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Abstract

Knowledge of the present-day stress field is vital for a range of earth science disciplines, including hydrocarbon and
geothermal energy production, mine safety and seismic hazard assessment. The scientific importance of understanding the
present-day maximum horizontal stress orientation has been demonstrated by the findings of the World Stress Map (WSM)
Project, which has spent over 25 years building an extensive freely-available repository of present-day stress information as a
collaborative project between academia, industry and government. The WSM project has revealed that the plate scale present-
day stress is controlled by the tectonic forces exerted at tectonic plate boundaries. However, numerous studies in sedimentary
basins have shown that stresses in the oil-patch can be complex, and controlled by both major far-field forces (plate
boundaries, body forces from mountain belts) and intra-basinal forces, such as detachment zones, salt, faults and basin
geometry.

The World Stress Map project contains free and public information for over 80 basins around the world. However, the project
contains almost no wellbore data for the Middle East and Northern Africa, despite this region hosting much of the world’s
global oil production and extensive industry activity. To date, the World Stress Map Project only contains limited datasets
from petroleum wells in Egypt, Oman and Iran — but no data at all for Saudi Arabia, Iraq, Libya, Algeria, UAE, Kuwait or
Qatar.

In this paper we first review different methods for determining and calculating the present-day stress pattern in the region, then
we highlight the lessons learned from the World Stress Map project on the controls of present-day stress in the oil-patch.
Finally, we focus in detail on the stress data that currently exists for the Middle East and Northern Africa.

Introduction
Knowledge of the crustal present-day stress pattern is important for a range of earth science disciplines including:
*  Geodynamic applications (e.g. Richardson 1992; Zoback 1992);
* Neotectonic and intraplate deformation (e.g. Tingay et al. 2005; King et al. 2010);
*  Geomechanical characterization of petroleum basins (Tingay et al. 2005);
* Earthquake hazards (Sandiford et al. 2004), and;
* Rock mechanics and engineering (e.g. Reinecker et al. 2006; Zang et al. 2012).

The Present-day stress has numerous applications in petroleum basins, particularly in borehole stability, reservoir drainage
and flooding patterns, pore pressure prediction, fluid flow in naturally-fractured reservoirs, hydraulic fracture stimulation, seal
breach by fault reactivation and any geomechanical modeling. Hence, present-day stress analysis, as a part of ‘petroleum
geomechanics’, has received extensive attention in petroleum industry in recent years (Barton et al., 1995; Sibson, 1996; Jones
and Hillis, 2003; Rajabi et al., 2010; Tingay et al., 2010a and b).

The World Stress Map (WSM) project has spent more than 25 years collecting maximum horizontal stress orientations
(SHmax) from different stress indicators to make a freely available global database in order to investigate causes and
consequences of present-day stress pattern in lithosphere (Figure 1). Plate boundary forces have been highlighted as the main
controller of stress pattern, particularly for stable North America, Western Europe and South America continental areas, since
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the publication of the first version of WSM project (Richardson, 1992; Zoback 1992). However, there remains numerous
questions about the controls and origins of stress perturbations at different scales, from plate scale to small basins.

The 2008 release of WSM project which contains 21750 crustal SHmax orientations from different depths of lithosphere
from all over the world revealed the complexity of the global stress pattern (Heidbach et al., 2010). In the WSM database there
are several sources of information that each provide SHmax orientation from certain depth of lithosphere. For example,
earthquake focal mechanism solutions provide valuable stress data from the deeper parts of the Earth’s crust (5 to 40 km).
Borehole breakouts and induced tensile fractures, commonly observed in wellbores, provide the primary and most reliable
stress information in petroleum provinces, whilst engineering methods used in mines and tunnels are suitable in the upper 1
km of the crust. Finally, geological features, such as fault slips, are the main sources for the present-day stress at the surface
(Tingay et al. 2005).

