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Abstract

The Zagros-Taurus fold and thrust belt hosts a iffrohydrocarbon system. Most
hydrocarbon reserves are stored in naturally fradtuweservoirs and such fracture systems
can therefore have a significant impact on reserpgerformance. Fractures are one of the
most important paths for fluid flow in carbonateservoirs, and industrial geoscientists and
engineers therefore need to understand and studyufe patterns in order to optimise
hydrocarbon production. The observed fracture patan outcrops may have implications on
fluid flow and reservoir modelling in subsurfaceeevoirs, and we have therefore undertaken
a case study of fracturing associated with regidalaling in Iraqi Kurdistan. In this area,
some exploration wells currently target Upper T8iaslolostones (Kurra Chine Formation)
and/or Lower Jurassic limestones and dolomitiseteditones (Sehkaniyan Formation). In
both units hydrocarbon production comes mainly freecondary porosity created by

dolomitisation, dissolution and fracturing. Bothrfaations have undergone multiple phases of



deformation associated with burial, uplift, foldiagd thrusting. We investigate some fracture
pattern characteristics and some petrophysical goties of these units using selected
outcrops around the Gara, Ora and Ranya anticlireesorm folds directly traceable for 25-
70 km. Our outcrop data is compared with subsurfaaeture and petrophysical datasets
reported from wells in the nearby Shaikhan and &wkka Fields. The 1-2-3D fracture
attributes collected from outcrops are fracturemtation, type, spacing, intensity, length and
cross-cutting and abutting relationships. Fractrrentations show a clear relationship to the
local fold axis in both the outcrop and subsurfaadéhough in some cases they appear to
relate more to the present daysitu maximum horizontal stress direction or local strgie
faulting. Three stages of fracturing are proposed:folding, early-folding and post-folding
fractures. In addition, we report petrophysicalgaies - porosity, permeability and acoustic
velocity of both the Kurra Chine and Sehkaniyamfations in relation to their structural
position within folds and faults and stratigraphievel. The highest porosities and
permeabilities are recorded in the hinges and babkl of the Gara Anticline. The best
reservoir quality (highest porosity and permeafilis often found in areas associated with
replacement dolomite i.e. solution vugs and intestalline porosity. The Kurra Chine
Formation displays similar trends in velocity-patgpslata at both outcrop and the subsurface.
However, the Sehkaniyan Formation displays low@&uatc velocity for a given porosity at

outcrop compared to the subsurface.
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1. Introduction

Fractures are one of the most important pathsléd flow in carbonate reservoirs. Natural
fracture systems can have a dramatic impact onrvaseperformance and can act as
permeable flow conduits or as baffles and sealsi(@®et al., 2000; Agosta, 2008). Outcrop
analogue studies can improve understanding of saspects of fracture distributions and
their influence on fluid flow in fractured reserwi(e.g. Antonellini and Mollema, 2000;
Aydin, 2000; Nelson, 2001; Stephenson et al., 20@épmbe et al., 2011) and their influence
on petrophysical properties such as porosity anacitg (Nemati and Pezeshk, 2005; Healy
et al., 2015). Howevethe scaled outcrop data should be used with camdar to improve
reservoir modelling and constrain uncertaintiesa(gtet al., 2006; Wennberg et al., 2006; Barr et
al., 2007; Lapponi et al., 2011)or example, the processes that have affectedufeact
generation at outcrop such as uplift, gas expansind erosion would not have occurred at
depth, and is not therefore relevant to deepervess.

The Zagros mountain belt is a prolific petroleuroyance with several producing oil
and gas fields (e.g. Cooper, 2007). Numerous optanalogue studies of fractured reservoirs
have been undertaken, describing fracture patternthe Zagros fold and thrust belt,
especially in Iran (e.g. Wennberg et al., 2006; Adiadi et al., 2008; Stephenson et al.,
2007; Casini et al., 2011; Lacombe et al., 201 Manaet al., 2011). Reservoirs are mainly
fractured carbonates developed at a variety otigtaghic levels. Many studies show that
fracture pattern is controlled by mechanical sgragpphy and petrophysical properties such as
porosity (e.g. McQuillan, 1973; Huang and Angeli&®89; Underwood et al., 2003; Nemati
and Pezeshk, 2005; Wennberg et al., 2006). Indysitifolded carbonate units in SW Iran,
Wennberg et al. (2006) suggest that the spatidfildlision of fractures is a multivariate
problem, where fracture attributes such as oriemtatlength, spacing and apertures are

functions of position within the fold, sedimentaigxture and mechanical bed thickness.



Fracture patterns could also be controlled by ttedugion of fluid pressures during burial and
evolution of the stress field during unroofing (épig).

The fracture patterns and petrophysical propedigstential carbonate reservoirs are
investigated within Iragi Kurdistan, as represenbsdthe Sehkaniyan Formation (Lower
Jurassic) and the Kurra Chine Formation (Uppersbi@ (Figs. la, 1b, 2). The outcrop
fracture datasets are mainly collected in E-W tmegdstructures and nearby subsurface oil
fields. These localities are chosen because obtiierop exposures of the studied units. In
this paper, we focus on the potential control tiegional anticlines may exert on the fracture
patterns and petrophysical properties of folded faactured carbonates. Reservoir units are
analysed in outcrops around regional folds compgithe Gara, Ora and Ranya anticlines,
and in the subsurface within the Shaikhan and Swia oil fields (Figs. 1a, b). The Gara
Anticline is studied because it is regarded aslgialitcrop analogue to the nearby Shaikhan
and Swara Tika fields, whereas the Ora and Ranyelinas were selected as supplementary
outcrops as they exhibit good exposures of the &@hine and Sehkaniyan formations,

respectively.

2. Geological setting

2.1. Tectonics

The Zagros-Taurus fold and thrust belt is situatkehg the NE margin of the Arabian Plate.
It has developed as a consequence of the obliglisi@mo between the Arabian and the
Eurasian plates (Homke et al., 2004; Homke et28l09), reflecting gradual closure of the
NeoTethys Ocean mainly during Late Cretaceous—Cradimes (Talbot and Alavi, 1996).

The onset of Arabian—Eurasian plate collision, asdociated folding and thrusting of the

Zagros Orogeny started in the Oligocene and ik attive (Fard et al., 2006). The Zagros



orogenic belt in Kurdistan can be divided into faistinct structural zones, that from the NE
hinterland to the SW foreland, and are named tlagr@s Suture, Imbricated Zone, Highly
Folded Zone, Foothill Zone and Mesopotamian FoeRasin (Jassim and Goff, 2006) (Fig.
la). The Imbricate and Highly Folded zones are atttarised by major surface-breaching,
mainly SW-verging thrust-related anticlines, wheremajor folds above blind thrusts
characterise the Foothill Zone (Awdal et al., 2013)e orientation of fold axes in the study
area varies from NW-SE Zagros (e.g. Ranya Antigliee WNW-ESE Taurus trends (e.g.

Gara and Swara Tika anticlines) (Fig. 1b).

The structural style of the Zagros-Taurus fold d@madist belt in Iragi Kurdistan is
characterised by thin- and thick-skinned tectoniksibli and McKenna, 2013), and is
segmented due to the interaction of the exposwea End variations in decollement levels
along strike (Granath and Odell, 2014). The straipy is dominated by competent to
incompetent carbonate units interbedded with dethchtervals of incompetent siliciclastic
rocks often bearing evaporite beds. The main tkinaed detachment levels occur in the
Lower Fars (Neogene), the Gercus-Kolosh (Palaeggéme Jurassic, and the Baluti (Upper
Triassic). In addition, thick-skinned detachmentele are likely to occur at one or more
deeper levels within the Palaeozoic (e.g. Ora $h@Branath and Odell, 2014). This
stratigraphic architecture sets up a structurdlestpmposed of ramps cutting across the
competent carbonates, and flats running along ipebtemt units (Al-Breefkani, 2008;
Granath and Odell, 2014). Duplexes are formed lgyoaip of ramps and comprise narrow
repeated fault slices that build structural reliéfe floor thrust is the lower detachment below
the duplex, whereas a possible passive roof fauthe upper detachment which isolates the
duplex from an overlying carapace of less deformostts (Al-Breefkani, 2008; Granath and
Odell, 2014). In south-eastern Iraqi Kurdistan, sieface structures are decoupled from the

more complex subsurface structures by multiplesthsheets. Folding, faulting and uplift of



early formed thrust sheets took place during pregjve structural thickening of the orogenic
wedge. The orogenic wedge itself is characterisgdabstack of nappes and hinterland-
dipping, connecting splay duplexes (Banks, 2013sdBnent blocks are possibly involved in
the thick-skinned tectonic phase and there is rikely reactivation along some of the pre-

existing Late Cretaceous extensional faults (Kabtl McKenna, 2013).

