the predominantly gypsum Hayyan formetion).
However, in reaching his conclusions Searle (1994) appears to have mapped only the central

and northeast parts of the mountains.

Hence we interpret srong dong-strike sructura variaions in the Pamyrides. Fault-

propagation folding above reverse faults, occasionaly above alocaly well developed
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Figure 5.3: Block modd of Abou Rabah anticlind dructure in the northern part of the
southwestern Pamyrides.  Surface is Thematic Mapper (TM) imagery draped over
topography. Seismic lines CH-36 (dip line) and CH-45 are shown. See Figure 5.2 for
location. View is looking towards the northeast. See annotation for horizonta and vertical

scales.
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Upper Triassc detachment, appears to be the predominant shortening mode in the far
southwestern Pamyrides.  Folding, probably above the same detachment but with no
gppreciable thrudting, is predominant farther northeast. This would agree with the cross-
sections of Chaimov et d. (1990) that show total shortening decreasing from ~20 km in the
southwest PaAmyrides to dmost no shortening in the farthest northeest.

West of the tightly folded PAmyride anticlines, the Anti-Lebanon Mountains (Figure 5.2),
form the highest topography in Syria. These mountains expose Jurassic and Triassc Srata
and mogt of the Cretaceous section has been eroded (Mouty, 1998). Waley (1998)
suggests that the mgority of Anti-Lebanon uplift was likey during the second-stage of
“Syrian Arc” deformation in the Late Paeogene. Lebanese structures were later modified as
part of the restraining bend architecture of the Dead Sea Fault System during the Neogene
(Chaimov et d., 1990).

Northeast of the tightly folded Palmyrides the extensive, low-relief Al-Daww basin (90 x 25
km, Figure 5.2) lies between the southwest Pamyrides and the Bilas block. Seiamic
gratigraphic relationshipsin the Al-Daww basin date its formation to Miocene time onwards.

This intermontane basin contains more than 2 km of Cenozoic Srata.

Northeast Palmyrides

To the north of the Al-Daww basin, the Jhar fault separates the southwest from the northeast
Pdmyrides (Plate 1). The Jhar fault has been traced nearly 200 km gtriking east-northeast
and shows an average of 1 km of up-tothe north movement, and sgnificant, but
undetermined amounts of dextrd drikedip (Al-Saad et d., 1992). Surface mapping
indicates Quaternary movement (Ponikarov, 1966). Well data indicete this was an active

extensond fault a least as early as Jurassic time. Additiond interpretations suggest this fault
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may be the surface manifestation of a Proterozoic suture zone, as discussed further in alater
section. The sructurd inversion dong the Jhar fault is controlling the southern edge of the
Bilas block (Figure 5.2) in a style of thick-skinned deformation typica of the northeastern
Pdmyrides.  Uplift within the Bilas block is dominated by drike-dip duplexing where
relatively undeformed, large anticlines are bounded by steep faults that show very little
shortening (Chaimov et d., 1990).

To the north and east of the Bilas block, the Bighri fault is a prominent right-latera fault

separating the Bilas from the Bighri block. Similar to the Jhar fault, the Bighri fault

accommodates uplift of the Bilas block reative to the Bishri block. Folding directly adjacent

to the fault again suggedts a trangpressond feature.  Foca mechanisms dso show these
dextra and reverse components of dip (see later Tectonic Map, Plate 1, and Chaimov et d.,

1990). Northeast gtriking Mesozoic normd faulting was more active in the Bishri block than
in any other part of the PAmyrides. Tota throw is often digtributed amongst severa dosdly-

spaced, steep, deeply-penetrating faults (Figure 5.4, and see Best, 1991). Jurassic was a
time of sgnificant fault movement, a Jurassic thickness of up to ~900 m is reached in the
Bighri block. The area is dso the only part of the PAmyrides to show sgnificant normad

faulting in the Late Cretaceous (thickness up to ~1600 m, Figure 5.4). Cenozoic structura

inverson of these faults is controlling the present northeast-plunging anticlind morphology of
the block, flanked by much smdler folds (McBride et a., 1990; Best, 1991).
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Figure 5.4. Interpretation of migrated seismic profile from the southwestern edge of the
Bighri block in the northeastern Palmyrides (seismic profile ALAN-90-10). Surface is
Thematic Mapper (TM) imagery draped over topography. See Figure 5.2 for location. See
annotation for horizonta and vertica scaes, depths are below sealevd.
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Abd € Aziz/ Sinjar Area

In northeast Syria (and extending eastward into Iraq) there exist two prominent topographic
highs, the Abd d Aziz and the Sinjar Uplifts (Figure 5.2) that suggest recent deformation.

However, the origin of these features goes far back in geologic history.

From Late Paleozoic to Late Cretaceous time the Sinjar area and surroundings was the
northeastern portion of the PaAmyride / Sinjar trough. Strata are corrdative throughout this
trough, with some thinning of dl formatons above the Dero High (Pate 1).
Accommodation space for sedimentation in northeast Syria was created largely through
broad subsidence, dthough some Late Paeozoic and Mesozoic northeast gtriking faults have
been identified (Brew et a., 1999). Asin the PAmyrides, many thousands of meters of Late

Pdeozoic cladtic Strata and Mesozoic carbonates were deposited in this trough.

During Senonian time the formative Euphrates Fault System affected the southwestern
portion of the Abd & Aziz/ Sinjar area, forming faults that were to bound the western extent
of the later deformation. But no significant extension occurred around the Abd d Aziz and
Sinjar gructures until the formation of a network of east - west driking faults in the latest
Cretaceous that accommodated moderate extenson. These norma faults (the largest of
which were predominantly south-facing), and the resulting haf graben, formed in the latest
Campanian and Maadtrichtian and accommodated up to 1600 m of syn-rift cacareous marly
sedimentation (Figure 5.5). The Abd d Aziz and Sinjar graben were the most prominent of
these features. Many of the extensona sructures were linked by grike-dip faults that were
aso gructurdly reactivated Early
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Figure 5.5: Block modd of the Abd  Aziz uplift in northeast Syria. Surface is Thematic
Mapper (TM) imagery draped over topography. Seismic lines UN-350 (dip line) and SY -
48N are shown. See Figure 5.2 for location. View looking towards the southwest. See

annotation for horizonta and vertica scaes, depths are below sealevd.
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Mesozoic northeast striking norma faults. The extensond event was contemporaneous with
further extenson in the Euphrates Graben. However, the cessation of the extension,
indicated by termination of faulting, came abruptly at the end of the Cretaceous, alittle later
than the cessation observed in the Euphrates Graben.

The currently observed topographic highs (the Abd d Aziz and Sinjar Uplifts) are the result
of sructura inversion that has been ongoing throughout the Cenozoic, most particularly in the
Late Pliocene — Recent (Kent and Hickman, 1997; Brew et a., 1999). Specificdly, stress
caused by collison dong the northern Arabian margin is reectivating, in a reverse sense, the
Late Cretaceous east - west striking normal faults causing fault-propagation folds above their
tip lines (Figure 5.5). Some of the northeast striking faults were also reectivated, in a strike-
dip and reverse sense, during Cenozoic compression. One such fault is bounding the present
gructurd inverson of the Abd d Aziz Uplift. The three mgor systems of fault in the Abd €
Aziz | Snjar area (Late Paeozoic / Early Mesozoic northeast-southwest striking; Senonian
northwest — southeast striking; and Maadtrichtian east — west dtriking) are clearly illustrated

in the structure maps we present below.

Based on limited data, smilar deformation appears to have contemporaneoudy affected the
Mesopotamian foredeep in the farthest corner of northeast Syria. There, reactivated Late
Cretaceous faults are observed beneath tight, Late Cenozoic fault-propagation folds (Figure
5.2).

Euphrates Fault System

The Euphrates Graben is a fault-bounded rift sudied extensvely by Litak et d. (1998) and
deRuiter et d. (1994). Litek et a. (1997) further showed that the Euphrates Fault System,
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arelated but less deformed zone of extension, extends from the Iragi border in the southeast
to the Turkish border in the northwest, including the Euphrates Graben. The Euphrates Fault
System is reatively unexpressed topographicaly (Figure 5.2) because, unlike the other

tectonic zones of Syria, it has experienced very little tectonic reactivation in the Cenozoic.

A Turonian age unconformity - probably marking pre-rift uplift - is extensvely developed in
the Euphrates Graben, and the underlying limestone are eroded and dolomitized. Extension
then followed causing widespread redbed deposition (Litak et al., 1998) that graded into
progressively deeper water carbonate facies. Senonian rifting, that resulted in around 6 km
of extenson and an undetermined amount of strike-dip movement, was accommodated on a
digtributed system of stegp normd faults. Thisis unlike some more ‘smple grabens that are
bounded by more clearly defined mgor faults (Litek et d., 1997). Trangtensiond
deformation was increasingly dominant with time.  The syn-rift carbonate deposition
culminating in the Campanian — Early Maadtrichtian with the depostion of up to 2300 m of
deep water marly limestone within the graben (Figure 5.6). Extenson stopped during the
Maadtrichtian.

Pd eogene time was marked by widespread therma subsidence above the aborted rift. This
sag has been shown to fit theoreticd modes of therma equilibrium after rifting (Litak et a.,
1998) suggesting that likely the whole lithosphere was involved in rifting
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Figure 5.6: Block modd for Euphrates Graben, location shown in Figure 5.2. Surface is
Thematic Mapper (TM) imagery draped over topography. Seismic profiles are PS-11 (dip
line) and PS-11. View looking towards the southwest. See annotation for horizontal and

vertical scales, depths are below sealeve.
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event. Thisis in contragt to the Abd d Aziz / Snjar Graben that shows no clear port-rift
subsidence. The rdatively quiescent Paleogene tectonic regime is in contrast to the minor
trangpression and reactivation experienced by the Euphrates Fault System in the Neogene,
Compressiond features are very mild everywhere within the Fault Sysem. They are most
developed in the northwest where reverse and strike-dip movement, with some associated

minor fault-propagation folding, is observed on reactivated L ate Cretaceous norma faults.

Dead Sea Fault System

The Dead Sea Fault System is a mgor transform plate boundary separating Africa
(Levantine subplate) from Arabia, and accommodating the differentid movement between
them. Severa authors have suggested two phases of strike-dip motion on the Dead Sea
Fault System, a pre-Miocene / Early Miocene dip of 60 — 65 km, and post-Miocene dip of
40 —45 km (Freund et a., 1970; Quennell, 1984). Along the northern segment of the fault
the age and rates of faulting are unclear due to a lack of piercing points, athough tota podt-
Miocene offset has been reported as less than 25 km (Trifonov et d., 1991). These
obsarvations and work in the Pamyrides have been combined into a modd in which the
northern Dead Sea Fault has been active only during the second (post-Miocene) phase of
Dead Sea Fault System motion. In this modd 20 - 25 km of post-Miocene sinistral motion
has been accommodated aong the northern fault segment, and another 20 km in the
shortening of the adjacent PAmyride fold and thrust belt (Chaimov et d., 1990). Ongoing

work amsto clarify thisissue.

The northern segment of the Dead Sea Fault System drikes pardld to the coast through
western Syria. The fault is clearly defined topographicaly and structuraly near the Lebanese
border in western Syria (Walley, 1988), but becomes diffuse and didributed as it
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gpproaches and crosses the Turkish border (Figure 5.2). Along the fault in western Syriais
the Ghab Basin (Figure 5.7), a deep Pliocene — Recent pull-apart structure (Brew et dl.,
2000). The Ghab Basin opened in response to a left-gep in the fault, dthough snisra
motion fails to be fully trandferred across the basin, resulting in the “horse-tailing’ of the fault
system observed to the north. Extension in the basin is accommodated by a series of
northwest striking norma faults and significant subsidence on the Dead Sea Fault that bounds
the basin to the east. Late Quaternary volcaniam is found at the north of the basin that

indicates opening of the basin there has occurred since 2 Ma.