The WSM project contains free and public information for over 80 basins around the world. However, the project contains
almost no wellbore data for the Middle East and Northern Africa (Heidbach et al., 2009). Knowledge of present-day stress is a
vital importance for these petroliferous areas, not only for petroleum applications but also in stress-related geohazards. To
date, the database only contains limited datasets from petroleum wells in Egypt, Oman and Iran (Tingay et al., 2011 and 2012;
Rajabi 2009; Rajabi et al., 2010; Yaghoubi and Zeinali, 2009; Haghi et al., 2013) — but no reliable data at all for Saudi Arabia,
Iraq, Libya, Algeria, UAE, Kuwait or Qatar, which considered one of the most petroliferous regions in the world.
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Figure 1: Global stress map based on the WSM database release 2008 using the 11346 stress data records from a variety of stress measurement
techniques with A-C quality (Heidbach et al., 2009). Symbols and different colours indicate the method of measurement and the stress regime
(NF=normal faulting stress regime; SS=strike—slip faulting stress regime; TF=thrust faulting stress regime; black=undefined stress regime). Length
of the lines indicates quality of data. All data and maps are freely available on the WSM website: www.world-stress-map.org.

Methods to determine the orientation of maximum horizontal stress in petroleum wells

The state of stress is commonly described by stress tensor. In sedimentary basins, one of the principal stresses is considered
vertical because the Earth’s surface cannot transmit shear stresses (Bell, 1996). Hence, the stress tensor can be simplified to
four components, the magnitudes of the vertical, maximum and minimum horizontal stresses in addition to the orientation of
the maximum horizontal stress (Bell, 1996; Tingay et al., 2009). Of these four components, the maximum horizontal stress
orientation has received extensive attention, particularly in geodynamic and plate motion (e.g. Richardson 1992; Zoback
1992), neotectonic studies (e.g. Zhang et al. 1996; Tingay et al. 2005; King et al. 2010), fluid flow in fractured reservoirs (e.g.
Barton et al. 1995, Sibson, 1996; Finkbeiner et al., 1997; Major and Holtz 1997; Laubach et al., 2004) and fault reactivation
(e.g. Jones and Hillis, 2003). Hence, the WSM project has mainly focused on this informative parameter and compiled a public
global database to determine and understand the state of present-day stress in the Earth’s lithosphere. It should be noted that
there are no ‘direct’ methods to measure crustal present-day stresses and all techniques indirectly relate observed strains in the
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Earth to the stresses that most likely cause those strains. In this paper, we focus on stress orientations determined from
petroleum wells, in particular borehole breakouts and drilling-induced fractures.

When a borehole is drilled, the material removed from the subsurface is no longer supporting the surrounding rock (the
wellbore wall). As a result, the stresses become concentrated in the wellbore wall (Kirsch, 1898). Borehole breakouts (BOs)
are stress-induced elongations of the wellbore and occur when the wellbore stress concentration (circumferential or hoop
stress) exceeds that required to cause compressive failure of intact rock (Bell and Gough, 1979). The elongation of the cross-
sectional shape of the wellbore is the result of compressive shear failure on intersecting conjugate planes, which causes pieces
of the borehole wall to spall off (Bell and Gough, 1979). The maximum circumferential stress around a vertical borehole
occurs perpendicular to SHmax (Kirsch, 1898). Hence, borehole breakouts are elongated perpendicular to the present-day
SHmax direction (Bell and Gough, 1979). Drilling-induced tensile fractures (DITFs) are caused by tensile failure of the
borehole wall and form when the wellbore stress concentration is less than the tensile strength of the rock. Hence, DITFs form
parallel to the SHmax orientation in vertical boreholes.

Determination of SHmax orientation from caliper tools

Caliper tools are routinely run in petroleum wells in order to obtain dip and strike of drilled formations and measure
borehole geometry to calculate the required cement volume for the casing. Four-arm and six-arm are two common types of
caliper tools that are run in petroleum wells. Four-arm caliper tool measure well diameter in two orthogonal directions. Hence,
several features including keyseat, washout and breakout can be interpreted via these logs (Figure 2; Reinecker et al. 2003).
However, determination of borehole enlargements in 6-arm caliper is more complicated than 4-arm tool (Figure 2) because
six-arm caliper tool has two extra arms with angular distances of 60° and independent hinges of the arms may cause a tool
decentralization that should be corrected (Wagner et al., 2004).
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Figure 2: Different types of borehole enlargements in four- and six-arm caliper tools. First and second rows are borehole elongations and response of
4arm caliper (after Plumb and Hickman, 1985 from Reinecker et al. 2003). Borehole breakouts are those type enlargements that one caliper is
reading larger than bit size. Third row is borehole wall features in 6-arm caliper tool (Wagner, 2003). All caliper readings are (roughly) on and
larger than bit size in an in-gauge hole and washout zone respectively (note than in these two enlargements, tools are (or nearly) centralized). In most
cases, key seats in 6-arm caliper tool in not centralized, while in borehole breakout zone the tools can be or not centralized due to shape of breakouts.