Gara and Shaikhan are asymmetrical double-plungingclines with N-directed
vergence and WNW-ESE and E-W orientated fold ase=pectively. Conversely, Swara Tika
Is an asymmetrical double-plunging anticline (pericline) with S-directed vergence and a
WNW-ESE orientated fold axis. The Ora Anticlineals asymmetrical, cylindrical and open
fold with S-directed vergence and E-W orientatedd faxis. The Ranya Anticline is
asymmetrical with NE-directed vergence and a NWe8Ented fold axis. The Gara, Ranya,
Shaikhan and Swara Tika anticlines are all locatélin the Highly Folded Zone, whereas
the Ora Anticline is positioned within the Imbriedt Zone of the Zagros-Taurus fold and
thrust belt. These anticlines display a range afnggtrical similarities and differences, in

terms of structural styles and fractured reserobaracteristics.

2.2. Stratigraphy
The studied stratigraphic units are the Upper Sra¥urra Chine and Lower Jurassic
Sehkaniyan formations (Figs. 1b, 2). Both units @yasidered as good reservoirs in recent
discoveries within Kurdistan, and contain hydrocad within the Shaikhan, Atrush and
Swara Tika fields (Figs. 1a, b). The subsurfacevedents to the Sehkaniyan Formation in
Irag are the Alan, Mus and Adaiyah formations (Baflen et al., 1959) (Fig. 2).

The Kurra Chine Formation was deposited duringltaee Triassic within the Kand

and Qara Chauq sub-basins of northern Iraq (Sad@68b). The Kurra Chine Formation is



assigned to the Kand Basin (Carnian-Norian) whimvecs an area of 10,000 kim northern
Kurdistan (Sadooni, 1995). Well data indicates aimam sediment thickness of up to 1000
m in the basin. The thickness is varied in outcrapd this variation is possibly due to
dissolution of evaporite beds (Agrawi et al., 201®@dimentation was affected by basement
block faulting, the initiation of NeoTethys riftirgnd by arid and semi-arid climate conditions
(Sadooni, 1995). During the Late Triassic, the ntagtonic events were passive subsidence
and minor extension. The Early Jurassic rocks werdginuously deposited over the Triassic
rocks (Sissakian, 2013). According to microfaciealgsis, the Sehkaniyan Formation was
deposited in shallow open and restricted marinee$aon a carbonate platform ramp (Jassim
and Goff, 2006).

The Kurra Chine Formation is best exposed at fis tgcality along the northern flank
of the Ora Anticline (Figs. 1a, b). Here, the tmeks of the unit is 834 m and comprises
dolomitised carbonates. On the southern limb of@ma Anticline, the entire Kurra Chine
section is represented by crystalline dolomites Emeéstones (van Bellen et al., 1959). It
crops out in a few other localities such as indbee of the Gara Anticline. At outcrop, the
unit consists of alternating thin-bedded and ttbekided limestones, with intercalations of
thick-bedded foetid dolomites showing slump-struesy and of papery shales. Breccia beds
at the type section were interpreted as being fdrime dissolution and recrystallization of
evaporites by meteoric waters (van Bellen et &59). This interpretation is supported by the
presence of thick evaporite intervals in the sulaser (Agrawi et al., 2010). The Kurra Chine
Formation was possibly deposited on an epeiridgiat, dominated by subtidal to supratidal
cycles with the local development of sabkhas (Adretnal., 2010). However, there are well
developed black shales reported in some subsunfalte, and these may have been deposited

in restricted intrashelf basins such as the KarglrBgadooni, 1995; Agrawi et al., 2010).



The Sehkaniyan Formation (Lower Jurassic) is exgpose the hinges of many
anticlines in Kurdistan, and forms the core of Gamnd Ranya anticlines, where it defines an
upstanding ridge along the hinge of the Gara Amigcllt is up to 350 m thick and consists of
foetid, saccharoidal dolomites and dolomitised Bitoees. These locally contain chert, and
organic and pellety limestones (locally dolomitisewvith silicified fossils and pseudo
breccias. The breccias were probably formed bydiksolution of evaporites (van Bellen et
al., 1959; Agrawi et al., 2010). The lower partlé Sehkaniyan Formation was deposited in
a restricted carbonate platform facies (Aqrawilet2010) while the middle and the upper

parts are euxinic (Buday, 1980).

3. Summary of the studied fracture elements

Some fundamental controls on carbonate fracturieg baurial, diagenesis, dolomitisation,
hydrocarbon fluid expansion, overpressure, proximid pre-existing faults, evolution of
mechanical and fracture stratigraphies, mecharacasotropy and overburden removal.
Therefore, the timing of the numerous fracture gatnens and the fundamental deformation
mechanisms of an evolving fold-thrust belt is calicin order to fully discern the evolution of
the fracture system, it would require analysis afbonate sedimentology, paragenesis, fluid
evolution, modelling of burial and uplift magnitwland timing etc. However, this paper is
only assessing some aspects of present-day frazdtterns (Table 1). In this paper, joints are
the studied fracture type as they are common sirestin all study areas. The scope of this
paper is narrower than other fracture studies ld-florust belts that cover pre-folding joints
(Bergbauer and Pollard, 2004), fracture intensgysus mechanical stratigraphy (Wennberg
et al., 2006), fracture density and surface curea{Bergbauer, 2007; Cosgrove, 2015) and

the role of mechanical anisotropy and curvaturdracture development (Stephenson et al.,



2007). The current study is time and outcrop camstd compared to these other fracture

studies.

Fractures in fold-thrust belts can be generatdieeipre-folding or post-folding (e.g.
Bellahsen et al., 2006; Ameen et al., 2010) (F)g.aBd can be distinguished using criteria
such as relation between fracture orientationsthedold axis, fracture dip angle with respect
to bedding, and others. Extensional fractures meeldp on the outer arcs of flexural slip
folds. In addition, some fractures may not be af #ame age as contractional folds. The
proposed conceptual model in this study may onlafyaicable to the studied anticlines and
not beyond. Because folded structures are the fotctigs paper, the fractured carbonates are
studied at different structural positions of thielép but not further away from these folds. The
solution of limestones and evaporites may redueetdire width, and hence reduce
connectivity and permeability. However, dolomitieat enhances matrix porosity due to
formation of intercrystalline porosity, and whenlatuitisation is structurally controlled, it
develops good reservoir quality facies in the vtgimf faults and fracture corridors. Faults
and fractures act as fluid-migration pathways ahnelytare the main controls on vuggy

porosity distribution during deep burial (Langy0B).

4. Methods and Data

4.1. Outcrop data

Field work was conducted in outcrops of the Kurtan@ and Sehkaniyan formations around
the Gara, Ora and Ranya anticlines (Figs. la, bgsé@ folds are chosen because of the
outcrop exposures of the studied units. Both foionat are regarded as fractured reservoir
units with hydrocarbon shows in several boreholeshe region. One-dimensional line

sampling (scanlines) was used for outcrop dataectdin, following the methodology of



Priest (1993). This sampling technique requiresedl-exposed, bedding surface or planar
rock face that is large relative to the size aracspm of the exposed fractures. Each scanline
was marked with a measuring tape, and was aroundh30ng. In order to reduce the
directional sampling bias, the scan lines wereupeperpendicular to fractures. The reported
fracture data were measured from 15 scanlines ddibg planes at different localities around
the Gara, Ora and Ranya anticlines. These localitiere carefully chosen in order to collect
representative data from different structural posg in each fold, i.e. the forelimb, backlimb
and hinge areas of each fold. Data sampled alooly seanline includes: fracture spacing,
fracture strike and dip, fracture length, fracttyige and type of fracture termination (covered,
termination in intact rock or fracture tips abugtiagainst other fractures). In order to compare
fracture orientations to the local fold axis andestigate if there is a pre-folding fracture
family, fractures are back-tilted until associabealding is restored to the horizontal. Bedding
dip removal is required to determine the origiretl &f fractures that could have been subject
to a later regional folding event. It is also reqdito study the relation between pre-folded
fracture orientation and the incipient compressiorshortening direction of a later formed
fold.