The Syrian Coastd Ranges, in places more than 1500 m high, occupy most of the Syrian
onshore area west of the Dead Sea Fault and Ghab Basin. They extend from the
Mediterranean coast to the Dead Sea Fault System and from Lebanon to Turkey. This
extendve monocline exposes the Mesozoic section from Upper Triassc to Upper
Cretaceous (e.g. Mouty, 1997). The area is characterized by extensve karg terrain, a
gently dipping (~10°) western limb, and a chaotic, uplifted eastern limb where the oldest
drata are exposed (Figure 5.7). Stratigraphic rdationships indicate that the uplift of the
Coadgta Ranges has occurred since the Middle Eocene. They could be part of the extensive
Syrian Arc deformation that has been documented in Lebanon and Israel (Waley, 2000).
However, the Ranges are clearly bound to the east by the active Dead Sea Fault System
(Figure 5.2) that, in our modd, has only been active since the latest Miocene in its current
postion. This suggests that most of the uplift is post-Miocene. While some component of
compression across the Dead Sea Fault may be causng uplift of the Coastd Ranges,
isostatic and dynamic uplift are most probably the main driving force (Brew et a., 2000).
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Figure 5.7: Block modd for Coastd Ranges / Ghab Basin dong the Dead Sea Fault
System in western Syria. Along-basin profile is GA-6 and cross-basin profile is GA-3.
Surface is Thematic Mapper (TM) imagery draped over topography. See Figure 5.2 for
location. View looking towards the southwest. See annotation for horizonta and vertical
scales.
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REGIONAL MAPPING

We now consder the structure and dratigraphy of Syria as a whole, rather than the
physiographicaly ditinct areas just discussed.  The lithogtratigraphic and structura mapping
presented below is based on dl available data from Syria, as well as work from previous
Corndll researchers. In the section to follow ‘Regiond Tectonic Evolution’, we will integrate
these regiond mapsinto our fina modd.

Lithostratigraphic Evolution

We have used extengive drilling records from Syria, together with surface observations, and
preexigting sudies (e.g. Ponikarov, 1966; Al-Maleh, 1976; Mouty and Al-Maeh, 1983; Al-
Maeh and Mouty, 1988, 1992; Sawaf et a., 1993; Mouty, 1997a, 1997b; 1998) to
congtruct the most accurate summary of Syrian lithostratigraphy. Figures 5.8, 5.9 and 5.10
compare and contrast lithodtratigraphic evolution of dl Syria. More detailed discusson of
tectono-gratigraphy of individud tectonic zones is given chronologicaly in our find regiona

tectonic evolution modd.

Figure 5.8 is a generdized lithodtratigraphic chart showing the variations of Syrian dtrata in
time and space. Note that we have used the time-scale of Harland et d. (1990) throughout
thiswork. Mog clearly illugtrated is the shift from predominantly clastic Paleozoic deposition
to Mesozoic and Cenozoic carbonates.  Furthermore, numerous widespread unconformities,
showing long-lived hiati and erosion, are observed throughout the section, most especialy
around Devonian and Late Jurassic times. The long-lived Rutbah / Rawda and Aleppo
uplifts (Figure 5.2) show the leest complete sections. Also of some note is the very
prominent PAmyride/ Bishri / Sinjar
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Figure 5.8: Generdized lithogtratigraphic chart for dl Syria based on extensive surface
observations and drilling records.  Time intervals are not drawn to scde. Red dots and
numbers correspond to time points on Plate 2. Note the dternative formation names for the

Lower Mesozoic section in the Euphrates Graben System (Mulussa A, B, C efc.). Seetext

for full discusson.
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Figure 5.9: Isopach maps of Syria showing the present thickness of the four magor
Mesozoic and Cenozoic sedimentary packages, as derived from well and seismic data

Contour interval is 250 min each frame. See text for discusson.
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Figure 5.10: 3-D fence diagram generdizing the current sedimentary thickness variations in
Syria. The view is from the northwest with illumination from the north. The name of the well
used in the corration and its total depth are shown at the top of each data point. Vertica
and horizontal scales change with perspective.
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depocenter. For much of early Mesozoic time the Pamyride deposition was linked to the
Snjar area, whereas for the Upper Cretaceous Sinjar strata show much closer affinity to
amilar age rocks in the Euphrates Graben. This reflects the shift in tectonics from the
Pdmyride / Sinjar trough to the Late Cretaceous fault-bounded extension in eastern Syria
Figure 5.9 shows details of the shifting deposition throughout Syria. Note the limited Jurassic
/ Lower Cretaceous section caused by widespread erosion and non-deposition related to
regiona Late Jurassic / Early Cretaceous uplift. Preserved Cenozoic patterns are dominated
by subsidence dong the Euphrates Fault System.

The various formation names used in Syria are often ste-specific (Figure 5.8), leading to a
dutter and confusng nomenclature. Furthermore, different nomenclatures have historicaly
been used by surface and subsurface geologists, compounding the dready difficult task of
corrdaing subsurface and surface formations.  Paeozoic formations in paticular are
notorioudy difficult to digtinguish from scattered drilling penetrations, and are often poorly
differentiated in drilling logs, rendering detailed chronology impossible (eg. Ravn e 4.,
1994). Regarding Mesozoic nomenclature, severd long-standing problems have hindered
regiond corrdation. A wel-known confusion involves the Kurrachine to Serjelu formations
that, for many years, were regarded as Liassic in Iraq (as shown in Beydoun, 1991). More
recent dating has established ages comparable with the smilarly named formations in Syria
(Middle — Upper Triassic) (Beydoun and Habib, 1995). In our discusson of Triassc and
Jurassic drata we have used traditiond formation names (as maintained by SPC) and their
modern (Mulussa Group) equivaents because the older names are widespread in the
literature. Al-Mdeh et a. (2001) provide a more detailed description and discussion of

Syrian Mesozoic dratigraphy and attempt a definitive regiond correlation.
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Figure 5.10 shows genera thickness variaions for al the mgor sediment packages. The
main trends include a southward and eastward thickening of Early Paeozoic drata (Ratka
well) caused by the Gondwana passive margin off the east of Syria at thet time. In the Late
Pdeozoic and Mesozoic depostion shifted to the west (Abou Zounar section) as the
Levantine passve margin developed (Best et d., 1993). From Late Paeozoic time onward
the influence of the long-lived structurd highs of the Rutbah / Rawda Uplift (Tanf well) and
Aleppo Plateau (Khanasser well) are easlly observed. Upper Paeozoic and Mesozoic
drata are concentrated in the PAmyride / Sinjar trough, with sgnificant dong strike variation
goparent (Bishri wedl and Derro well). Rapid thickness changes in eastern Syria are
asociated with Late Cretaceous basin formation (Ishara wel in the Euphrates Graben and
Tichreen wdl in the Sinjar graben), and the influence of Neogene Mesopotamian foredeep
formation (Swedieh well). Findly, uplift and erosion of the Cenozoic section is observed in
the Pamyrides (Bdaas well and Abou Zounar section) and Sinjar Uplift (Tichreen well).

Subsurface Structural Maps

We present new subsurface structura maps of four horizons throughout Syria (Figure 5.11a
d). Each map shows the present depth to top of the subject horizon, dong with current
sructure, and the sub-cropping formation on the top of each horizon. A fuller appreciaion
of how the depths of these horizons vary in respect to one another can be gained from a
perspective view of the four surfaces, plus topography, shown together (Figure 5.12).
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Figure5.11: Maps of Syria showing depth, structure, and stratigraphy of various subsurface
geologic horizons derived from seigmic and well data. Colors in each map represent best
edimates of depths to chosen horizon, black contours indicate extents of uppermost
subcropping formation of the chosen horizon, and faults and folds are marked in red. Surface
geology modified from Ponikarov (1966). Surfaces shown are (&) top Cretaceous, (b) top
Lower Cretaceous, (c) top Triassic, (d) top Paeozoic. In (&) only two different formations
subcrop, except in exposed areas. Therefore, a stippled pattern is used to show where the
Soukhne formation subcrops, and the Shiranish formation subcropsin al other areas. There
is only one Lower Cretaceous formation, therefore in (b) the stippled pattern indicates an

absence of the Lower Cretaceous. The Lower Cretaceousis present in dl other aress.
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Figure 5.11 (continued):




230

Figure 5.11 (continued):
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Figure 5.12: Perspective views of the four structural surfaces shown in Figure 5.11. (@
View from the southeast with ten times vertica exaggeration to illustrate some of the through-

going structurd relationships. (b) View from the north.
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Figure 5.12 (continued):
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The non-uniform digribution in quaity and quantity of geophyscd data in Syria gives
somewhat uneven coverage to any resulting map. Aress of highest data dengity are those of
most hydrocarbon production. Hence, these structural maps are most accurate for the
Euphrates Fault System, portions of the Pamyrides, and northeast Syria, and are least
accurate for the Aleppo and Rutbah Highs. Furthermore, as data quality and densty
decreases with depth so does the accuracy of these maps. For example, 460 wells
penetrate the top of Cretaceous horizon while only 190 reach as deep as the Paeozoic
(Figure 5.2). The Lower Mesozoic and Paeozoic of the PAmyride region, where seismic
data are generaly not interpretable and deeper well penetrations few, has the least reliability
of al the mapping for these drata

The maps are presented at asmal scde. In many cases, particularly in the east, the mapping
was conducted a a much larger scae, typicaly 1:500,000. There are countless small
structures beyond the mapping resolution, and in aress of very low data density some faults
are undoubtedly not mapped even at the smaler scale. The chosen scade of presentation

represents a compromise between these stuations.

The maps are not sructurdly restored. They show present deformation rather than the
structure and depths at the time of deposition of the target horizon. Thisiswhy, for example,
the top Triassic horizon demondrates reverse faulting in the southwest Palmyrides athough at
the time of deposition these were normd faults. The symbols on the faults are designed to
show the gpproximeate past history of fault movement. Also, present-day depths are shown,
not those during deposition. For example, the top of Pdeozoic in the PAmyridesis shown as
predominantly uplifted (Figure 5.11d), whereas during depodtion this area was a
topographic trough. Full-scae restoration is a future planned project.
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Top Cretaceous

The top of Cretaceous horizon (Figure 5.11a) indicates the effects of Syrian Cenozoic
compressond tectonics. Note the strongly inverted Pamyride trough, especidly the Bilas
block, and Abd & Aziz/ Sinjar Uplifts. The large sag above the Euphrates Graben is aresult
of the Pdeogene thermd subsdence. Recent basin formation in western Syria is dso
illugtrated. In generd, faulting in eastern Syria hated before the end of the Cretaceous.
Hence, unless there has been Cenozoic reactivation and fault-propagation of these features,
the faulting is not observed at the top Cretaceous level. The well-developed Al-Daww basin
in the centra Pamyridesis present at dl dratigraphic levels.

Top Lower Cretaceous

The Lower Cretaceous sandstone, a good seismic reflector, forms many hydrocarbon
reservoirs in the Syria, hence this horizon (Figure 5.11b) is of particular economic interest.
As shown by the subcrop digtribution, this sandstone was deposited across most of Syria
except on the Rubah / Rawda Uplift that was exposed and from which these sands were
largely derived.

This map shows the full extent of the Euphrates Fault Sysem and Abd d Aziz / Sinjar
deformation. Note the distributed nature of norma faulting in the Euphrates Graben with no
major rift bounding faults. In northeast Syria the superposition of the three prominent fault
directions is illugtrated. This map, and the ones on horizons beneeth it (Figure 5.11c,d),
show generdly very smilar structures. This is because much of the dructure in Syriais on
deeply penetrating, high angle faults. The net sense of offset of any particular horizon
changes down section; this is observed on many of the faults mapped here. However, the
location of the faults remain essentidly fixed a this scde of presentation.  Although some
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faults only cut the lower portion of the sedimentary column, they are often ether too small or
too poorly imaged to be mapped. The biggest difference between these maps is the depth to
top of the chosen horizon. Obvioudy, thisis afunction of the thickness of the srata above it.

Aswe have seen (Figure 5.10), this can change consderable throughout Syria.

Top Triassic

The Triassc subcrop digtribution shows the extensve Mulussa F (Uppermost Triassic,
Serjelu formation) deposition that covered much of the country. This formation marks the
beginning of regiona transgression that continued through the Early Jurassic. Note that some
of the formation was removed by Late Jurassic / Early Cretaceous erosion; the origina
deposition was even more extensve.  The underlying Mulussa group shows progressively
limited extent up-section, showing the increasingly limited depostion as water depths
decreased following rifting.