Determination of SHmax orientation from borehole image tools

Borehole image tools are currently available as wireline and logging/measurement while drilling (LWD/MDW) tools and
provide an image from the borehole wall based on physical property contrasts (Prensky, 1999; Tingay et al., 2008). Nowadays
several types of borehole image tools with different names are running in petroleum industry. Prensky (1999) categorized the
borehole image tools to three main groups (i.e. optical, acoustic and electrical), but density image tools are being new
LWD/MWD tool in petroleum industry and can be used in borehole breakout interpretation.

Borehole breakouts and drilling induced tensile fractures can be interpreted in different types of image logs. For example,
in acoustic images borehole breakouts appear (primarily the travel time image) as a pair of wellbore elongation zones parallel
to the borehole axis and separated by approximately 180°, while breakouts appear as broad, parallel, often poorly resolved
conductive zones separated by 180° and exhibiting caliper enlargement in the direction of the conductive zones (Bell, 1996;
Tingay et al., 2008) in resistivity (electrical) images (Figure 3). Drilling induced tensile fractures appear as pairs of narrow
conductive features (on resistivity images) or low-amplitude features (on acoustic images) that are generally parallel to the
borehole axis and separated by approximately 180° (Figure 3; Tingay et al., 2005).
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All stress indicators in the WSM database are quality-ranked from A-quality (highest; stress orientation accurate to within
+150) to E-quality (lowest; no reliable stress orientation). The WSM quality ranking criteria for BOs in Caliper and image logs
and DITFs in image logs can be found freely as guidelines on the WSM website.
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Figure 3: Example of borehole breakout (BO) and drilling-induced tensile fractures (DIFs) interpreted in image logs. Left) BOs and DITFs in
resistivity image (FMI) pictured herein are oriented approximately N-S and E-W respectively, and thus indicates a present-day SHmax orientation of

approximately E-W. Middle) a typical borehole breakout in a resistivity image (FMI) that shows a SHmax oriention of 70° N. Right) BOs in an
acoustic image (AST) that approximately are oriented N-S (SHmax = E-W).

The World Stress Map project: history, results and lessons

The World Stress Map (WSM) project started in 1986 as a project of “International Lithosphere Program” and under the
leadership of Mary Lou Zoback to determine the state of crustal present-day stress. The first public access of this project was
released with 3574 in-situ stress data records in 1989 and then first published in 1992 containing 7300 data records (Zoback et
al., 1989 and 1992). The WSM was a project of the “Heidelberg Academy of Sciences and Humanities” at the University of
Karlsruhe from 1995 to 2008. The 2005 version of the WSM contained more than 14000 data records. Since 2008 the WSM
has been a part of “GFZ German Research Centre for Geosciences”. The latest version of WSM (released in 2008) contains
21750 maximum horizontal stress orientations interpreted from a range of contemporary stress indicators within the upper 40
km of the Earth’s lithosphere (Heidbach et al. 2010). It should be noted that all the results of WSM project are freely available
on the World Stress Map website (www.world-stress-map.org) for public use.

The initial version of WSM (Zoback, 1992) and further studies by Richardson (1992) revealed that the SHmax orientation
in most tectonic plates is approximately parallel to absolute plate motion, suggesting that the plate boundary forces that drive
plate motion also control the intra-plate stress field. Although the state of stress in large scale (i.e. plate) is relatively
understood, the state and origin of stress in smaller scale (such as sedimentary basins or even petroleum fields and reservoirs)
remain poorly understood in comparison (Bell, 1996; Tingay et al., 2005; Tingay et al., 2006). Hence, the WSM project
undertook the ‘present-day stress in sedimentary basins initiative’ from 2004-2006, to investigate the state and origin of
present-day stress in smaller scale (Tingay et al., 2005 and 2006) and mainly based on petroleum or wellbore methods.

Hitherto, detailed analyses in several sedimentary basins revealed that the state of stress in smaller scales can be very
simple and consistent over large scale and suggest the present-day stress in these areas directly linked to far field forces (such
as Alberta Basin in western Canada (Bell, 1996)); or can be locally varied and highly complex as a result of interaction of
different factors acting at different scale (such as North German Basin (Roth and Fleckenstein, 2001); Baram Delta province of
Brunei (Tingay et al., 2005 and 2009); Pattani Basin in the Gulf of Thailand; Permian Basin in Texas and New Mexico). These
examples, and other studies (in the next section), revealed that the stress state in sedimentary basins is often influenced by a
range of factors, and not simply plate boundary forces or major intra-plate stress sources. These factors that mainly are related
to geology can act at different scales, including plate boundary forces (e.g. ridge push and slab pull), basin geometry (e.g.
shape of deltaic wedge), geological structures (e.g. diapirs, fault and fractures), mechanical contrasts (e.g. evaporites,
overpressured shales and detachment zones), topography and deglaciation (Tingay et al., 2006).