Fracture orientation data were graphically preskmig using stereograms to describe the
fracture surface as planes in 3D, and rose diagtaifiastrate the trend of the fracture strikes
in 2D. Furthermore, the sampling bias of fractuemgities from directional scanlines was

corrected using the Terzaghi correction (Terzab®g5).

4.2. Subsurface data
Subsurface datasets were analysed from the Sha#dthBwara Tika fields, as they are close
to outcrop analogues of the Gara Anticline. Wireland image log datasets were analysed

from the Shaikhan Field (vertical wells SH-1, SH@d SH-4) and the Swara Tika Field
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(deviated wells ST-1 and ST-2) (Figs. 1a, b). Timage logs were calibrated for depth to
available drill core by using wireline logs suchsgeectral gamma ray, density and neutron
logs. Fracture dip is measured relative to horiaipntith the formation dip being rather low
because the wells are located near the creste airiticlines.

Image logs provide information about the locateord orientation of fractures in the
reservoirs. Resistivity borehole images such asnBtion Micro Imager (FMI) and Extended
Range Micro Imager (XRMI) were used for fracturdempretation in Techlog software
(Schlumberger Ltd., 2013). The image log raw aratessed data (i.e. DLIS files) are used
for fracture interpretation. No depth shift corfentwas applied to the datasets because the
image log depth matched with the wireline depthd Haages were created and oriented
relative to the north of the borehole. Static aryhasimic image logs were generated by
applying different normalisation to the image. Eieally conductive features appear dark on
resistivity images, while electrically resistiveatares appear bright, and hybrid features
appear dark and bright. Natural fractures were raiypicked and interpreted as potentially
open fractures (conductive features), potentialigaralised fractures (resistive features) and
part-open part-mineralised fractures (hybrid feadr

In addition, density and sonic logs were used tantjfy porosity and acoustic
velocity from wells SH-1 and ST-1 using a scripttten in Matlab software (The MathWorks

Inc., 2013). The plotted porosity and acoustic egjyodata represent fluid saturated intervals.

4.3. Laboratory work

In order to measure porosity, permeability and atiowelocity, a total of 65 core plugs
measuring 2.54 cm in diameter and varying in lergttween 2.54 and 5.08 cm were drilled
from 57 outcrop samples, collected around the Gara,and Ranya anticlines. All core plugs

were initially washed with water and then driedaim oven at 4% for 24 hours in order to
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remove water trapped in pores. Porosity was theasared using helium in a porosimeter.
Permeability was measured using nitrogen in a ldasdkéeve permeameter. To investigate
the impact of burial depth, core plug permeabiitys also measured in a confining pressure
permeameter using nitrogen gas as pore fluid. ABasurements were run at room
temperatures ranging between 18@2 P-wave velocity was measured using a digital
oscilloscope and a pulse generator. For acoustaxitye measurement, a frequency of 100
and 1000 kHz were used. The petrophysical progedieoutcrop core plugs were measured
under dry sample conditions. It should be noted tihese differ from porosity and acoustic
velocity data measured from wireline logs, whick eonsidered to be fluid saturated.

We now describe the results of the analysis oftdirgc patterns and petrophysical
properties from each of the outcrop study areasaGara and Ranya anticlines, together with

the Shaikhan and Swara Tika sub-surface fields.

5. Gara Anticline

The Gara Anticline is located about 55 km eastinedstwards from Duhok City within the
Highly Folded Zone of the Zagros fold and thrustt {€igs. 1a, b). It is a WNW-ESE
trending asymmetrical and double-plunging anticlifke Gara Anticline is a regional fold
traceable for 72 km along its length, and is up@dm in width as marked by the closure of
competent Agra Formation. The structure verges tasvéhe north, with several local thrust
faults displaying top toward the south displacem&he northern flank of the anticline is also
cut by several faults that form deep narrow gotesugh the Pila Spi, Aqra and Sehkaniyan
carbonate formations. The core of the anticlinadsessible through the Derash and Garagu
Gullies and comprises Kurra Chine, Baluti (Uppera3sic) and Sarki Formations (Lower

Jurassic). The dip of stratigraphic units in thetimern flank increases gradually towards the
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lower stratigraphic levels, with the dip of the assic units abruptly increasing to nearly

vertical due to thrust faulting as observed at tc

5.1. Fracture orientation and intensity in the Gara Anticline

Fracture datasets were collected from three loeslitvithin the Kurra Chine Formation
exposed around the Gara Anticline. These localiressituated in the forelimb (KC-1); hinge
(KC-2) and in the backlimb (KC-3) of the fold (Figta). Fracture attributes such as
orientation, intensity and type were measured ah ed these localities. Locality KC-1 is
positioned north of the axial trace of the Garaidlimte. Bedding dips gently (~2Rtowards
the north and is considered to form part of thelforb of the Gara Anticline. Joints and veins
are the most common fracture types (Figs. 4b, ©stNracture dips are sub-perpendicular to
bedding, allowing fracture sets to be characterigecbrding to their trend. Four sets of
fractures were observed at this locality trendiflgWNW-ESE; (ii) ENE-WSW; (iii) NNE-
SSW and (iv) NE-SW (Fig. 5a). The first two frae@uwets dominate the outcrop. Fractures
strike NNE-SSW are perpendicular to the fold akiscture intensity or 1D fracture density
is the number of fracture intersections per umgté along a scanline, and it is referred to as
P10 (m") (Dershowitz and Herda, 1992; Aliverti et al., 3p0The measured fracture intensity
(P10) at this locality is 5.12 T This intensity value represents all fracture .sktsddition,

tectonic stylolites were observed cross cuttinggofhactures that now contain bitumen.

Locality KC-2 is 2.5 km to the east of locality KCin the hinge zone of the Gara
Anticline (Fig. 5a). Bedding is almost horizontak{) reflecting its position at the crest of the
anticline. Some fractures are veins that are pirtidled with calcite and oriented NNE-
SSW. A dominant fracture set striking WNW-ESE widserved in the outcrop (Fig. 5a).
Locality KC-3 is about 4 km further east from lataKC-2 and lies on the backlimb of the

Gara Anticline. This locality exposes the Kurra @hiFormation (Fig. 4b). Bedding dips
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moderately to the south (<38nd fractures are oriented in NE-SW, NW-SE, Nafl E-W
directions (Fig. 5a). Bedding-parallel shear fraesu(veins) have been observed at all
localities, while bitumen was noted along somettrees, and in particular at locality KC-1.
The WNW-ESE fracture set parallels the fold axisile&vihe NNE-SSW set is oriented

perpendicular to the fold axis (Fig. 5a).

The Sehkaniyan Formation is a massive carbonatedtdes not display well defined
bedding surfaces or smooth rock faces for fracstmdies. Nevertheless, fracture orientation
data and rock samples were collected at four loesliaround the Gara Anticline. These
include the forelimb (SK-1, SK-2) and the backlif8K-3, SK-4) of the fold (Figs. 5a, b).
Fractures in the Sehkaniyan Formation are domipanténted E-W and N-S, with a minority
of NE-SW and NW-SE orientations (Fig. 5a). The mgjoof fractures are joints which are
sub-perpendicular to the bedding, while otherdayer-oblique fractures. In some cases they
form conjugate sets whose acute angle is bisegteldebshortening direction, such as those at
locality SK-2 (Fig. 5a). Hydrocarbon in the forml@tumen has invaded the partly cemented
fractures and vugs in the damage zones of thrustsfavithin the Sehkaniyan Formation
(Figs. 4d, e), and will be discussed in more dataitelation to implications for fracture
timing. Furthermore, tectonic stylolites were atdzserved to contain bitumen and cross cut
other fractures. This is particularly observed atality SK-2 within the damage zone of a

thrust fault associated with top to the south dispinent (Figs. 5a, b).