Top Paleozoic

This map (Figure 5.11d) has the poorest accuracy of the four maps presented here due to
severe decrease in the quality of seismic reflection data from Paeozoic depths, and lower
dengty of well penetrations. As with the overlying horizons, the greatest depths are found in
the Sinjar trough and the Euphrates Graben, and in isolated basins of western Syria. Note
the broader downwarping a this levd in the Sinjar area indicating the broad extent of the

Triassc Sinjar trough.

The subcrop pattern is dominated by the Permian Amanous formation that was broadly
deposited. This map dso shows the continuation of the Permian Palmyride trough into the
Snjar aea. Notethat in the inverted areas of the PAmyrides and Sinjar uplifts, reverse faults

are 4ill shown at this level based on wel and seismic data showing uplift across these
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sructures. However, associated fold-propagetion folds are greatly subdued or absent at this
depth (Chaimov et da., 1993). Furthermore, in the southwest of the Pamyride fold and
thrust belt, the top of Paeozoic is below the local Triassic age detachment, and therefore not
sgnificantly faulted or folded. However, in the Bilas and Bishri blocks, the thick-skinned
deformation has affected dl dructurd levels. Agan, the quality of the mapping is rdaively

poor for these structures.

Integrated Tectonic Map

The new tectonic magp of Syria (Plate 1) shows generd tectonic eements, outcrop
digtribution, shaded relief imagery, and seismicity. The faults and folds shown in black were
mapped on the surface by Ponikarov (1966) and Dubertret (1955), or from our surface
observations and limited remote sensing imagery interpretation.  The subsurface structure, in
red, is modified from the top Lower Cretaceous structure map (Figure 5.11b). This leve
was chosen to represent the subsurface as mogt faulting cuts this horizon, yet it is il
relatively close to the surface. As shown in Figure 5.11, the sense of motion on these faults

may change according to the structurd level considered.

This map, dthough relatively complete for this scde of presentation (1:1,000,000) is
undoubtedly incomplete for some areas.  The sense of motion on many of the mapped
sructures is a'so ambiguous. In particular, we have mapped many of the reverse faults that
core the anticlines of the southwest Pamyrides as being reectivated norma faults. Although
this is true for many of the faults, some may be thrust faults detached in the Triassc, not
reectivated normd faults. Strike-dip activity is aso extremdy difficult to map accuratedly.
On this map it is only noted where it is known with some certainty. Assuredly, many more

faults have strike-dip components that are not identified by this map. The map shows again
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how mog deformation in Syria is focused within the four mgor gSructurd zones: the
Pdmyrides, the Abd € Aziz / Sinjar area (northeast Syria), the Euphrates Fault System, and
the Dead Sea Fault System.

Earthquake locations are from the International Seismologica Center (1SC) database (1964-
1994), and locations from the local Syrian seismograph network (1995-1996). Some of the
gpparent clustering of locations is probably a consequence of the gation digtribution.  For
example, the apparent lack of events dong the northern Dead Sea Fault system relative to
the southern Dead Sea Fault system is a consequence of dation digtribution. Regardless,
there is an obvious concentration of events aong the Dead Sea Fault System, some events
within the other Syrian tectonic zones, and very few events in the stable areas of Syria. The
Harvard CMT foca mechanism (1977-1996), supplemented by work at Cornell, are only
loosely congtrained because of the rdlaively smal sze of the eventsinvolved.

Deeper Crugtal Structure

Metamorphic basement in Syriais generdly deep (> 6 km) and has not been penetrated by
drilling. Furthermore, the basement does not form a good seismic reflector. Hence, we have
mapped the basement using seismic refraction data (results shown in Figure 5.13, Seber et
al., 1993; Brew et d., 1997). In addition, Moho depth beneath Syria has been estimated
from receiver function anayss (E. Sandvol, persond communicetion, 2000). The limits of
Moho depths shown on Figure 5.13 are caculated using a range of average crustal velocities
(6.2—6.8 km/s).

The Bouguer gravity anomay fidd for Syria (BEICIP, 1975) shows a clear difference
between northern and southern Syria with the boundary roughly within the Pamyrides
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(Figure 5.13). Using the inputs for basement and Moho depths, we developed new gravity

models along two profiles across the Palmyrides (see Figure 5.13 for locations).

The firg profile (Figure 5.149) crosses the Aleppo Plateau, southwest Palmyrides, and the
Rutbah Uplift. The dichotomous ‘observed’ gravity anomaly (green circles) on ether sde of
the Palmyrides is clear. Externa controls on Moho and basement depths, some projected
tens of kilometers aong drike into the section, are shown as white annotations in Figure
5.14. Usng these condraints, we modified the densty modd until the ‘observed’ and
‘caculated” anomalies were acceptably close (difference less than ~3 mGd). In the firg
ingance, we investigated crustd-scale effects without concern for the second-order
anomadies in the PAmyride area.  The result (black line) shows that a large difference in
crugtd thickness and crusta density on either Sde of the PAmyridesiis required to satisfy the
gravity data. This change in crusta properties can be modeled to occur dong the present
position of the Jhar fault. Furthermore, a smdl ‘crustd root’, of the order 2 — 3 km, is
required beneath the southwestern Palmyrides to satisfy the receiver function Moho depth.
Thisis dgnificantly different from Best et d. (1990) who, lacking information to the contrary,

modeled the gravity response of Syria using aflat Moho.
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Figure 5.13: Map of Bouguer gravity fidd of Syria (BEICIP, 1975) shaded with
topography imagery. Black numbers indicate depth to top of metamorphic basement
determined from seismic refraction profile (black lines) interpretations.  White numbers
indicate approximate depth to Moho near seismograph stations (white triangles). Red lines
are gravity profiles shown in Figure 5.14. All depths are in kilometers below sealevel. Note
the abrupt dong drike varidion in gravity anomdies in the PAmyrides coincident with
topographic change. Note aso the contrast between Bouguer anomalies north and south of
the PAmyrides. Seetext for full discussion.
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Figure 5.14: Gravity modds through centrd Syria, see Figure 5.13 for profile locations.
Dengities in g/enT are given parenthetically. Constraints on the model - other than through
gravity modding - are shown in white. (@) Profile across Aleppo Plateau, southwest
Pamyrides, and Rutbah uplift. The modded anomay is shown both with and without two
otherwise uncongrained intrusive bodies in the Pamyrides that can be used to map the
second-order gravity anomdies. (b) Profile sub-pardld to profile (), but across the Bilas
block, asignificant crugtd root is not indicated by gravity modeling.
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Modeling the second-order anomadies dong this transect (dashed pink modd and anomaly in
Figure 5.14a) shows that arbitrary, high-dendty intrusions benesath the Pamyrides can be
used to match the observed anomalies very closely. These could perhaps be an extension of
the Rmah trend of intrusions that is clearly imaged by the gravity data (Figure 5.13), and
described by Best et a. (1990). However, lacking additiona information, this second-order
modeling should be consdered ad hoc.

The second gravity profile aso crosses the Aleppo and Rutbah highs, but traverses the Bilas
block area of the PAmyrides (Figure 5.14b). Large density and thickness differences on
gther 9de of an inteface & or near the Jhar fault are again required. There is no
requirement for a well-developed crustd root, but a smdl flexing of the southern block on

the southern margin of the Pamyrides improves the fit of the model.

When these results are taken in a regiond context, they support the hypothesis that Syria,
like the rest of the Arabian Plate formed through a Proterozoic ama gamation of microplates
and idand arcs, i.e., the Pan African system (Stoesser and Camp, 1985). This left a series
of suture / shear zones underlying the continent that have acted as zones of weakness
throughout the Phanerozoic. The difference in basement depth, and crustd thickness and
dengty on either side of the Pamyrides could be indicating that northern and southern Syria
are different crustdl blocks, sutured dong the Pamyride trend. Furthermore, the Jhar faullt,
one of the mgor structurd features of the PAmyride area, could be marking the position of
the suture (asfirst suggested by Best et a., 1990). Assuming this scenario, crust of *Rutbah
/ Rawda Uplift" affinity would underlay the predominantly thin-skinned deformetion of the
southwest Palmyrides, while * Aleppo Plateau’ crust underlies the Bilas and Bishri blocks that
exhibit predominantly thick-skinned tectonics. This might be demondrating that the
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Proterozoic architecture of the Arabian Plate is contralling the style, as well as the location,

of Phanerozoic deformation.

Waley (1998) went further to argue that the suture zone could be traced westwards through
Lebanon. He correlated the deformation style of the north and south Lebanese Mountains
with the northeast and southwest Palmyrides. However, Waley (1998) maps many tens of
kilometers of north — south separation between the present locations of his ‘Lebanese and
‘Syrian’ sutures. Thus his modd appears to require much more than the currently accepted
~25 km of trandation on the northern Dead Sea Fault System

The presence of acrugta root appears to follow the leading edge of the southern block. The
root observed in Figure 5.14a and the flexure observed in Figure 5.14b can both be
considered as bending at the leading edge of the southern block. This could be a loading
effect created by the Pdmyrides themsdves preferentiadly affecting the Rutbah block,
suggesting it may be the ‘weeker’ block. Alternatively, this could be explained by the
proximity of profile ‘a to the Anti-Lebanon, a very sgnificant load much larger than the
Pdmyrides. This is could be causng a cruga root beneath the southwestern Pamyrides,
whereas in the northeast the loading is supported by the strength of the lithosphere.

REGIONAL TECTONIC EVOLUTION

Our regiond tectonic evolutionary modd (Plate 2) shows two different views of regiond
tectonics at twelve time-points throughout the Phanerozoic. On theleft (parts‘a) are paeo-
plate recongtructions around Arabia; on the right (parts ‘b’), are shown schematic tectonic

activity and the sedimentary environment within Syria a each time-point. Timeines of
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regiond and local tectonic events are shown in the middle of Plate 2. The time-points on
Plate 2 are d o indicated on the Stratigraphic record (Figure 5.8).

There are many pdeo-plate recondructions for the Tethys Ocean and the eastern
Mediterranean evolution (e.g. Robertson and Dixon, 1984; Dercourt et d., 1986; Ricou,
1995; Stampfli et d., 2000). Shown here (Plate 2, parts ‘@) are recongructions mostly
adapted from Stampfli et d. (2000) developed with other members of IGCP 369. They are
shown necessarily approximate and generdized for this presentation. These recongtructions
are dill the focus of some debate, especialy concerning the position of many microplates,
and the exact timing of oceanization of the eastern Mediterranean. We show them as an ad
to discussion, rather than an endorsement of validity. Nevertheess, the modd of Stampfli et
a. (2000) is broadly in agreement with our findings.

Some of the regiond tectonic events depicted by timedinesin Plate 2 are only gpproximately
dated. The dashed barsillugtrate some of this uncertainty and the gpproximate build-up and
decay of the tectonism. Such details need not overly concern us since we are interested in
the genera scheme of plate divergence and collison; the reeder is referred to the origind

sources for detailed discussions.

Note that in the discussions below we refer to present-day polarities. For example, what we
refer to as an Early Pdeozoic east-facing passve margin, was predominantly north-facing a
that time (Plate 2, frame 14), but was subsequently rotated gpproximately ninety degrees.

All the framesin Plate 2 are oriented with north roughly toward the top of the page.
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Proterozoic (>570 Ma) — End Cambrian (510 Ma)

It has long been accepted that the southern Arabian Plate formed through Late Precambrian
accretion of idand arcs and microplates againgt northeast Africa, most probably between
~950 Ma and ~640 Ma (Beydoun, 1991) as pat of the Pan African orogenic system.
Suture zones rdic from this accretion, and the Nadj faults that formed when these sutures
reactivated, are well-exposed in the Arabian shield (Stoesser and Camp, 1985). Based on
geophysica evidence (see discussion above and Best et d., 1990; Seber et d., 1993; Brew
et a., 1997) we suggest that the northern Arabian Plate is aresult of a Smilar concatenation.
Specificdly, we find that the current PAmyride fold and thrust belt may lie approximatdy
above the location of a Proterozoic suture / shear zone. Resctivation of this crusta
weekness appears to have profoundly affected the tectonics of Syria throughout the
Phanerozoic with the formation of the PAmyride / Sinjar trough, and later the Pamyride fold
and thrust belt.