For example, detailed studies in Baram Delta System, NW Borneo highlighted the importance of wide tectonic as
superposition of forces and explained two different stress provinces in shelfal regions of Brunei where the SHmax orientations
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are margin-normal and margin-parallel in the inner and outer shelf respectively (Tingay et al., 2009; King et al., 2010). Or in
another study, stress perturbation on the delta top in Gulf of Mexico have been explained by King et al., (2012) with the
presence of salt diapirs and by the means of a Ply3D model.

Present-day stress in the Middle East and North Africa

The Middle East and Northern Africa contain vast numbers of petroleum wells, but the state of present-day stress in this
area’s basins is still poorly understood. Indeed, the 2008 World Stress Map database contains very little present-day stress
information for this area and almost no stress data from petroleum wells (Figure 4; Heidbach et al., 2009). Indeed, almost all of
the stress data currently available for this region is derived from earthquake focal mechanism solutions from events that are
typically at depths of ten kilometres or more, and which might not be relevant for petroleum and mining geomechanics
applications, particularly in areas possibly detached by salt or low-angle faults. Furthermore, the majority of these earthquake
focal mechanism solutions are located along plate boundary, and there are concerns surrounding the reliability of stress
information derived from earthquakes near plate boundaries (Heidbach et al., 2010). For example, stress orientations derived
from earthquake focal mechanism solutions along the San Andreas Fault Zone and Great Sumatran Fault are often highly
inconsistent with those obtained from more reliable petroleum industry data (Zoback et al., 1987; Mount and Suppe, 1992;
Heidbach et al., 2010).
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Figure 4: The present-day state of stress (SHmax and stress regimes) in Middle East and Northern Africa derived from all present-day stress
indicators in the WSM project (Heidbach et al., 2008). B) Distribution of stress indicators from petroleum industry logging data (caliper tools and
borehole imaging data). As can be seen, almost all stress data in this area derived from focal mechanism solutions that give contemporary state of
stress in deep lithosphere. Hence, the state of present-day stress is largely unknown in this area. For example, the WSM database contains only three
reliable present-day stress indicator from wellbore logging data in the entire Arabian Peninsula (it should be noted that some new results have been
recently published from Iran and Egypt and will be included in the new version of WSM).
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To date, the WSM Project only contains limited datasets from petroleum wells in Egypt, Oman and Iran — but no reliable
data for Saudi Arabia, Iraq, Libya, Algeria, UAE, Kuwait or Qatar (Figure 4). It should be noted that borehole breakouts and
drilling induced tensile fractures of the Khuff Formation, onshore Saudi Arabia, in 19 mjor trap interpreted by Ameen et al.,
(2010) and suggested two major patterns of SHmax (including E-W to ENE-WSW and NNW-SSE) with some local rotations.
However these results were not ranked based on WSM criteria. Herein we provide a brief discussion of the recent studies in
these areas:

Offshore Nile Delta

The Nile delta is the largest clastic sedimentation in the Mediterranean Sea and is comprised of two prograding clastic
systems (i.e. Jurassic-Miocene and Pliocene-Recent) that are separated by the major Messinian erosional event and evaporites
(Tingay et al., 2012 from, Sestini 1989; Marten et al., 2004). The Nile Delta is located near to several plate boundaries that
may influence the orientation of SHmax (Figure 5; Tingay et al., 2012).