The observed NNE-SSW fractures strike perpendicdadahe fold axis in the Gara
Anticline. This fracture set is partially cementedth calcite and is hydrocarbon stained.
Another hydrocarbon stained fracture set is obskaleng and within the damage zone of the
E-W striking thrust faults. These observations magve implications for reservoir
connectivity in the subsurface. Furthermore, stretsase during uplift and weathering are

likely to enhance the differences in fracture patebetween the surface and subsurface
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anticlines. Fracture patterns at surface can lextaifl by evolution of the stress field during
unroofing (uplifting), whereas fractures may beluehced by evolution of fluid pressures

during burial at subsurface condition.

5.2. Petrophysical propertiesin the Gara Anticline

Helium porosity, nitrogen permeability, confiningepsure-permeability and acoustic velocity
were measured from core plugs drilled from the mytsamples. There is a general trend of
increasing permeability with increasing porositygé: 6a, b). Porosity-permeability datasets
for both the Kurra Chine and Sehkaniyan reservoitsuvere also classified relative to their
structural positions around the Gara Anticline §i§c, d). Within the Sehkaniyan Formation
exposed around the Gara Anticline, a range of pigesare found in the backlimb (varying
from 3.4 — 13.2%), in the hinge zone (2.3 — 10.986) in the forelimb of the fold (2.2 —
6.3%) (Fig. 6¢). Permeabilities vary in the backi(®.005 — 5.7 mD), in the hinge zone (0.02

— 26.4 mD), and in the forelimb of the fold (0.0B-6 mD) (Fig. 6c).

In the Kurra Chine Formation, porosities rangingnir9.5 — 18.9% are found in the
backlimb of the Gara Anticline, 6.1% in the hingme, and 2.7 — 12.8% in the forelimb of
the fold (Fig. 6d). Similarly, variable permeabéd are found in the backlimb (0.1 — 16.5
mD), in the hinge zone (0.04 mD), and in the fonéliof the fold (0.0003 — 0.7 mD) (Fig.

6d).

6. Ora Anticline

The Ora Anticline is located 50 km NE of Duhok C{fyigs. 1a, b). Despite its location
within the Imbricated Zone, its outcrops providee ttype section of the Kurra Chine

Formation. The Ora Anticline is an E-W trending rasyetrical anticline which verges
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towards south. It is a hanging wall anticline wétlsteep forelimb that is carried on a south-
directed thrust (Figs. 7a, b). Parasitic folds ugggowards the south are also observed in the
lower part of the Kurra Chine section. The struetig traceable along its length for 25 km
and has a width of 11 km. The Khabour Quartzitentadion (Ordovician) makes up the core
of the anticline, whereas other Palaeozoic and Kasaunits crop out along its flanks (Figs.
7a, b). Both dextral and sinistral strike-slip tauhave been observed in the southern limb of

the Ora Anticline (Fig. 7a).

The Kurra Chine Formation crops out along the resrthand southern limbs of the
Ora Anticline. Due to security considerations, &snonly possible to collect fracture data and
samples from the southern limb of the fold. Thectinvee data were collected from three
localities at different stratigraphical levels dnstsouthern limb. The unit comprises bedded
limestone in the lower part, massive dolomitisedelstone in the middle part, and karstified
dolomitised limestone in its upper part. The ugpat of the Kurra Chine Formation is highly

deformed and structurally brecciated.

6.1. Fracture orientation and intensity in the Ora Anticline

As noted above, fracture datasets were collectéute localities on the southern forelimb of
the Ora Anticline (Figs. 7a, b). Most fractures digb-perpendicular to bedding and may
therefore be categorised according to trend. Fragtdre sets trending N-S, E-W, NE-SW
and NW-SE were identified from the stereograms.(F&). Most fractures are veins filled

with calcite. The N-S and NE-SW fracture sets aality KC-2 together form a conjugate set,
with the acute bisector forming parallel to a IOBNE-SSW trending sinistral strike slip fault

(Fig. 7a). The three locations are however in clpseimity to a strike-slip fault and lie

within the damage zone of the fault. 1D fracturegiy (P10) ranges between 0.46 and 2.89
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m* for all fracture sets. In terms of their lengtiactures are observed to be short (0.25 — 3
m) at locality KC-1, are relatively longer (4 — i at locality KC-2, while their lengths are
obscured by scree at locality KC-3. Furthermore, ritgjority of fracture terminations are of

fracture-abutting type at all three localities.

6.2. Petrophysical propertiesin the Ora Anticline

The Kurra Chine Formation exposed in the Ora Amldisplays a general trend of
increasing permeability with increasing porosityg(F6b). The porosities range over two
orders of magnitude (0.8 - 19.2%), while permetbdivary over four orders of magnitude
(0.0015 - 19.8 mD) (Fig. 6b). The Kurra Chine detasome from the steep forelimb of the
Ora Anticline and damage zones of strike-slip faulThe high porosities and high
permeabilities can be attributed to the structpa@dition of the fold and fault zones, and

presumably related to micro fractures observetiéncore plugs.

7. Ranya Anticline

The Ranya Anticline is located in the Highly Foldédne of the Zagros fold and thrust belt
about 75 km east of Erbil City (Figs. 1a, b). lais asymmetrical anticline with NE-directed
vergence and a NW-SE orientated fold axis (Figsb®aThe anticline extends for 27 km and
is 7 km wide (Fig. 1b). The Sehkaniyan Formatiorexposed at the core of the anticline,

which has been extensively eroded resulting inegp delley along the fold axis.
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7.1. Fracture orientation and intensity in the Ranya Anticline

Fracture data and samples were collected near rdamiilage, which is located a few
kilometres to the north of Ranya City (Fig. 8a)eTdtudy area is located within the forelimb
of the Ranya Anticline, which comprises Sehkanigad Sarki formations (Lower Jurassic)
(Figs. 8a, b). The datasets have been collected fle better exposed upper part of the

Sehkaniyan Formation (Fig. 8b).

The fracture data in the Sehkaniyan Formation shawdominant N-S orientation, a
less dominant hinge parallel trend represented Wy¢SE fractures, and a hinge perpendicular
trend represented by NE-SW orientations (Fig. &a)the overlying Sargelu Formation,
fracture orientations at locality SG-1 are defirsdtwo dominant orthogonal sets of NNE-
SSW and WNW-ESE fractures (Fig. 8a). Most fractuaes sub-perpendicular to bedding.
Fractures in the Sargelu Formation are confinedthiy limestone layers. Furthermore,
fractures in the limestones of the Sargelu Formadie generally more abundant and display
a greater fracture density than those in the massmostones and dolomitised limestones of
the Sehkaniyan Formation. The average 1D fractwesity (P10) in the Sehkaniyan
Formation is 1.47 fhwhile it is 5.27 ntin the overlying Sargelu Formation (Fig. 9). Mot o
these fractures belong to the ~N-S striking fraztset. The fracture lengths are variable and
range from 0.25 m to up to more than 7 m, wheretdra tips are obscured. Fracture
terminations are of fracture-abutting type. Funthere, most fractures are joints at locality
SK-2, whereas they are veins filled with calcitéogtlities SK-1 and SK-3 as well as locality

SG-1.
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7.2. Petrophysical propertiesin the Ranya Anticline

The Sehkaniyan Formation in the Ranya Anticlinepldigs a general trend of increasing
permeability with increasing porosity (Fig. 6a).eTporosities are distributed within one order
of magnitude (1.1 — 7.5%), while permeabilities apeead over three orders of magnitude
(0.001 — 1.5 mD) (Fig. 6a). The Sehkaniyan dataset sampled from the forelimb of the
Ranya Anticline, and shows a similar distributi@anthose measured in the forelimb of the
Gara Anticline (Fig. 6c¢). Furthermore, the porogigrmeability datasets from the Sehkaniyan
outcrops make a clustering pattern around a bedné (Fig. 6a), whereas the porosity-
permeability trend in the Kurra Chine Formation hascattering pattern around a best-fit line

(Fig. 6b).