From ~620 Ma to ~550 Ma continental failure and intracontinental extension followed the
accretion.  This included gtrike-dip movement on the Nadj fault system, and the depostion
of thick Infracambrian and Early Cambrian syn-rift deposits (Husseini, 1989). Owing to
their greet depth, no direct dating of the oldest sediments in Syria is available. However,
from refraction interpretation we infer Infra- Lower Cambrian strata between 1 and 2.5 km
thickness across Syria (Seber et a., 1993; Brew et a., 1997). Sgnificant thickness of
Infracambrian age sandstone and conglomerates are aso observed in southeast Turkey (the
Derik and Camlipinar formations), and in Jordan (the Saramuj formation). Husseini (1989)
suggested that these syn- and podt-rift strata resulted from the ‘Jordan Valey Rift' that

formed between Sinai and Turkey during the Infracambrian.
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The penetrated Cambrian section in Syria is composed of arkose sandstone with some
sltstone and shale probably eroded from granitic basement in the south (Plate 2, frame 14).
The exception to the clastic Cambrian section is the Early - Middle Cambrian Burj limestone
formation that is observed across dl of Syria (Figure 5.8); contemporaneous carbonates are
found in mogt parts of Arabia (Beydoun, 1991). The regiond extent of this monotonous
formation (both sdes of the ‘Pamyrides suture’) is more evidence for the cessation of
cratonization and regiond intra-continental extenson of northern Arabia before the Middle

Cambrian (~525 Ma) as discussed above (Best et d., 1993).

An erosond unconformity at the top of the Cambrian sequence (Figure 5.8), is just one of
many unconformities that punctuate the Paeozoic section. This was a time of rdatively
shdlow water over much of Arabia, rdatively minor eudtatic variations eesily caused hiati and

eroson.

Ordovician (510 Ma) — Early Silurian (424 M a)

Ordovician drata are extensve across dl Arabia, especidly aong the northern and eastern
margins, deposited on the wide epicontinenta shelf. The Syrian Ordovician section increases
from 1.6 km beneeth the Aleppo Plateau, to more than 3.5 km in the southeast beneeth the
Rutbah / Rawda Uplift (Figure 5.10). Wdls in the west of Syria penetrate an dmost wholly
sandy Ordovician section, whereas those in the southeast encounter significant components
of sltstone and shae (Figure 5.8 and Plate 2, frame 1b). These facies and thickness trends
in Syrian Ordovician drata are indicative of the open marine conditions to the eest. The
source aress for the Ordovician, and other Paleozoic clagtics, were the extensive Arabian
and Indian shidd areas exposed to the south (Plate 2, frame 1a), and an ever-increasing

proportion of reworked sediments.
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The top Ordovician unconformity is most probably related to fdling sea levels during Lae
Ordovician Arabian glaciaion following a drift to higher latitudes. Although not definitively
identified in Syria, extensve glacid depodts are found farther south (Husseini, 1990). The
far eastern areas of Syria, the Rawda High and western Iraq (Plate 2, frame 2b), were
exposed during this Late Ordovician to Early Silurian regresson. The Upper Ordovician
Affendi formation is missing in the farthest southeast of Syria, and thinned dramaticaly above
the Rawda High. Beydoun (1991) showed this exposed / sructurdly high area extending
from Turkey to Saudi Arabia during the Late Ordovician and Early Silurian, and likely has

some tectonic component of uplift.

Deglaciation in the Early Slurian, as Gondwana drifted towards the tropics, caused sea
levels to rise sharply flooding much of Arabia and deposting what is now an extremey
important regiond hydrocarbon source rock (Hussaini, 1991). In Syria, these Lower
Silurian graphoalitic shdes (the Tanf formation, Figure 5.8), athough now thickest benegth the
Pdmyride/ Sinjar trough (Best et al., 1993), were probably deposited to ~500 to ~1000 m

thickness across the entire region during this transgression (Plate 2, frame 2D).

Late Silurian (425 Ma) — Devonian (363 M a)

The Syrian Lower Silurian section is directly overlain by Carboniferous clagtics, marking an
unconformity of mgor tempord and spaia extent. This hiatus, strong tectonism and
volcanism are observed contemporaneoudy in many localities around northern Gondwana.
Some authors cite two events, loosaly referred to as *Caedonian’ and ‘Hercynian', the first
is of Late Silurian age and the other is of Middle to Late Devonian / Early Carboniferous
age, (Husseini, 1992). The absence of preserved drata in Syria prevents such a distinction
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there. Suggedtions of the cause of this tectoniam include a regiond compressve phase
caused by the obduction of the ProtoTethys on what is now Iran (Husseini, 1992); uplift on
the flanks of the PdeoTethys rifting (Stampfli et d., 2000); or a more localized thermd
uplifting event (Kohn et al., 1992) (Plate 2, frame 2a).

In any event, Upper Silurian and Devonian drata are dmogt universdly absent from Arabia
and underlying Lower Silurian shales are substantialy eroded. The current subcrop pattern
of Silurian dratain Syria shows an € ongate depocenter roughly aong the trend of the current
Pamyrides (Best et d., 1993), and thinned to absent Silurian to the north and south.  This
could be interpreted as evidence for an Early Silurian age initiation of the mgor PaAmyride /
Sinjar trough. However, based on dight angular unconformity observed at the top of Silurian
(Best et a., 1993), we suggest that this subcrop pettern is a result of Late Silurian and
Devonian preferentid erosion on the Rutbah / Rawda and Aleppo structurd highs southeast
and northwest of the Palmyrides, respectively.

During both the Late Ordovician and Late Silurian / Devonian manifestations of the Rutbah
and Rawda Uplifts the most prominent exposure appears to the east of the current structural
and topographic high (compare Figure 5.2 with Plate 2, frame 2b), around the current
location of the Euphrates Graben. Previous publications (e.g. Litak et a., 1997) have
examined the possbility that the Euphrates Fault Sysem may have formed above a
Proterozoic suture / shear zone similar to that advocated beneath the PAmyrides. However,
given little evidence of subsidence or faulting dong the Euphrates trend before Lae
Cretaceous time, this is now discounted. The Rutbah and Rawda highs (Figure 5.2) were
evidently connected through most of geologic time until Late Cretaceous dissection by the
Euphrates Fault System. Other than a few episodes of minor subsidence, after emergencein
the Devonian the basement-cored ‘ Rutbah / Rawda Uplift' remained structurdly high for the
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rest of the Phanerozoic, srongly affecting Syrian tectono-gratigraphy. The difference in
basement depth across the Euphrates Fault System (Brew et al., 1997) (Figure 5.13) could
be explained by a continuation of the ‘Pamyrides suture to the east, combined with the
deep-seated Euphrates faulting.

A very few wels in centra and eastern Syria encounter what are thought to be latest
Devonian age rocks (Ravn et al., 1994). No mgor hiatus between the Devonian and
Carboniferous is observed (Ravn et al., 1994), and a possible Upper Devonian section is
adso found in western Irag (Agrawi, 1998). This could suggest that incipient subsidence
adong the PAmyride / Sinjar trough had begun in eastern Syria by latest Devonian time.
However, severad deep wels in the Pamyrides encounter Lower Silurian drata directly
below the Carboniferous, indicating that the PAmyride / Sinjar trough was not undergoing
large-scal e subsidence before the Carboniferous.

Carboniferous (363 Ma- 290 M a)

In Carboniferous time the Pamyride / Sinjar depositiond trough formed fully across centra
Syria, in strong contragt to the relatively uniform and parale-bedded Early Pdeozoic
depostion.  In vaious forms, this trough was the man depocenter in Syria from
Carboniferous to Late Cretaceous time, continuoudy flanked to the northwest by the Aleppo
Plateau and to the southeast by the Rutbah / Rawda Uplift. On many seismic lines the
Carboniferous can be seen onlgpping the Silurian (Brew et al., 1999) and over 1700 meters
of Carboniferous sand, sandy shade, and some minor carbonates, were deposdted in the
Pdmyride/ Sinjar trough (Plate 2, frame 3b). We interpret this Carboniferous trough to be a
broad crustd downwarping between anticlinoria identified to the north and south of Syria
(Plate 2, frame 3b) (Gvirtzman and Weissbrod, 1984). This Devonian / Early Carboniferous



253

age folding could aso be responsible for the mgor Devonian hiatus observed in Arabia, as
discussed above (Hussaini, 1992). The cause of this folding could be the same as the

Devonian / Carboniferous uplift, namely regiond ‘Hercynian’ compression.

Alternatively, Stampfli et d. (2000) suggests that the Early Carboniferous was a time of
continentd rifting dong the north African margin (and consequently in the PAmyride trough),
possibly a precursor to the NeoTethys Ocean formation. The cause could be regiond stress
reorganization after the collision of the Hun superterrane and Laurussia (Plate 2, frame 3a).
However, many previous models (e.g. Robertson and Dixon, 1984) envisage no such
Carboniferous rifting along northern Gondwana. Hence, while poor seismic data benegth the
Pamyrides prevent definitive detection of possible Paeozoic faults, we favor Carboniferous
folding rather then initid rifting.

Interestingly, the Carboniferous (and Permian) trough are found along atrend pardld to, but
a few tens of kilometers south of, the Mesozoic depocenter and present PAmyrides. This
suggedts that the locus of depostion shifted during the formation of the Pamyride trough,
probably in response to differentia uplift and subsidence of the bounding Aleppo Plateau and
Rutbah / Rawda Uplift. Furthermore, the limit of the Pdeozoic and Mesozoic Pamyride
trough isfarly sharply defined to the northwest, while the trough shows a more gradua flank
to the southeast showing a greater interaction of the Rutbah / Rawda Uplift with the
Pamyride deformation (McBride et a., 1990).

Hussaini (1992) identifies the Mid-Late Carboniferous and Early Permian as a time of
regiond glaciation in southern Arabia.  Although glacid deposits have not been definitively
observed in Syria, the thick dlicidagtic Carboniferous drata are typicd of northern
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Gondwana depodtion of the time. The glaciation aso contributed to the wide-spread Late
Carboniferous/ Early Permian hiatus observed throughout Syria (Figure 5.8).

Permian (290 Ma - 245 Ma)

Opening of the NeoTethys Ocean in the Permo-Triassic (Plate 2, frames 3a and 4d)
indtigated profound changes in regiond tectonics that persisted until the fina consumption of
the NeoTethys in the Miocene. On the northern and eastern margin of Gondwana, oceanic
spreading separated the Cimmerian superterrane (including present-day Iran) that proceeded
to drift northeastwards (Stampfli et al., 2000). Along the northern African margin Permian
and Early Mesozoic rifting is documented by Stampfli et d. (2000) as being the second
phase of the extenson that began in the Early Carboniferous. Other authors cite this event as
theinitiation of faulting (Robertson and Dixon, 1984).

Debate Hill surrounds the precise timing of tectonics in the eastern Mediterranean region.
While consensus has generaly been reached concerning the oceanic nature of the eastern
Mediterranean crust (see Robertson et a., 1996), the exact initiaion of Soreading remains
uncertain. Robertson et d. (1996) examined various NeoTethys models. They concluded
the most promising recongruction is smilar to that of Robertson and Dixon (1984), who
advocated Permo-Triassic rifting, under conditions of northward PaeoTethys subduction,

leading to Triassic sea-floor spreading in the eastern Mediterranean.

The recongtructions that we show (Stampfli et d., 2000) are mostly similar to the mode of
Robertson and Dixon (1984). One of the main differences is the presence in the Stampfli
model of oceanic, rather than continental, crust dong north Gondwana at the end of the
Permian. In any evert, this set of models differs markedly from those advocating Early
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Cretaceous oceanization of the eastern Mediterranean (e.g. Dercourt et a., 1986). The
models of Robertson and Dixon (1984), Stampfli et d. (2000) and others see the Early
Cretaceous as atime of renewed activity in the eastern Mediterranean, rather than sea-floor

Soreeding initiation.