A detail analysis of 558 breakouts and 68 drilling induced tensile fractures in 50 wells by Tingay et al., 2011 and 2012,
revealed a significant variation in the orientation of SHmax in sequences above and sequences below or absent of Mesinian
evaporites (Figure 5). The present-day SHmax orientations in sequences below or absent of evaporites revealed a well-known
example of margin-parallel SHmax orientation of Cenozoic deltas such as Mississippi and Baram Deltas (Yassir and Zerwer,
1997; Tingay et al., 2005; King et al., 2009) that is thought to be generated by the shape of clastic wedge (Figure 6). However,
the present-day stress SHmax orientation in sequences above evaporites is highly complicated (even in individual wells) and
show a new type of ‘non-Andersonian faults’ that are oriented at an anomalous angle with respect to intermediate and
minimum principal stresses in this extensional system (SHmax and Shmin respectively).
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Figure 5: The present-day stress SHmax orientations in Nile Delta (From Tingay et al., 2011 and 2012). SHmax orientation bellow or south of
evaporites (blue symbols (Tingay et al., 2012) and red crosses (Bosworth, 2006)) show an approximately NNE-SSW in the western Nile Delta which is
a text-book example of margin-parallel deltaic stress field. However, the SHmax orientation is highly scattered for the sequences upper the
evaporites. Of course the average SHmax orientation is perpendicular to the margin which is an evidence of a new type of non-Andersonian faulting.
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Figure 6: A) a schematic relationship between SHmax orientation and passive-margin Cenozoic deltas’ structures (Tingay et al., 2005 adapted from
Yassir and Zerwer, 1997). The convex upward shape of the clastic wedge produce a gravity-driven extension toward the delta toe, resulting in
margin-parallel SHmax orientation on the shelf and margin-normal thrusting in the delta toe. B) Model proposed by Tingay et al., 2012 for the ‘on
the shelf’ of Nile Delta that shows a margin-parallel for sequences below or absent of evaporites (that are consistent with general models (i.e. A)).
However, in sequences above evaporites is the SHmax orientation is in contrary with the general model and is perpendicular to the margin. Tingay et
al., 2012 proposed the margin-normal SHmax orientation is result of forces exerted by salt withdrawal.

South and Southwest of Iran

South and Southwest of Iran is a part of the Zagros fold-and-thrust belt which is a collisional belt between the Iranian block
(belonging to Eurasia) and the Arabian plate (McQuarrie, 2004; Alavi, 1994). This area is highly active in terms of plate
tectonics and seismicity. Along the plate boundary, there are several SHmax orientation data in the WSM, but all the data are
from focal mechanism solutions of earthquake that maybe cannot reveal the state of stress in smaller area (Figure 4). However
recent studies in South and Southwest of Iran by Rajabi 2009; Yaghoubi and Zeinali, 2009; Rajabi et al., 2010 and Haghi et
al.,, 2013 revealed a correlation between SHmax orientations derived from breakouts and earthquake focal mechanism
solutions in near plate boundaries and suggesting that focal mechanism solution data near continental collision zones may
provide reliable information of the stress orientation. However, Yaghoubi and Zeinali, 2009 in one of the studied wells in SW
Iran found a standard deviation of 26° for SHmax orientation determined from image log. In addition, some new unpublished
wellbore results far away the plate boundary show some perturbation in SHmax orientation, which is reasonable due to
presence of several detachment zones (such as evaporites and shales), active fault and fracturing in this area.

Summary and Conclusions

The WSM project has complied (over more than 25 years) a public global data set of the present-day tectonic stress
information to determine and understand the state of stress in the Earth’s lithosphere. The crustal present-day stresses in most
tectonic plates are controlled by plate boundaries (such as ridge push and slab pull) or by large intraplate features. However,
the state of stress in small scale is highly complex and is still under exploration. Yet, the WSM project contains free and public
information for over 80 basins around the world, but except a detail study in Nile Delta and some other petroleum wells in Iran
and Oman there is not any wellbore information in the Middle East and Northern Africa which contain a numerous petroleum
wells.

In addition, results of the WSM project (particularly since the ‘Present-day stress in sedimentary basins initiative’ in WSM
project in 2004) have revealed that the contemporary state of stress can be influenced by several factors (geological features
and contrasts) and a single strategy cannot be adopted to predict present-day stress in different sedimentary basins. Even,
recent studies in Nile Delta revealed several issues that are in contrary with previous hypotheses.

Although the Most comprehensive application of the present-day stress orientation are in petroleum industry (for borehole
stability, reservoir drainage, pore pressure prediction, fluid flow in naturally-fractured reservoirs, hydraulic fracture
stimulation and seal breach by fault reactivation) but it has a lot of applications in geodynamics, neotectonics, earthquake
hazard and rock mechanics/engineering. Hence, knowledge of the present-day stress orientation is particularly important in
this area which this area has an extensive and mature petroleum exploration and production industry; and also is located in an
active earthquake belt that is prone to stress related geohazards such as earthquakes.
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