7.3. Permeability versus confining pressure

In order to investigate the impact of burial depth permeability reduction and fluid flow

within the Kurra Chine and Sehkaniyan formationge fsamples from each rock unit are
analysed for permeability using stepwise increabiyyostatic confining pressure (Figs. 10a,
b). The data were collected from 20 MPa up to aimam confining pressure of 100 MPa.
The Kurra Chine reservoir can be represented bgndiring pressure of 60 MPa, which

corresponds to approximately 3 km of burial defbermeability values show their most
significant reduction over the first 20 MPa of apgl confining pressure (Fig. 10b). Ratios
between initial and final permeability values rarfigem 0.27 to 0.09 in the Kurra Chine and
from 0.46 to 0.17 in the Sehkaniyan (Figs. 10a;The datasets show a variation in confining
pressure permeability of the Kurra Chine and Selylaan The permeabilities of the Kurra

Chine Formation show variation of one order of magle (0.02-0.62 mD) at a confining

pressure of 60 MPa. The permeabilities of the Sellgka Formation range within one order

19



of magnitude (0.11-0.73 mD) at a confining pressofe60 MPa (Figs. 10a, b). At high
confining pressure, permeability decreases draaiftionplying pore, crack or pore throat
closure, while at low confining pressure, the peahilty increases slightly, perhaps due to

dilatant opening of voids (cracks, pores or poredts).

8. Shaikhan Anticline

The Shaikhan Anticline is located about 85 km ® nlerthwest of Erbil City and is a double-
plunging fold within the Highly Folded Zone of t@agros fold and thrust belt (Figs. 1a, b).
The Shaikhan Anticline is an E-W trending asymnaeatrianticline which verges towards
north, is 30 km long and 7 km in width (Figs. 1@, Eight hydrocarbon reservoir formations
of Cretaceous and Triassic ages were encounterdtei®H-1B well, among them are the

Alan, Mus (Sehkaniyan equivalent) and Kurra Chiorenfations (Figs. 2, 11b).

8.1. Fracture orientation and intensity in the Shaikhan Anticline

Wells are located around the Shaikhan Anticlinduding the crest (SH-1), the backlimb
(SH-2), and the forelimb close to the western mafsthe fold (SH-4) (Fig. 11a). Three types
of fractures were interpreted from FMI and XRMI igealogs: conductive (open), resistive
(mineralised) and hybrid (part-open, part-miner)s as well as faults. The interpreted
fractures (mainly conductive and hybrid) and fasl®w a dominant N-S orientation in the
Sehkaniyan Formation in wells SH-1 and SH-2, addrminant WNW-ESE striking fractures

(mainly resistive) in the Kurra Chine Formationwell SH-4 (Fig. 11a). The WNW-ESE

fractures were observed in the damage zones of VWAS$HE- striking faults. The fault

orientations in well SH-4 parallel the fold axis\daalso align with the E-W oriented main

thrust that cuts through the forelimb of the Shaikinticline. The average corrected fracture
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intensity (P10_C) of the Mus-Adaiyah, Alan (Sehkam equivalent) and Kurra Chine
formations in wells SH-1, SH-2 and SH-4 are 0.3,1©.75 m" and 0.74 rl, respectively.
Furthermore, the fracture density is higher withsmatigraphical levels associated with

limestones, where two cross-cutting fracture seitst @ some cases.

8.2. Petrophysical propertiesin the Shaikhan Anticline

There is a general trend of decreasing porositly imtreasing P-wave acoustic velocity in the
Sehkaniyan and Kurra Chine intervals in the Shaikhalls (Figs. 12a, b). The Sehkaniyan
Formation displays a clustered trend of decreagorgsity with increasing acoustic velocity
(Fig. 12a). The Kurra Chine Formation shows a atersible scattering in P-wave velocity
(Fig. 12b). Furthermore, the Sehkaniyan Formatlwws higher velocity for a given porosity
at the subsurface than outcrops (Figs. 12a, 13a@. @etrophysical properties vary with
lithology at different stratigraphical levels. Fexample, the best reservoir quality is found at

a stratigraphic level which comprises a vuggy daterfacies in both units (Figs. 12a, b).

9. Swara Tika Anticline

The Swara Tika Anticline is a well-defined doublesming fold located 10 kilometres to the
SW of the Gara Anticline (Figs. la, b). The foldisais oriented WNW-ESE within the
Highly Folded Zone of the Zagros fold and thrudt fiéig. 11a). The Swara Tika Anticline is
an asymmetrical fold which verges towards soutt,5%km along the fold axis and 3 km in
width (Figs. 11a, b). The bedding dip from coreadiataround 10°, reflecting the position of
the wells close to the crest of the anticline. Thee data does not show much evidence for
layer-parallel slip, once again reflecting the kimwa of the cores from wells drilled at the crest

of the anticline. Bedding-parallel cleavage is hegreobserved from core data, and typically
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displays a dextral sense of movement. The primagemoir units are the Cretaceous

Qamchuga, Jurassic Sehkaniyan and the Triassi@Kihrine dolomite reservoirs.

9.1. Fracture orientation and intensity in the Swara Tika Anticline

The fractures and faults interpreted from FMI an@NH image logs show dominant N-S
trends in well ST-1 and dominant NNE-SSW trend ell8T-2, and a less abundant NW-SE
fault and fracture set (Fig. 11a). Conductive (Qpemd hybrid (part-open, part-mineralised)
fractures are abundant in well ST-1 whereas hybadtures are dominant in well ST-2.
Fractures of Jurassic intervals from the Swara CTik&s are partially filled with calcite veins
and invaded with oil. Many fractures in Jurassia afiriassic intervals are partially
mineralised by calcite, leading to a reduction iacture porosity. The average fracture
aperture was calculated in well ST-2 using the ggnantroduced by Luthi and Souhaite
(1990). This method depends on the fracture widthh mud filtrate resistivity. However,
fracture aperture measurement is also dependeothen factors such as mud weights, while
drilling may influence the amount of invasion, anahor changes in lithology which also
affect the resistivity values. The measured fracporosity ranges between 0.01% and 0.06%
in the Sehkaniyan Formation in well ST-2. High frae porosity corresponds to high
aperture and fracture density. High fracture dgnsidy indicate a fracture corridor, or can be
a function of lithological-mechanical control. Theverage corrected fracture intensity
(P10_C) of the Alan-Mus-Adaiyah (Sehkaniyan equea8l and Alan Formation in wells ST-

1 and ST-2 are 0.33frand 0.31 rii, respectively.
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9.2. Petrophysical propertiesin the Swara Tika Field

There is a general trend of decreasing porosityh wicreasing P-wave velocity in the
Sehkaniyan and Kurra Chine intervals in the Swaka Wells (Figs. 12c, d). Similar to the
Shaikhan datasets, the Sehkaniyan Formation shagterhacoustic velocity for a given
porosity at the subsurface when compared to therapg (Figs. 12c¢, 13a), while the Kurra

Chine Formation displays a significant scatterim@coustic velocity (Fig. 12d).

10. Reservoir characteristics of the Kurra Chine and Sehkaniyan

formations

The Kurra Chine and Sehkaniyan formations are napb fractured carbonate units in the
Upper Triassic and Lower Jurassic plays in Iragrdistan. In almost all recent wells that
have been drilled and encountered these unitseineion, they exhibit hydrocarbon show.
Their lithologies are heterogeneous and therefduelygng their fracture patterns and

petrophysical properties can help to understanerves types.