Hence, we interpret the Late Permian development of the Pamyride trough to be a
consequence of extenson dong the north African margin that lead to east Mediterranean
seafloor spreading.  In this scenario, the Pamyride rift could be an aulacogen (eg.
Ponikarov, 1966; Best et d., 1993), and we note that in most respects the Pamyride rift fits
the definition of an aulacogen as used by Sengor (1995). The plate recongtructions of
Stampfli et d. (2000) favor thisinterpretation (Plate 2, frame 4a).

An enticing variaion to this is the recongruction of Wdley (2000). He argues for two
different Permo-Triassc extensonad phases, one in the Late Permian — Early Triassc that
opened the PAmyride rift, and another in the Mid-Late Triassic that led to the opening of the
eagtern Mediterranean in a dightly different direction. Thus, this modd alows for Late
Permian rifting of the Pamyrides while not requiring Permian seafloor soreading of the
eagtern Mediterranean.  Furthermore, in this scenario the PAmyride / Sinjar trough is not
required to be an aulacogen. Additiona work concerning the exact timing of faulting will
help test thismode further.

Syn-rift Permo-Triassic dliciclagtic deposits are only preserved in the PAmyride / Sinjar
trough where they reach more than 1000 m thickness. Our hypothesis of the Pamyride /
Sinjar trough as a Late Permian aulacogen suggests that faulting may be responsible for most
of the thickening in the trough. Rapid thickness changes observed in well data show thét rift-
bounding faults controlled at least some of the Permian deposition in the Pamyride trough,
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and deeply penerating faults were imaged by Chamov et d. (1992). Furthermore,
gratigraphic relationships indicate that the Aleppo Plateau and Rutbah Uplift were emerged
throughout the Permian, possibly uplifted flanks of therift (Stampfli et a., 2000). Cohen et
a. (1990) find Permian age normd faults in southwest Isradl sub-pardle to the PAmyrides
trend and increasing sediment thickness westward, consistent with the hypothesis of an
aulacogen extending from the central Syria to the eastern Mediterranean. Beydoun (1981),
based on limited data, dso speculated on the occurrence of a Late Paeozoic / Mesozoic
aulacogen extending through Lebanese territory. Unfortunately, poor seismic data limit our
ability to better image structure at depth and hence obtain a complete picture of the style of
deformation. We conclude that rifting — as opposed to downwarping and subsidence —

controlled asignificant proportion, if not the mgjority, of Permo-Triassic deposition.

The exception to the pattern of NE-SW rifting in Syria is the Derro high of centra Syria
(Figure 5.2). This area was a dructurd high in the Early Triassc and possbly the
Carboniferous, and represents the ‘Beida Arch’ of Kent and Hickman (1997) that connects
the adjacent Rawda and Mardin highs (Figure 5.2). The work of Brew et a. (1997)
suggedts that the Derro high is a basement uplift, partialy bounded by faults.

Triassic (245 Ma - 208 M a)

Syn-ift deposition in the PAmyride trough appears to have continued into Early Triassc
time. The ‘Amanous Shad€ formation (actualy part of the Doubayat group according to
Beydoun (1995), or the Mulussa group member A of most petroleum explorationists, Figure
5.8), is the uppermost syn-rift sequence consisting of sandstone and shde, with increasing
dolomite and dolomitic limestone upwards in centra Syria The continuity from Amanous

Sandstone (Permian) to Amanous Shale (Lower Triassic) sedimentation results in the lack of



257

digtinction between these two formations in many centra Syrian wells, acommon problem in
northern Arabia (Gvirtzman and Weissbrod, 1984). See Al-Maeh et d. (2001) for a

complete discussion of Syrian Mesozoic strata and depositiona environments.

By the end of the Early Triassic, rifting in the PAmyrides had ceased, whereas spreading in
the Eastern Mediterranean was Hill active. This is demondrated by the ‘ Amanous Shaée
formation that thickens westwards in Syria reaching more than 250 meters near the
Levantine margin.  Furthermore, gratigraphic thickening in Israd suggests that rifting may
have been longer-lived there than in the Pamyrides (Flexer et a., 2000). The cessation of
Pdmyride rifting could be a consequence of the eastern Mediterranean spreading ridge
moving away aong a Levantine transform fault (Stampfli et a., 2000). With the remova of
the spreading, rifting in the Pamyrides sopped. Alternatively, the hypothess of Waley
(2000) congders the extenson in the PaAmyrides and eastern Mediterranean as being two

separate events that can be explained by achangein regiona stress direction.

Timing of PAmyride rifting cessation is indicated by an extensve Early Triassc unconformity
found in most parts of Syria (Figure 5.8) —most likely a pogt-rift unconformity, compounded
by extremdy low sealevels (Hag et a., 1988). The only conformable Permian through
Middle Triassic sequence is in centra Syria were shay dolomites of the ‘Amanous Sha€
formation (Mulussa A) grade into the overlaying Kurrachine Dolomite (Mulussa B). This
area, with the deepest depocenter, remained submerged as al other areas were exposed and
eroded.

While the syn-rift Permian and earliest Triassic clagtics are confined to the PaAmyride / Sinjar
trough, the first podt-rift formation, the Middle Triassc Kurrachine Dolomite (Mulussa B) is

goatidly extensve, covering most of Syria (Figure 5.11c¢). This formation shows facies
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vaiaions between dolomite and limestone, with greater carbonate content in
paleogeographicaly deeper waters. Thus, Middle Triassc formations overlay Permian,
Carboniferous, and sometimes even Silurian drata (Figure 5.11d). This extensve Early /
Middle Triassic drata across dmost al Syria indicates that the Paeozoic dratigraphic
arrangements we observe today are not a consequence of Late Mesozoic or Cenozoic
eroson. These pod-rift drata are predominantly restricted-water carbonates and
evaporites, as opposed to the overwhdmingly clagtic syn-rift fill (Figure 5.8). This is a
consequence of a drift to lower latitudes (Plate 2, frame 54), lack of sediment source areas
after plate reorganization, and shalower, more restricted waters of the pogt-rift environment.
The evaporitic content generdly increases up-section in the Triassic, indicating progressive

shdlowing.

The extents of the various Triassc formations are progressvely more limited to the interna
Pdmyride / Sinjar trough through time (Figures 58 and 5.11c). However, some
tranggression of younger formations beyond the limits of older formations (especidly on the
Aleppo Plateau, Figure 5.11¢) suggedts the influence of minor sealeve variaions on a
relaively fla platform (Sawaf et al., 2000). This pattern is partidly influenced by extensve
Late Jurassic and Early Cretaceous non-deposition and erosion on the Aleppo and Rutbah /
Rawda highs that removed much of the Lower Mesozoic section from those aress.
Furthermore, this eroson led to anomadoudy thick preserved Triassc formations in the
Pdmyrides that were previoudy interpreted as evidence of Pdmyride Triassc rifting
(McBride et d., 1990).

The exception to progressively restricted Triassc formations is in southeast Syria where
Triassic onlap developed aong whet is now roughly the axis of the Euphrates Fault System.
The members of the Mulussa group progressively onlap the Rutbah / Rawda Uplift to the
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southeast, with afull Triassic sequence present near the Bishri block, but only the Mulussa F
found in the southeast (Guyot and Zeinab, 2000). The Triassic onlaps Carboniferous and, in
the extreme southeast, Slurian strata (Figure 5.11d) on the persstent Rutbah / Rawda high.

Subsidence curves from within the Pamyride trough shows a decreasing subsidence rate
typica of podt-rift subsidence (Sawaf et a., 2000; Stampfli et a., 2000) and indicate that
this therma relaxation probably continued until Early Cretaceous time. Wel and ssismic
data show no widespread Triassic faulting around the Pamyrides, athough some faults are
locally observed (Best, 1991). Broad subsidence was the dominant control of the Triassic

depocenter.

Triassic sedimentation halted before the depostion of the youngest Triassc Mulussa F
formation (Serjelu). Thisinterruption is marked by emergence and erosion, especidly of the
Aleppo and Rutbah / Rawda highs (Figure 5.8 and 11c). The subsequent Mulussa F
deposition shows a digtinct facies change, being largely clay and siltstone, as opposed to the
underlying carbonates and evaporites. These clastics were sourced from the Rutbah Uplift in
the south and southwest that remained exposed during the Late Triassic, with increasing
cacareous content northward. The Mulussa F formation marks the beginning of regiona
transgression that continued through the Early Jurassic as described by Mouty (2000).

From aregiona perspective Syria changed during the Permo-Triassic from being an east-
facing to a wesward-facing passve margin (Best et d., 1993). This occurred as the
Levantine passive margin formed in western Syria to a backdrop of the continued formation
of the eastern Mediterranean.  This margin development, linked to the continued podt-rift
subsidence in the PAmyrides, is shown by preservation of more than 1.6 km of Triassc-

Jurassic sedimentation aong the present coadtline. Triassc Sratain Lebanon are very smilar
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to those in Syria In fact, a Triassc evaporite layer is found off-shore Lebanon coring
compressiond features (Beydoun and Habib, 1995) in a very smilar way to the sdt in Syria
(Chaimov et d., 1990; Searle, 1994). In northeest Syria thickening of the Triassc
eastwards indicates that the Sinjar region was linked to another mgor basin that was
developing dong the northern passve margin of Gondwana (Lovelock, 1984), as well as
being influenced by subsidence dong the PAmyride/ Sinjar trough (Brew et a., 1999).

The Rutbah Uplift verses the Hamad Uplift

There is some overlgp and confusion in the literature concerning the nomenclature of the
Rutbah Uplift compared to the ‘Hamad Uplift’. The term Hamad Uplift was first introduced
by Mouty and Al-Mdeh (1983). They used it to describe the northeast — southwest
trending topographic high they documented in the paleogeographic environment of the
Mesozoic PAmyrides. This usage digtinguished the Hamad from the ‘ Rutbah Uplift’ thet is
often used to describe uplift in western Irag.  Later authors largely falled to follow the
nomenclature of Mouty and Al-Maeh (1983). Some oil company workers (e.g. de Ruiter et
d., 1999) referred to the ‘South Syrian Patforny’, thus distinguishing this from the Rutbah
Uplift, but it is unclear if the Hamad and the South Syrian Platform are anything more than

superficdly synonymous.

The past work of the Corndl Syria Project has defined the Rutbah Uplift as a large,
basement cored uplift dating since at least the Paeozoic. It covers western Iraq, parts of
Jordan, and southern Syria (Figure 5.2). In this paper we acknowledge that the Hamad
Uplift is a second-order feature on the north edge of the Rutbah Uplift that influenced
Mesozoic paeogeography of the PAmyrides. However, we will maintain condgstency with
past work by not using the name ‘Hamad Uplift’, but rather using ‘Rutbah Uplift’ to include
al devated areas in southern Syria.
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Jurassic (208 - 145 Ma)

The tranggresson begun in the latest Triassc continued through the Early Jurassic.
Characterized by limestone, dolomite, and occasiona marl (Mouty, 2000), it progressvely
replaced the Triassic lagoona evaporitic deposition with characterigtically deeper water
facies (Figure 5.8). The transgresson covered al Syria except the Rutbah / Rawda
(including the present Euphrates Graben ared) and Aleppo / Mardin highs that remained
emerged throughout the Jurassic (Mouty and Al-Maleh, 1983; Mouty, 2000). During the
Jurassic, the PAmyride / Sinjar trough extended through southwest Syria (up to 2100 m of
Jurassic section) and Lebanon (up to 2250 m) toward the 4ill developing eastern
Mediterranean (Walley, 2000).

Liassc tholeitic basdts found in the Anti-Lebanon (Mouty, 1998, 2000) and Israel (Wilson
et al., 1998), illudrate the continued rifting activity along the eastern Mediterranean margin.
As a possible consequence, the Liassic was atime of renewed regiond faulting activity in the
northern Arabian platform (Wilson et a., 1998). Seismic profiles and wells throughout the
Pamyrides, especialy around the Bishri and Bilas blocks (Figure 5.4), demonstrate Jurassic
age faults (Best, 1991; Chaimov et d., 1992; Chaimov et a., 1993; Litak et d., 1997),
posshly a reactivation of Permian rift-bounding faults. Paeozoic faults reectivated in the
Jurassic have been identified in Israd (Flexer et a., 2000).

Minor Lower Jurassic thickness changes (few tens of meters) within southwestern Pamyride
antidines (Mouty, 1997) are only a hint of the larger architecture of the time. Stratigraphic
relationships preclude these thickness changes being due to later eroson. Two Jurassic

depocenters are evident along strike in the PAmyrides, one centered around the current Bilas
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block, and one around the Bishri block (Sawaf et a., 2000). Widespread Jurassic faulting
dearly focused depostion in these areas, with less Sgnificant accumulation in the southwest
Pdmyrides and Sinjar area.  This further indicates that the Jhar and Bishri faults are old

dructurd features.

Regression, beginning a the base of Bathonian (Plate 2, frame 6b), is evidenced by thinning
of the Middle Jurassic formations eastward, the full sequence of Middle Jurassic formations
showing this is not an erosond atifact (Mouty, 2000). However, a more pronounced
regresson, that was accompanied by widespread erosion, is recorded beginning in
Kimmeridgian strata, and most of Syriawas uplifted by the end of the Kimmeridgian (Mouty,
2000). Consequently, Jurassc drata are only preserved in the deepest areas of the
Pdmyride / Sinjar trough. The Upper Jurassic and Lower Cretaceous was a time of mgor
sedimentary hiatus.  Tithonian through Barremian srata are dmogt entirely absent from Syria
(Figure 5.8), and much of the rest of northern Arabia (see summary in Guiraud, 1998), in
concert with globdly low sea levels. Heavily kardtified surfaces further attest to long-lived
exposure of the Jurassic limestone, except in the eastern Mediterranean basin where
subsidence continued.  Oxfordian — Kimmeridgian akaine volcanics, with continuing
volcanism through to Aptian time, were identified in the Anti-Lebanon, the Syrian Coastal
Ranges, the PaAmyrides, and other parts of the eastern Mediterranean (Mouty et a., 1992).
Laws and Wilson (1997) combined observations of volcaniam, regiond titling and uplift to
suggest mantle plume activity centered around Syria in the Late Jurasic and Ealy
Cretaceous (also see Wilson et al., 1998). Garfunkd (1992) goes on to suggest that the

Darfur volcanism in North Africais the present expression of this ill-existent hot spot.
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Early Cretaceous (145 Ma) — Coniacian (84 Ma)

The Late Jurassic non-depositional hiatus and erosion continued well into the Cretaceous.
This extensve unconformity together with widespread Early Cretaceous volcanics (s far
afidd as the Euphrates and Sinjar areas) has led to suggestions of continued mantle plume
activity (Laws and Wilson, 1997; Wilson e d., 1998). The somewhat acceerated
deposition and fault reectivation found in the Snjar area (Brew et a., 1999) and the
Pamyrides (Chaimov et d., 1992) at this time could aso be aresult of this regiona volcanic
event. In a possibly connected event, accelerated spreading in the eastern Mediterranean
may have adso contributed to the pronounced Late Jurassic / Early Cretaceous faulting
(Robertson and Dixon, 1984).

The regiond Early Cretaceous transgression that followed uplift covered most areas of the
northern Arabian platform with hundreds of meters of fluvid-ddtaic to shalow marine sands
(maximum >550 m in Bigri block). This Cenomanian and Early Cretaceous Rutbah
sandgtone in eastern Syria has largely equivdent Aptian and pre-Aptian members in the
Pamyrides (Palmyra sandstone, Mouty and Al-Mdeh, 1983), Lebanon (Gres de Base,
Dubertret, 1955; Tixier, 1972) and Aafrin Basin (Al-Mdeh, 1976). The only region of Syria
not covered by the Rutbah sandstone or equivaent was the Rutbah / Rawda Uplift (Figure
5.11b and Plate 2, frame 7b). These areas were gill elevated, as they had been for most of
the Phanerozoic, and eroding Carboniferous and Permian sandstone as the source for the

sandstone (Figure 5.11c,d) (Guyot and Zeinab, 2000).

Severd interesting facies variations within the Lower Cretaceous sandstones reved ambient
paleogeographic conditions. Pamyra sandstone mapped in the Coasta Ranges is generdly

much more marly than in the PAmyrides, indicating deeper water to the west. The Gres de



264

Base sand shows significant thickening toward Lebanon, with observations of limited chak
showing occasond shdlowing (Tixier, 1972). This fits within a scenario of a continudly
subsiding eastern Mediterranean passve margin.  The Rutbah and Padmyra sandstones
become progressvely more shaly and carbonaceous to the north, reflecting increasing
distance from sediment source (the Rutbah Uplift).

In central and western Syria dow subsidence continued after the sandstone deposition. In
generd this broad Albian — End Cenomanian carbonate platform depostion (sometime
referred to as the ‘Middle Cretaceous, Mouty and Al-Maleh, 1983) is digtinctly different
from the underlying sandstones and overlying Senonian transgressive drata The Zbeideh
and Abou Zounar formations (Figure 5.8) mark two cycles of a shdlowing depositiona
environment superposed on a genera trend of decreasng water depth, suggesting a
decreasing rate of subsidence. As with the mgjority of the Cretaceous and Jurassic Strata,
these formations show clear trends indicating deeper water depth, less restricted circulation,
and a smdler proportion of clagtics in the west and southwest. For example, in the
Euphrates Graben in eastern Syria, the Cenomanian — Turonian Judea limestone (Figure 5.8)
suggests margind to shalow water depths and cam conditions. The equivadent Pamyride
drata (Abou Zounar and Abtar formations) show medium depth to shadlow marine
conditions. The Cenomanian in the Coastd Ranges and Anti-Lebanon shows increasing
marl with occasona planktonic foraminifera and pelagic, open marine facies (Senfeh and
Bab Abdallah formations). The northwestern Kurd Dagh region records hemipeagic srata
Maximum ‘Middle Cretaceous transgression is recorded around the Early Cenomanian to

Early Turonian, coincident with al-time globa maximum sealevels (Hag et d. 1938).
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Formation of the Euphrates Fault System

Thefird hint of Euphrates rifting activity comesin Turonian/ Coniacian time. Theinitiation is
marked by a widespread unconformity and associated volcanics and anhydrite.  The
underlying Judea formation is eroded and dolomitized. This could mark the pre-rift
unconformity crested by initid heating and uplift of the lithosphere under conditions of
incipient rifting. Subsequent redbed deposition that was restricted to eastern Syria (Derro

redbeds, Figure 5.8) marks the next stage in this evolution.

The exact cause of the Euphrates rifting is ill unclear. Alsdorf et d. (1995) suggested that
Latest Cretaceous continental collison aong the northern margin of the Arabian Plate caused
tensona forces orthogond to the callison, thus creating the Euphrates Fault System and
Abd d Aziz/ Snjar faulting. However, the much earlier initiation of faulting in the Euphrates
Graben and the increasing tectonism away from the collison tend to invaidate this
suggestion. Lovelock (1984) was the firgt to suggest trench-pull as a possible passve rifting
mechanism. By Senonian time subduction in the NeoTethys was gpproaching the Arabian
margin, and continued to approach until latest Cretaceous collision (Plate 2, frames 8-10a).
This could explain the increesng extenson with time, and the cessation of rifting with the
collison of the trench and the northern Arabian margin during the Maedtrichtian. However,
the stresses created by such a distant trench may not be sufficient to cause the observed
extenson. Furthermore, the presence of pre-rift unconformity and volcanics might favor an
active rifting scenario. This could be associated with the Early Cretaceous phase of plume
activity observed in western Syria. Geochemica findings of degp mantle materid in limited

Late Cretaceous volcaniam, if made, might suggest the plume over the trench-pull hypothesis.
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Santonian (84 Ma) — Campanian (74 M a)

Palmyride Area

The Senonian was atime of globa high sealevels, and dso a time of subsidence throughout
the northern Arabian platform. In the Pamyrides facies suggest a clear increase in water
depth after Turonian time. The Soukhne group (Rmah and Sawwaneh formations) exhibit
increased marl and decreasing calcareous content. The top of the Soukhne group (Upper
Campanian) is marked by alocdly phosphatic limestone bed (Al-Maeh and Mouty, 1988).
Studies of the Soukhne group (Mouty and Al-Mdeh, 1983) show differentiation between
pelagic and hemipelagic drata recorded in the Bilas area, and shdlower conditions on the
southern margin of the Pamyrides that was not completdly submerged until the Lae
Senonian.  This caused the preferentid development of phosphatic deposits dong the
southern margin (Al-Maeh and Mouty, 1992).

Sgnificant Late Cretaceous faulting in the Pamyrides is only observed in the Bighri area.
Even 50, central Syria at this time was undergoing accelerated regiona subsidence that
covered dl areas. This was possibly due to the influence of northeast - southwest directed
dress that we have invoked as the cause of formation of the Euphrates Fault System

formation as discussed above.

On aregiond scae Bartov et d. (1980) reported significant Santonian sructurd inversion in
northern Sinai. However, Guiraud and Bosworth (1997) note that this was an isolated case,
and was generaly minor compared to later events. They claim no widespread compression
of the “Syrian Arc” (inverted structures sub-pardld to the eastern Mediterranean coast from
Sina to Syria, see Waley, 2000) is observed before Maadtrichtian time.
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Abd el Aziz/ Sinjar Area

Although the Senonian was the time of dgnificant rifting in the Euphrates Fault System
(discussed below), smilar large scae faulting is not observed inthe Abd d Aziz/ Sinjar area
until Maadtrichtian time.  Depaosition in the northeast of Syria was limited during the Late
Cretaceous (excluding Maadtrichtian), often not more than a few hundred meters of dtrata
ae encountered. The depodtiond environment was cdm, with massve limestone
prograding from Turkey in the north and mudstone depostion farther south (Kent and
Hickman, 1997). Towards the southwest of this area, the northwest striking faults of the
Euphrates Fault System controlled deposition (Brew et al., 1999).

Euphrates Fault System

The Euphrates Fault System rifted across oblique-norma faults from Santonian time
onwards, athough was most active during the Campanian and Early Maadtrichtian. The firgt
grabenHill were the Rmah chert in the west (directly equivdent to the PAmyride Rmah
chert), and the Derro redbeds in the east (Figure 5.8) deposited during southeastward
transgression.  Progressively deeper water carbonate facies of the syn-rift sequence then
filled the graben. This culminated in the accumulation of up to 2300 m of pelagic marly
limestone of the Shiranish formation. At this time the Euphrates Fault System and Bighri

depocenters were linked by a fault-controlled topographic low (Figure 5.9).

We suggest, as originaly proposed by Lovelock (Lovelock, 1984), tha Euphrates rifting
was driven by trench pull of the gpproaching subduction zone in the NeoTethys (Plate 2,
frames 9ab). The Wadi Srhan graben in Jordan (Figure 5.1) shows a very smilar
orientation, and timing of evolution, to the Euphrates Fault sysem (Litek et a., 1997). This
suggests that the tensiond forces responsble for trangenson in the Euphrates were

transmitted across the Arabian Plate and were causing smilarly oriented extension in Jordan.
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Aafrin Basin and Coastal Ranges Area

During the Late Cretaceous the Aafrin Basin formed around the northwestern corner of the
Arabian platform, roughly adong the line of the current Syrian / Turkish border. The basin
has subsequently been inverted in the Kurd Dagh mountains (Figure 5.2). As in other areas
of Syria, subsdence and depostion in the Aafrin basn was increased throughout the
Senonian.  The basin fill contains progressively deeper water facies from this period (Al-
Maleh, 1976; 1982). Hemipdagic open marine srata of Santonian age lay beneeth pelagic
Campanian drata. The beginnings of recognizable Aafrin Basin geometry developed in the
Campanian. Again, this may be related to the increased dress within the platform as a
consequence of subduction approaching from north and northeast. It may aso be related to
the loading of ophialites that were being progressively obducted onto the northern Arabian
margin a short distance north of the basin. Surface mapping shows a typical preserved
Santonian — Campanian section of more than 200 m (Al-Maeh, 1976). During this time,
pelagic open marine strata were deposited in the Coastdl Range area. However, this area
was not a Sgnificant depocenter in comparison to the Aafrin Bagin.