10.1. Petrophysical properties

Despite low matrix porosity and permeability in bathe Kurra Chine and Sehkaniyan
formations, they work as reservoirs because ofrdngtures. Both units can be considered as
reservoir type Il as fractures provide the esseméiservoir permeability, with low matrix
contribution (Nelson, 2001). In the current stuplgrosities of the Sehkaniyan Formation vary
between 1% and 14% at outcrops and subsurfacepemadeabilities show a range of four
orders of magnitude (0.001-26 mD) (Fig. 6a). Pdiesiof the Kurra Chine Formation range

from 0.8% to about 19% at outcrops and subsurtawe permeabilities show higher variation
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(about five orders of magnitude, 0.0003-20 mD) (Mig). Overall there is a general trend of
increasing permeability with increasing porosityek at low poro-perm, the limestone and
dolomite data show the typical pattern of dolomitesing higher permeability for a given

porosity than limestones, maybe because of welheoted intercrystalline pores (Figs. 6a,
b), or may be because of dilation of micro-fracsudeie to overburden removal at surface. In
comparison, there is lower porosity and permeatiitthe Sehkaniyan Formation than in the
Kurra Chine. In addition there is a scattering led Kurra Chine data at high porosity and

permeability, whereas the Sehkaniyan shows clugt€Figs. 6a, b).

The structural position on regional folds may cohthe distribution of porosity and
permeability of the Sehkaniyan and Kurra Chine sodkor example, the same stratigraphic
levels display higher porosities and permeabilibes the backlimb of the Gara Anticline
when compared to the forelimb (Figs. 6c, d). Itolsserved that positon on the fold also
controls spatial distribution of fracture patterns the Sehkaniyan and Kurra Chine

formations.

There is a general trend of decreasing porosityh wicreasing P-wave acoustic
velocity (Figs. 12, 13). The velocity-porosity dathow similar trends to the Kurra Chine
Formation at outcrops and subsurface. However trived is steeper (lower velocity for a
given porosity) for the Sehkaniyan Formation atoyts than in the subsurface (Figs. 12a, c,
13a). This variation in slope between outcrop ambssrface data can be attributed to the
saturated rock densities with fluids (hydrocarbaw/ar water) at subsurface. The Kurra
Chine Formation shows scattering in acoustic vgjowrhile the Sehkaniyan shows clustering
(Figs. 13a, b). Furthermore, the structural positom the fold controls the distribution of
porosity and P-wave velocity. For example, the bgjtvelocities correspond to the forelimbs
of the anticlines (Fig. 13c). In addition, the Sahiyan porosity-permeability datasets from

outcrops make a clustering pattern around a be#né (Fig. 6a), whereas the porosity-
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permeability data from the Kurra Chine Formatiors laascattering pattern around a best-fit

line (Fig. 6b).

10.2. Elastic properties

We perform this analysis to compare elastic propemf surface rocks with those from the
subsurface. The Voigt upper bound and Reuss lowandb on the elastic moduli of rocks
provide a useful basis for porosity-velocity redats (Avseth et al., 2005). The bounds are
valuable rock physics tools since well logs giviaimation on constituents and their volume
fraction, but relatively little about grain and pomicrostructure (Avseth et al., 2005). A
simple mixture of two constituents such as twoealdht minerals, or a mineral plus fluid
(water, oil or gas), can be used. At any given n@ufraction of constituents, the effective
modulus of the mixture will fall between the boundspending on the geometric details. It is
observed that with increasing diagenesis, the pookerties lie along steep trends that extend
upwards from the Reuss bound toward the mineralpemct at zero porosity (Avseth et al.,

2005).

In the current study, a mixture of calcite and ériis used for the Sehkaniyan
Formation, and a mixture of calcite, dolomite amihd for the Kurra Chine Formation. The
brine is used as the second constituent for thel fkaturated well data. Despite the
homogenous stratigraphic interval of the Kurra @hiftormation in well ST-1, a significant
scattering and enhancement of porosities are obdarvdolomites (Fig. 12d). The logged
stratigraphy is constrained from mud logging antticg data rather than on the basis of
detailed micro-scale lithofacies analysis. Themfothis scattering and enhancement of
porosities are interpreted to be a result of theranystalline pores that formed by diagenetic

processes. Another possibility for the increasedtedng and enhanced porosity in the Kurra
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Chine Formation in well ST-1 compared to well Skklates to the Kurra Chine consisting of
massive dolomites in well ST-1, whereas it comgrzenixture of limestones, dolomites and

evaporites in well SH-1.

11. Discussion

11.1. Comparison of outcrop and subsurface fracture data

Fractures observed and sampled in the Gara outclops layer parallel shearing such as
those at localities SK-1 and SK-2 (Fig. 5a). Howetbe core data do not display much
evidence for layer-parallel slip because the comese from a well that drilled on the crest of
the Swara Tika Anticline. Bedding-parallel cleavag@dowever observed from core data, and
typically displays a dextral sense of movement.cialveins are observed to be folded in
Swara Tika cores, indicating they are fold-relat@ad bending is earlier or at least
synchronous with folding. Hence, flexural slip fmd is the possible mechanism of folding

which is characterised by bedding-parallel slipaion and bending (Reif et al., 2012).

Tectonic stylolites were observed within the Ku@hine Formation in the Gara Anticline.

This stratigraphic unit is probably below the nalsurface of the fold and could therefore

help support the flexural slip folding mechanism.

Fracture orientations show a clear relationshipth® local fold axis in both the
outcrops and subsurface (e.g. Gara, Shaikhan, SW&gg. In particular, a fracture set
parallels the WNW-ESE fold axis and a NNE-SSW fnaetset is oriented perpendicular to
the fold axis. However, some fractures do not slaow relation to the local folding. These
fractures may be formed pre-folding, post-folding,could be interpreted as interference of
two different shortening phases, related to fold{@gontos et al., 2012). Some fracture

orientations display symmetry relative to the lostike slip fault in the Ora Anticline (Fig.
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7a). This fault could primarily control the ovenpied NE-SW fractures, while the position on
the fold controls the fold-related N-S fracturesth€@ fracture orientations exhibit a
symmetrical relation to the maximum horizontal s$redirection such as in the Ranya
Anticline (Fig. 8a). The preserih-situ maximum horizontal tectonic stress direction in
Kurdistan is oriented ~NNE-SSW, based on regioredlagy and the world stress data
(Heidbach et al., 2008). Furthermore, local rotadi@10°-15°) of fracture orientations were
observed and are attributed either to curvatutbenfold axis or fault movement (Csontos et

al., 2012).

There is likely lithological and/or bed thicknesmtrol on fracture density such as in
the Ranya Anticline, where 1D fracture density (P$®ver three times higher in the Sargelu
thin-bedded limestones than the underlying Sehkanngassive dolomites (Fig. 9). Fractures
are generally more linear, smoother and evenlyridiged in limestones compared to

dolomites.

In the Gara Anticline, the NNE-SSW fractures arermed parallel to the maximum
horizontal principal stress direction and perpeuldicto the fold axis. Hinge parallel fractures
may have formed due to local outer arc extensiah@ffolds. Open fractures are observed to
strike perpendicular to the fold axis in the Ganatiéline. Hinge normal fractures may be
created as a pericline grows along the length ofakis, with bed dips initially increasing
around the plunging nose, before being rotatedreddcing as the rocks then form part of the
general hinge. i.e. the nose of the fold has megratlong strike into new rocks. Bitumen
staining along the fractures and vugs is often foalong thrust faults in the Sehkaniyan and
Kurra Chine formations. For example, the bitumeltedifractures in the Kurra Chine
Formation in the Gara Anticline are oriented perpeuar to the compressional direction and
the fold axis, whereas bituminous fractures inS$lebkaniyan Formation are oriented parallel

to the thrust faults and fold axis. As mentioneded) the observed open fractures are striking
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perpendicular to the fold axis in the Gara AntieliThese fractures are partially cemented
with calcite, while the innermost part is filled fytumen. This could mean that bitumen
invaded after the fracturing process, suggestiraj tydrocarbon migration is young and
possibly postdates folding (Csontos et al., 2012¢ould also be interpreted that the fluid
used to reach failure was hydrocarbon or a hydbmedwater emulsion and as such is
coincident with the fracture development and ndependent. Fractures require both critical
stress and continuous elevated pore pressure ito (f&ge Cosgrove, 2015; MacKay, 2015)
and as such the fracture become temporary fluiddwitemn This may suggest that
emplacement of hydrocarbons and fold developmeatirosimultaneously. These fractures

with bitumen inclusion are mostly observed withanthge zones of thrust faults.

Both the Shaikhan and Swara Tika fields are dorathdily the N-S fracture set
(hinge-perpendicular) whereas the E-W fracture (hetige-parallel) is not present. The
absence of the E-W fracture set may be attributegl) tthe orientation of then-situ stress,
which has a tendency to keep the N-S fractures tpeby providing a sufficient contrast to
be resolved on the borehole image logs. Correspghdihinge-parallel E-W fractures would
be suppressed (Awdal et al., 2013); and/or (ii)ow Icompressional stress within the
reservoirs could also partly explain the relativelyen state of the N-S fracture system
(Garland et al., 2010). Furthermore, stress relehseng uplift is likely to enhance the

differences in fracture pattern between the suréaksubsurface anticlines.

11.2. Comparison of outcrop and subsurface petrophysical data
The petrophysical properties of the Kurra Chinenkation show a similar trend in the
outcrop dry samples and subsurface fluid saturdtgdsets. Most dolomites have higher

average porosities and permeabilities than limestolm the literature, it is documented that a
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slight increase in porosity develops in the eatidges of dolomitisation of limestones, but a
sudden increase occurs with greater amounts ofvdt$ation (e.g. Flugel, 2010). The Kurra
Chine limestone and dolomite data therefore shoavtypical pattern of dolomites having
higher permeability for a given porosity than linmses, presumably because of well-
connected intercrystalline pores. On the other hamestones of the Sehkaniyan Formation
show lower porosities, and may be due to low maboxosity with no secondary porosity
developed in limestones. Furthermore, the velgodsesity trend is steeper (lower acoustic
velocity for a given porosity) in the Sehkaniyantarap dry sample measurements than its
fluid saturated subsurface measurements. The hariah slope between outcrop and
subsurface may be related to the saturated rockitdenwith fluids (hydrocarbon and/or

water) at subsurface.

The matrix porosity and permeability of the Kurrhi@® and Sehkaniyan formations
depends on the lithology, structural position oa tbld, proximity to the local faults, and
other factors that have not been discussed ingher such as gas expansion, scale of
lithologic heterogeneity, grain size, pore typeteex of porosity enhancing diagenesis and
cement dissolution. The porosity and permeabilipjugs range over 2 — 5 orders of
magnitude due to the different lithologies of tharka Chine and Sehkaniyan formations.
Dolomites generally have better permeability ofeefive porosity than limestones and is
perhaps due to interconnected pores. Vuggy portetigs were found in the damage zones
of thrust faults. In terms of structural positidhge hinge and backlimb seem to have better
porosities and permeabilities than the forelimlihef Gara Anticline (Figs. 6c, d). This may
be due to the presence of vuggy and interconngasabity of dolomite facies, or may be due
to the existence of natural micro-fractures in tuge plug samples that offer additional
porosity. Likely the fractures add significantly ttee permeability of the system and as such

the permeability sampled by the core plugs will emestimate the permeability of the system
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as a whole. The relationship between micro-frastued fractures observed and sampled in

the outcrops are not studied in this paper.

11.3. Implications for reservoir connectivity and production

Both the Kurra Chine and Sehkaniyan formationspatential fractured reservoirs in several
oil and gas fields in Kurdistan. Despite their lavatrix porosity and permeability, the Kurra

Chine and Sehkaniyan formation are extensivelytdrad and have a good fracture network.
Both units can be considered as reservoir types liractures provide the essential reservoir
permeability, with less matrix contribution (Nels@®901). The prediction of the permeability

and connectivity is challenging, as indicated bitiah high flow rates from discoveries

followed by a dramatic drop off during production.

The fracture interpretation of borehole images fribra Shaikhan and Swara Tika
fields shows that the most dominant orientatiorcafiductive (open) and hybrid (part-open
part-mineralised) fractures is N-S in wells SH-H-8& ST-1 and ST-2. The dominant N-S
conductive and hybrid fractures were interpretedhiwi the Alan, Mus and Adaiyah
(Sehkaniyan equivalent) formations. However, a d@ami resistive (mineralised) fracture
strike orientation of WNW-ESE was interpreted inllw8H-4 within the Kurra Chine
Formation. The variation in fracture strike oridida of well SH-4 compared to other wells
may be due to the occurrence of WNW-ESE strikinglt$a The WNW-ESE striking
mineralised fractures were interpreted within daenagnes of the WNW-ESE striking faults.
Hence, these faults may primarily control the ovieted WNW-ESE fractures while the
position on the fold could control the fold-relatBdS fractures. In terms of geometry, the
dominant N-S open and part-open fracture strikendation is perpendicular to the fold axes,

which indicates anisotropic permeability with thexomum fracture permeability aligning in
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the N-S direction. In terms of drilling dynamickettotal mud losses and hydrocarbon shows

at reservoir intervals confirm the presence ofaasiscales of conductive fractures and faults.

11.4. Conceptual fracture model

Based on the current datasets, a conceptual medaioposed for fractures in the studied
thrust-related anticlines (Fig. 14). The proposedceptual model describes the various
components of the fracture network in terms of getoynand dynamic behaviour. Three
stages of fracturing are suggested in the studiéidliaes (Fig. 14). This conceptual model is
based on actual fracture results in this studyasd supported by earlier studies carried out
in the Zagros fold and thrust belt in Iragi Kurdist(e.g. Csontos et al., 2012; Reif et al.,
2012; Awdal et al., 2013). A pre-folding stage ofde-perpendicular fractures is proposed to
have been formed by the far-field stress during ¢b#ision between the Arabian and
Eurasian plates in a foreland position (Ahmadhadile 2008). Similar fracturing has been
suggested elsewhere in the Zagros (e.g. Casii, &04.1; Tavani et al., 2011; Awdal et al.,
2013). An early-folding stage of hinge-parallelctares and faults are possibly formed due to
outer arc extension in the folds, and could be @atsd with layer-parallel and intra-layer
shear. The oblique fractures in the forelimb arggested to post-date the hinge-parallel and
hinge-perpendicular fracture sets. These obligaetdres are proposed to be related to
reactivation of, and stress reorientation arouadement faults, as suggested elsewhere along
the Zagros fold and thrust belt (e.g. Fard et2lQ6; Stephenson et al., 2007; Ahmadhadi et
al., 2008; Tavani et al., 2011). Alternatively, yheould be caused by nearly bedding-
perpendicular shortening and lateral extensionndusignificant flexing in the forelimb. The
latter interpretation fits best with the dominamsjion in the steeper dipping forelimb in
conjunction with the proposed late development lid tonjugate oblique fracture sets.

Furthermore, mechanical anisotropy cause someuf@dbrmation. Bedding-perpendicular
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fractures could be formed by the mechanical aroepgtrcreated by bedding and it is not

necessarily related to early (pre-folding) fractsee.

12. Summary and conclusions

Based on a comparison of outcrop fracture datasistdce data from wireline and image logs

and laboratory petrophysical measurements, thevillg conclusions can be drawn.

» The current study focuses on the potential corttrat folds may exert on the fracture
patterns and petrophysical properties of fractaathonates.

« Fracture sets may show relationships to local hgidn the study area. Fractures may form
a hinge-parallel set, a hinge-perpendicular settarodconjugate oblique sets whaseute
angle bisects the shortening direction. In addjtsmme fractures show a relationship with
the present dayn-situ maximum horizontal stress direction or local strgtip faulting.

* N-S dominant open and part-open fracture orientasgerpendicular to the Shaikhan and
Swara Tika fold axes, which may indicates anisotrggermeability with the maximum
fracture permeability aligning in the N-S direction

» Fracture intensity may be influenced by lithologydéor bed thickness in the study area.
Fracture intensity is markedly higher in the Sang#tin-bedded limestones than the
underlying massive Sehkaniyan Formation, and thek&eyan may be influenced by
dolomitisation.