Maastrichtian (74 - 65 M a)

Palmyride Area

The Early Maadtrichtian was marked by accelerated deposition throughout the Palmyrides.
This was the initiation of a mgor phase of PAmyride trough development recorded by the
deposition of the carbonate pelagic Maadtrichtian to Lower Eocene age Bardeh formation
(Mouty and Al-Mdeh, 1983). The Bardeh formation (its lower part equivaent to the
Shiranish of Euphrates and northeast Syria, Figure 5.8) has been dudied extensvey in
outcrop (e.g. Al-Maeh and Mouty, 1988; El-Azabi et d., 1998). It shows great contrast to
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the depogtiona environment of the mgority of Senonian Pamyride srata  The Bardeh
formation was monotonoudy deposited marl contained very few quartz grains, with some
planktonic and occasiond benthic foraminifera, indicating great water depthsin alow-energy
open marine stting (El-Azabi et d., 1998). Thickness changes within the Bardeh formation
emphasize the continuous development of the Palmyrides with the thickest strata recorded in

the central aress.

Minor compresson and uplift are well documented in the Pamyrides and the foothills of
Turkey (Chamov et a., 1992) in the latest Cretaceous. A coincident minor sedimentary
hiatus at the Cretaceous / Tertiary boundary is observed in the Bardeh formation (El-Azabi
et al., 1998). Thisis aso regarded as one of two prominent phases in the development of
the Syrian Arc that caused inversion of Permo-Triassic normd faults dong the Levant margin
(Guiraud and Bosworth, 1997). This trangtion from an extensond to a compressond
regime was due to collison of the Arabian platform with the intra-oceanic subduction trench
in the north and east (Plate 2, frame 10b), asfirst suggested by Lovelock (1984). This event
was related to widespread Maadtrichtian southward obduction of ophiolites dong the
northern and northeastern margin of Arabia (Hempton, 1985). This was not the find
Eurasan - Arabia collison, however, and the NeoTethys Ocean, with associated

subduction, persisted to the north and east (Plate 2, frame 104).

Abd el Aziz/ Sinjar Area

The sgnificant period of Late Cretaceous deformation in northeast Syria began in the latest
Campanian or earliet Maadtrichtian (Brew et a., 1999). The boundary between the
Soukhne (Massve Limestone) formation, and the syn-extensond Shiranish is
unconformable, (Kent and Hickman, 1997) suggesting this is the mgor pre-extensond
unconformity. The Shiranish is predominantly a marly limestone with occasond sands



270

eroded from exposed areas to the north (Kent and Hickman, 1997). It corrdlates with the
Shiranish in the Euphrates Fault System. Extension took place on east-west driking faults
that are limited to the west by the Euphrates faulting, and coaesce with Zagros deformation
to the east in Irag (Figure 5.11b). This extenson created the Abd € Aziz and Sinjar haf
grabens (Figure 5.5). This faulting and haf graben formation ultimately led to the deposition
of up to 1600 m of Shiranish gtrata (Figure 5.9).

We suggest that these east - west oriented faults formed as a consequence of tension created
by subduction located to the north and northeast margins of the Arabian peninsula (Plate 2,
frame 104). Perhaps the strain was accommodated in the Abd € Aziz / Sinjar area because
it represented a Structurally weak zone of thick sedimentation on the northern edge of the
Pdmyride / Sinjar trough. A gradud shift in the orientation in this subduction zone might
explain the trangtion from generad northwest - southeast extensions in the early Senonian
(manifest by the Euphrates and Wadi Sirhan grabens) to more north - south extension in the
Maadtrichtian (Adb € Aziz and Sinjar haf grabens). This was dso the time of maximum
extendgon in the east-west trending Anah graben (Plate 2, frame 9b) (Ibrahim, 1979). The
relative southerly advance of ophialitic nappes that were to obduct onto the northern margin
could have contributed to normd faulting in northeast Syria through loading effects (Yilmaz,
1993).

Facies changes from marly limestone to lime grainstone (Kent and Hickman, 1997), and the
abrupt termination of faulting a the top of Cretaceous levd, together with a post-extenson
unconformity, sgnd the end of Late Cretaceous extension in northeast Syria.  This was

caused when Arabia collided with a NeoTethys subduction zone, as discussed above.
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Euphrates Fault System

While a vadt thickness of the Shiranish formation continued to be deposited in the Euphrates
Fault Sysem during the Maadrichtian, subtle indications suggest a reorienting dress
direction, and a dowing of extenson before find abortion of the rifting. Litak et d. (1997)
reported that strike-dip features that are more common amongst the northwest - southeast
griking faults of the Euphrates deformation, than amongst the west-northwest - eadt-
southeast dtriking features.  Furthermore, faults within the Shiranish formation were less
active during the Maastrichtian, faulting ceased before the end of the Cretaceous (Guyot and
Zeinab, 2000), and an unconformity is observed within the Shiranish formation (Litak et .,
1998). These observations could be explained by reorientation of extension from southwest
- northeast to north - south) in agreement with that suggested for the Abd € Aziz / Sinjar
area above, related to reorienting NeoTethys subduction (Plate 2, frame 104).

Aafrin Basin and Coastal Ranges Area

Early Maadtrichtian time saw continued subsidence and pelagic depostion in the northeast —
southwest trending depocenter of the Aafrin basin. More than 600 m of Maastrichtian Strata
are found in measured sections exposed by Cenozoic basin inverson (Al-Maeh, 1976).
However, during Maadtrichtian time ophialitic nappes encroached on the northwest margin
of the basin, hence these areas experienced consderable shdlowing. To the southeast and
especidly the southwest, the basin remained and Maadtrichtian turbidities deposited there
contain considerable ophialitic ditrital content (Al-Maleh, 1976). Stratigraphically above the
ophiolite, clagtic lenses within the Uppermost Cretaceous drata indicate transgression after

ophiolite emplacement.

In the Early Maadtrichtian, the Coastd Ranges show a continuation of Campanian
depositiond trends with marly strata and only limited subsidence. The Late Maadtrichtian is
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marked by the initid uplift of the Coastd Ranges (Brew et d., 2000). This is recorded
gratigraphicaly by an angular unconformity between Paeocene and Maedtrichtian drata
(Ponikarov, 1966). This uplift occurred as part of the development of the ‘Syrian Arc,
resulting from collison aong the northern Arabian margin as discussed above.

Paleocene (65 M a) — Eocene (35 M a)

The Paeogene was largdly atime of quiescence in the northern Arabian platform. All areas
remained under marine conditions with extensive pelagic deposition. In the Euphrates and
Wadi Sirhan Graben areas, widespread therma subsidence following Late Cretaceous rifting
(Plate 2, frame 11b). The Pdeocene Kermev formation in the Euphrates Graben contains
more chert than underlying Shiranish, and indicates shdlowing water. This progressve
shdlowing is indicated throughout the Paleogene section here, and inthe Abd d Aziz/ Sinjar

area.

During the Paeogene the Pamyrides area continued the prominent subsidence begun in the
Maeastrichtian, and deposition of the Bardeh formation continued. The Paeocene portion of
this again shows monotonous pelagic marly limestone depostion with high leves of
nanoplankton. The Lower Eocene Arak Hint marks the relaively shalower conditions that
interrupted this period. Upper Eocene and Oligocene drata (the Abiad group) show
continued subsidence. Facies are sandy limestones of shalow water origin related to the

oncoming regression in the PAmyrides, Anti-Lebanon and Aafrin basin.

Chamov et d. (1992) documented minor tectonism in the southwest Pamyride fold and
thrust belt in Middle Eocene time, Late Eocene is clearly documented as the main stage of

Syrian Arc deformation (Guiraud and Bosworth, 1997). This included uplift of the Syrian
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Coastd Ranges (Brew et d., 2000) that is recorded by a stratigraphic gap during the Late
Eocene and Oligocene in the Coastd Range area.  This ‘Syrian Arc’ development also
included formation of the mgor topographic dements in Lebanon (Walley, 1998). Minor
shortening in southern Turkey (Hempton, 1985), very minor transpression in the Euphrates
Fault System (Guyot and Zeinab, 2000), and minor compresson in the Abd & Aziz uplift
(Kent and Hickman, 1997) are dl reported for thistime.

Hempton (1985) documented the Middle to Late Eocene asthe initid period of find collison
on the northern Arabian margin. Thisfina obliteration of oceanic lithosphere thus formed the
Bitlis suture in the western part of the northern Arabian margin (Plate 2, frame 118). The
plate-wide compression caused by this suturing can explain the numerous instances of Mid-

L ate Eocene compressiona tectonics mentioned above.

Miocene (35 Ma) — Recent

Miocene time witnessed the find trandtion to continental conditionsin Syria. One exception
to this was the Latagia/ Aafrin basin dong the northwestern margin of Arabia that includes
Miocene marine gtrata. Marine incursions of the eastern Mediterranean Sea into western

Syria continued well into the Pliocene (Ponikarov, 1966).

After the Middle to Late Eocene suturing of Africa/ Arabiato Eurasa convergence between
the plates was partidly accommodated by the shortening and thickening of the Arabian
continenta margin (Hempton, 1985). The sress crested by this ongoing convergence
continued the formation of the compressond features that began forming in the Mid-Lae
Eocene, but a adower rate. This stress regime was changed again by the Late Oligocene /
Early Mioceneinitiation of continenta stretching and rifting in the Red Sea. Rifting in the Red
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Sea lead to firg phase of motion dong the southern Dead Sea Fault System  (Hempton,
1987). This, in turn, precipitated accelerated and gill ongoing uplift of the Pamyrides
(Chamov et al., 1992).

By the Mid-Late Miocene the calliding edge of the northern Arabian continental margin had
reached full thickness. This occurrence is thus regarded as the termina suturing of Arabiato
Eurasa Inthe modd of Hempton (1987) this callison can be corrdated in time with the

cessation of the first phase of Red Searifting and Dead Sea Fault System movement.

Hempton (1987) suggests that around the end of the Miocene the North and East Anatolian
Faults formed to accommodate the continued convergence of Arabia and Eurasa. This
coincided with a resumption of extendgon in the Red Sea, leading to full-scde seafloor
spreading. This aso lead to the second phase of motion along the Dead Sea Fault System.
This episode of movement caused a shift in the path of the fault north of Isragl, and hence
formed the Syrian portion of the Dead Sea Fault System (Chaimov et a., 1990).

Late Miocene onwards is marked as a time of increased compression in Syria, presumably
caused by the cessation of shortening dong the northern margin.  Evidence for increased
compression includes accelerated basin inverson of the Pamyride fold and thrust belt
(Chaimov et d., 1992), minor shortening in the northwest portion of the Euphrates fault
system, the Turkish foot hills, and the Zagros (Litak et a., 1997), and minor shortening in the
Abd d Azz uplift (Kent and Hickman, 1997). Furthermore, Feraud et d. (1985), usng
dykes and volcanic dignments as paeodress indicators, documented a shift in maximum
dress direction from roughly northwest — southeast to north — south around the end of the

Miocene.
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Full-scae inverson of the Abd € Aziz and Sinjar uplifts did not take place until the Late
Pliocene (Brew et a., 1999). Fault-propagation folds forming above reactivated Late
Cretaceous east — west gtriking normal faults have created the current east — west trending
topography. While small outcrops of Senonian strata are found on the Abd € Aziz Structure,
Cretaceous levels are more extensively exposed on the Sinjar Uplift in Irag owing to
increasing fault inverson to the eest. Inverson in the Euphrates Fault System, however, is
very minor and trangoression is largdly limited to the northwest segment of the sysem. This
could be a consequence of the Abd d Aziz / Sinjar structures accommodating most of the
Late Cenozoic strain. Also the oblique angle that the Euphrates Fault System forms in
relation to the Alpine callison favors drike-dip reactivation (which is harder to detect in
subsurface data). Seismicity, Quaternary volcanism (Plate 1) and very minor Quaternary
faulting suggests the aborted graben in eastern Syria are il actively inverting (Ponikarov,
1966).

To the northeest of the Sinjar area, sediment thickness increases rapidly into the
Mesopotamian Foredeep (Figure 5.118). This depression formed due to the loading of the
Zagros Mountains located to the northeast. In Syria some smal Zagrosrdaed folding is
observed, with deeper structure reminiscent of the Sinjar graben. Well data indicate more
than 1.3 km of Neogene cladtic fill (Figure 5.9), shed from the uplifting Zagros since the
Mid-Late Miocene termind continenta collison adong this margin.

A series of eruptive volcanics from 24 — 16 Mais found throughout western Syria, with the
exception of the Coastal Ranges. As noted by Mouty et a. (1992), this period roughly
coincides with the find stages of Arabian — Eurasian convergence. Interestingly, a gap in
volcanism between about 16 and 8 Ma roughly corresponds to the episode of inactive Red
Sea gpreading, and no movement on the Dead Sea Fault (Hempton, 1987).



276

Penecontemporaneous with renewed movement on the transform, the volcaniam shifted from
the Aleppo Plateau to locations dong the Dead Sea Fault in Syria. In particular, formation
of the northern Ghab Basin gppears to have focused the most recent volcanism there from 1
— 2 Ma (Devyatkin et d., 1997). Holocene volcanic centers south of Damascus show
grong dignments trending about north-northwest (Plate 1). This could be reflecting a
modern dress direction trending north - south (Feraud et a., 1985), or evidence for
reectivation of the underlying Wadi Sirhan structures that strike in a very smilar direction
(Figure 5.1).

Currently the Pamyride region is deforming by dextra trangpresson (Chaimov et al., 1990;
Searle, 1994), under the influence of compresson from the north and northwest (Plate 2,
frame 12b). Evidence for active deformation on the Jhar fault includes smdl Quaternary
offsets (Ponikarov, 1966) and seismicity. Additiond, possible dextrd grike-dip faults on the
Aleppo Plateau (Plate 1) have aso been identified (McBride et a., 1990). Our andyss
suggests that the northeast trending faults mapped from the Bishri block towards the Abd €
Azz (Aldorf et al., 1995) (Figures 5.2 and 5.11b) could be acting to trandate right lateral
shear away from the Pamyride region. The exact interaction between the Pamyrides,
Euphrates, and Sinjar tectonic zones is dill unclear. Forthcoming GPS surveys should help

to resolve many of these uncertainties in the current tectonics of Syria

IMPLICATIONSFOR HYDROCARBONS

Estimated recoverables from Syria are about 2.5 Bbbl of oil and 8.5 TCF of gas (Oil & Gas
Journal, December 1999). The vast mgjority of hydrocarbon discoveries have been made in
three of the four mgor Syrian tectonic zones (Figure 5.2) and hence understanding the

tectonic evolution of these structures is critica to hydrocarbon exploration. The Dead Sea
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Fault System is host to some hydrocarbons in Israel, but none have been found so far in this
zone in Syria.  The three hydrocarbon-bearing zones are dl abandoned rifts, with varying
degrees of subsequent sructurd inverson. As a gross generdization, the source and
reservoir rocks of Syria were deposted under the extensona conditions in the Late
Paeozoic and Mesozoic, and traps were formed by Mesozoic extension and Late Cenozoic

compression (Figure 5.15).

The discoveries in the PAmyrides are generdly gas because of the greater paleo-burid
depths of source rocks relative to esewhere in Syria (Figure 5.11¢). Mogt of the gas is
found in the Triassc carbonate section, especialy the Middle Triassc Kurrachine Dolomite
formation; fracturing largely controls porodity as primary porosity is poor (3 to 10%; Al-Otri
and Ayed, 1999). This reservair is seded by the Kurrachine Anhydrite formation, and was
charged by Permo-Triassic and Carboniferous shae (0.8% - 5% TOC; Al-Otri and Ayed,
1999). Traps have been created in Late Paleozoic / Mesozoic fault blocks and the folds
creeted during structurd inversion and shortening (Figure 5.15).

A combination of oil and gas are produced from the Bishri block (Figure 5.2) in the trangition
between the Euphrates and Pamyride petroleum systems. Lower Cretaceous sandstone is
the most common reservoir and fault blocks the usud trgp. Potentid Upper Cretaceous
source rocks have not been sufficiently buried to reach full maturity in the Bishri block, and
are positioned gructurally higher than the reservoirs (Figures 5.11a and b). Hence, charging
of the Bishri sysem may have resulted from westward migration of Upper Cretaceous oil
originating in the adjacent Euphrates Graben (llliffe et a., 1998).

As clearly demongtrated in Figure 5.2, the hydrocarbon discovery wdls in the Abd d Aziz /

Snjar aea are mogt directly corrdated with current topography. The main trapping
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mechanism in the northeast is Late Pliocene fault-propagation folding, therefore indicating
very recent oil migration (Figure 5.15). The degree of structura

Figure 5.15: Chronologica chart showing development of most significant stratigraphic and
sructura elements in sdected hydrocarbon provinces. Proven dements are shown as solid
colored lines, uncertain eements as dashed lines. A generdized digribution of the relevant
dratigraphy is dso shown. Tectonic events generdized from Plate 2. Formations names
vary in Turkey. Patterns indicate lithologies, same legend as Figure 5.8. Red dots refer to
time-points detailed in Plate 2.
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inversion is critical to successful trapping. In Turkey, greater shortening has breached many
of the fault-propagation fold reservoirs. Some deeper traps are fault blocks. Source rocks
in northeast Syriaare commonly Cretaceous and Triassic (Alaand Moss, 1979). Reservoirs
are predominately Mesozoic and Cenozoic fractured carbonates and many fieds have
multiple objectives in the Miocene, Cretaceous and Triassc (Figure 5.15). Seding is
accomplished by shale and evaporites that are digtributed throughout the Mesozoic and

Cenozoic sections.

The Mesopotamian foredeep, in far northeastern Syria is the longest established production
in the country, within many different fidds (see wel digtribution in Figure 5.2). Trappingisin
the smply folded drata of Late Cretaceous and Cenozoic drata, charged by Late
Cretaceous and Triassic sources. Late Cretaceous fault blocks may aso be trapping deeper

reseyves,

Although mostly unknown before the 1980's, the Euphrates Graben harbors the most
important hydrocarbon playsin Syria. More than 400,000 barrels of light, sweet crude are
estimated to be produced daily from the graben, out of a nationa average of 540,000 barrels
(Oil & Gas Journal, December, 1999). The bulk is from the Lower Cretaceous Rutbah
sandstone (Figure 5.8), a high porosty (up to 20%) fluvio-detaic sandstone with well
maintained permeshility, that was deposited during the Neocomian transgression in eastern
Syria (Plate 2, frame 7b). Minor production comes from other levels (Figure 5.15) and
trgpping is most commonly in fault blocks (Figure 5.6), smilar in many respects to the North
Sea. Alternating carbonates and evaporites of the transgressing Triassic (Figure 5.8) have
created a series of potentid reservoir / sed pairs, and the widespread Serjelu (Mulussa F)
could be a reservoir qudity sandstone. The Thayyem fiedd is typicd of the southern
Euphrates Graben, it was the firg discovery in the Euphrates Graben in 1984, and is il the
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most productive. Rutbah sandstone forms the reservoir that is both charged and sedled by
Upper Cretaceous marly limestone of the Shiranish formation.  The Shiranish, deposited
under widespread extenson in eastern Syria (Plate 2, frame 9b), has been juxtaposed
againg the Rutbah by the Latest Cretaceous normd faulting that creeted the rotated fault
block trap (Litak et a., 1998). While gppreciable sructura inverson in the northwest of the
system may have breached some reservoirs, further southeast trapping has been enhanced

by the very mild folding resulting from the Cenozoic compression.

In dl of Syria, declining yields have pushed the search for hydrocarbons deeper, and
exploration now focuses on Paleozoic plays. Grapholitic shae source rocks of the Slurian
Tanf formation and Lower Ordovician Swab formation (Figure 5.15), as well as Late
Pdeozoic shdes, are found through most of the Middle East (Husseini, 1990). Tests show 2
- 5% TOC in the Tanf formation increasing southwards with perhaps up to 16 % TOC in
Iragq (Agrawi, 1998). Drilling from the Rutbah uplift, however, shows an over-mature Tanf

formation, reinforcing that a viable source is the most eusive component part of a Paeozoic

play.

Pdeozoic reservoir rocks in Syria could include Permo-Carboniferous and Ordovician
sandstones (both up to 25 % porosity) that are present at various depths over most of the
region (Figure 5.11d). The Akkas oil shows (il from a Lower Slurian sandstone and gas
from the Upper Ordovician, sourced and sealed by Lower Silurian shdes) in Iragq (Agrawi,
1998), and Pdeozoic discoveries in Euphrates Graben confirm viable Paeozoic plays in
southeast Syria. The presence of suitably-aged structurd traps could be the main control on
thisplay (Agrawi, 1998). The Maghlouja well on the Abd & Aziz structure had shows of
gas in the Silurian section, and limited shows of rdativey light oil (39 APl gravity) in the
Upper Ordovician Affendi formation (Kent and Hickman, 1997). Perhgps this oil was
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sourced in the Silurian and migrated after fault inverson juxtaposed that unit with the
Ordovician in the Neogene, thus providing insufficient time for economicdly adequate

charge.

SUMMARY

Integration of a vast amount of detailed geophysical and geological data, together with
experience based on many previous invesigations, has dlowed us to compose a new
regiona tectonic evolutionary modd for Syria. We find that tectonic deformation within
specific Syrian tectonic zones was often contemporaneous with deformation in other
adjacent zones. Moreover, in dmost al cases these episodes of tectonism can be related to
activity on nearby Arabian Plae margins. In paticular, the opening and closng of the
various dements of the Tethys Ocean throughout the Phanerozoic profoundly affected Syrian

tectonic evolution.

After Proterozoic cratonic accretion, for the vast mgority of the Phanerozoic time Syria was
part of the northern passive margin of Gondwana bordering the Tethys Ocean. Gentle Early
Pdeozoic subsdence of this east-facing margin led to the regiond accumulation of thick
cladtic deposits eroded from nearby shield areas. For mogt of this time Arabia experienced
ather glacid-fluvid or margind marine conditions, that changed to a shelf environment during
frequent tranggressions. Towards the end of the Paleozoic Hercynian compression, followed
by extenson related to opening of the NeoTethys Ocean led to the formation of the
Pdmyride / Sinjar trough that accumulated over two thousand meters of cladtic

Carboniferous and Permo-Triassic strata.
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After drifting to lower latitudes in the Mesozoic, huge carbonate platforms developed on the
exceptionaly wide northern Arabian epicontinenta shef. Therma subsdence above the
Permo-Triassic Pamyride rift crested athick Triassc and Jurassic section in the Pamyrides,
enhanced by periods of reactivated faulting. Development of the east Mediterranean, west-
facing, passve margin aso concentrated depogtion in that area and was another dominant
control on Mesozoic sedimentation. Observations of extensve Lae Jurassc / Ealy
Cretaceous uplift, widespread volcanism and renewed fault activity have led to suggestions

of contemporaneous mantle plume activity.

Barremian - Aptian transgression deposited thick fluvio-detaic sands across much of Syria
In the Late Cretaceous a northeast — southwest directed regiona extension dominated. This
led to the formation of the Euphrates Fault System, and accelerated subsidence elsawhere.
Shifting to a more north - south extension direction in the Maadtrichtian caused the opening
of the Abd d Aziz, Sinjar and Anah grabens. Callision dong the northern margin in the latest
Cretaceous with associate ophiolite emplacement terminated extension and caused dight

uplift in the Syrian Arc, including the southwest PAmyrides.

The thick carbonate sequences continued to form in the Paleogene, with some uplift and
compression in Mid-Late Eocene time related to initiation of fina collison dong the northern
Arabian margin. Neogene cladtics indicate the shift to the continental conditions thet prevail
today. This occurred in tandem with renewed compressiond tectonics related to termind
suturing on the northern margin causing the mgority of the Pamyride uplift and inverson of
the Abd & Aziz / Snjar sructures. Pliocene development of the northern Dead Sea Fault
System led to the creation of the Ghab Basin, and added to the compressiona tectonics
within the platform.
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The combined effect of this complex tectonic evolution has been to form conditions highly
auitable for the preservation of hydrocarbon resources. Reservoirs are formed in the
extensgve clagtic and carbonate deposits, most particularly in the Mesozoic, with shay
sources throughout the section.  The traps are most often structura in fault blocks or fault-

propagation folds.
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