« Three stages of fracturing are proposed:. a prargldstage of hinge-perpendicular
fractures, an early-folding stage of hinge-paraliattures and faults, and a post-dating
stage of oblique fractures.

» Petrophysical properties in the Kurra Chine andk8elyan formations may be controlled

by lithology, position on folds and spatial distrilon within faults.
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» Some differences between surface and subsurfactifeapatterns can be explained by
stress release during uplift or exhumation, diagesnand differences in mechanical
behaviour.

* Understanding fracture patterns can help to makeb@redictions of fluid flow in
subsurface reservoirs. Therefore, the results of $tudy may have implications for

reservoir connectivity and fracture modelling.
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Figures

Table 1: Studied fracture-forming events and abélalatasets from outcrops and subsurface.

Figure 1:(a) Tectonic map of the Iraqi Kurdistan. The stdga is indicated by the black
rectangular box (After Jassim and Goff, 2006); $Siophplified Geological map of Kurdistan
showing the anticlinal axes and related thrustt$adihe studied anticlines are labelled (After

Sissakian and Hagopian, 1995; Sissakian, 1997;tGs@t al., 2012).

Figure 2: Stratigraphy of the Upper Triassic andagsic in Kurdistan. The Kurra Chine
Formation (Upper Triassic) and Sehkaniyan Formaflbower Jurassic) are the studied
fractured reservoir units. Note that Alan, Mus akdhiyah formations are the subsurface

equivalent of the Sehkaniyan Formation (After vailéh et al., 1959; Csontos et al., 2012).

Figure 3: Observed fracture sets shown in Pricissdication of fracture sets typical for
asymmetric anticlines (after Price, 1966; modifiedm Price and Cosgrove, 1990). The
hypothesis is that hinge-perpendicular fractures @e-folding whereas hinge-parallel and

oblique fractures are fold-related or post-foldiragtures.

Figure 4: (a) Photograph looking east of cresthef Gara Anticline. Samples were collected
from the Kurra Chine and Sehkaniyan formationsitiér@nt structural positions; (b) Kurra

Chine Formation at locality KC-3 (See Figure 5 lotalities); (c) Thin cemented fractures
with calcite in the Kurra Chine Formation; (d) Vu@sngular pores) in the Sehkaniyan

Formation; (e) Partial cemented fracture with ¢eland include some bitumen.
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Figure 5: (a) Fracture strike orientations of therdd Chine and Sehkaniyan formations at
different structural positions (i.e. forelimb, hayg backlimb) in the Gara Anticline.
Stereograms: Schmidt lower hemisphere; black daskeed-circle is bedding plane. Both
measured data sets (with fracture density diagranth@ background) and back-tilted
(unfolded) data sets (without density diagram atlihckground) are shown. Red solid semi-
circle is hinge-parallel fractures. Blue solid semmcle is hinge-perpendicular fractures.
Green solid semi-circle is hinge-oblique fractui@entour lines represent density of fracture
population using Fisher distribution as contounmgthod. N is the number of fractures. The
background is a simplified geological map of the@anticline draped over a shaded relief
topographic map; (b) Cross-section of the Garadling constructed only from the calculated
dip angles using the constant dip domain methodrfioek and Bischke, 2003). The grid
reference of the northern end of the cross sec$toBasting 370821; Northing 4100890; and

southern end: Easting 369080; Northing 4088280; Widvie: 38N.

Figure 6: (a) and (b) Helium porosity versus nisogpermeability of the Sehkaniyan and
Kurra Chine formations measured from core plugsahples that have been collected at
Gara, Ora and Ranya anticlines; (c) and (d) Helporosity versus nitrogen permeability of
the Sehkaniyan and Kurra Chine formations measfioed core plugs of samples that have
been collected at the Gara Anticline. The dataset been classified according to the

structural position of the anticline.

Figure 7: (a) Fracture strike orientations of thert@ Chine Formation at the forelimb of the
Ora Anticline. Stereograms: same key as in FigureTtie background is a simplified
geological map of the Ora Anticline draped overhaded relief topographic map; (b)
Schematic cross-section of the Ora Anticline showtire steep forelimb and gentle backlimb.
The grid reference of north end of the cross sect@msting 352744; Northing 4132427; and

south end: Easting 348680; Northing 4120600; UTM&®38N.
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Figure 8: (a) Fracture strike orientations of tl@hl&niyan Formation at the forelimb of the
Ranya Anticline. Stereograms: same key as in Figurdhe background is a simplified

geological map of the Ranya Anticline draped oveshaded relief topographic map; (b)
Cross-section of the Ranya Anticline constructety &rom the calculated dip angles using
the constant dip domain method (After Reif et20]11). The grid reference of NE end of the
cross section is: Easting 489770; Northing 4018@8@; SW end: Easting 483055; Northing

4012539; UTM Zone: 38N.

Figure 9: Fracture intensity of the Sehkaniyan #medoverlying Sargelu Formation measured
at different localities in the Ranya Anticline. Etare intensity is markedly higher in Sargelu

thin bedded limestones than the underlying Sehkanigassive dolomites.

Figure 10: High confining pressure permeabilityadaf the (a) Sehkaniyan and (b) Kurra
Chine formations measured from core plugs of sasiiat have been collected at Gara, Ora

and Ranya anticlines.

Figure 11: (a) Stereograms showing poles to planesarea-weighted rose diagrams of the
conductive, resistive and hybrid fractures andt$aof the Sehkaniyan Formation (Jurassic)
in wells SH-1 and SH-2 and the Kurra Chine Fornraf{jidriassic) in well SH-4 interpreted

from borehole image logs (FMI and XRMI) in the Stwin Field. Dominant hinge

perpendicular N-S fracture trends are observedeliswsH-1 and SH-2, whereas dominant
hinge parallel WNW-ESE and a less dominant N-Stdr&corientations were observed in
well SH-4. Most fractures in this well were integprd in the damage zones of WNW-ESE
striking faults and hence fracture orientationsparallel to the fault trends in well SH-4. The
same structural features were interpreted fromHhmeeimage logs (FMI and XRMI) in the

Swara Tika Field. Dominant N-S and NNE-SSW fractweads were observed in wells ST-1

and ST-2, respectively; The background is a singalifgeological map; (b) Schematic
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regional cross-section of NW Kurdistan across G&waara Tika and Shaikhan anticlines

(After de Verteuil et. al., 2011).

Figure 12: (a) and (b) Porosity versus P-wave a@uslocity of the Sehkaniyan and Kurra
Chine formations measured from wireline logs inlvgH-1 of Shaikhan Field; (c) and (d)
Porosity versus P-wave acoustic velocity of thek3alyan and Kurra Chine formations
measured from wireline logs in well ST-1 of SwarkalField. All the datasets are distributed

between Voigt upper bound and Reuss lower bounelteSe for explanation.

Figure 13: (a) and (b) Porosity versus acoustioaigt of the Sehkaniyan and Kurra Chine
formations measured from core plugs of dry out@amples that have been collected at Gara,
Ora and Ranya anticlines; (c) and (d) The samesdttdnave been classified according to the

structural positions of the anticlines.

Figure 14: Schematic cartoon of a pericline illastrg the actual fracture results on the Gara,
Shaikhan and Swara Tika anticlines. This concepigaiure model may be applicable to
other anticlines in Kurdistan, especially where frecture patterns, fold morphology and
structural style are similar to the studied struesu The pericline cartoon is modified from

Fossen (2010).
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Study area

Studied fracture-forming variables

Available datasets

Gara Structural position Fracture orientation, spacing,
intensity (P10), length, type..
Ora Lithological variation
Porosity, permeability, acoustic
Ranya Petrophysical properties velocity, confining pressure
permeability
Burial and overburden removall
Proximity to faults
Shaikhan Lithological variation Fracture orientation, spacing,
intensity (P10), type..
Swara Tika Petrophysical properties

Proximity to faults

Porosity, acoustic velocity,
elastic properties




3900000

3800000

ACCEPTED MANUSCRIPT

200000 300000 400000 500000 600000

4000000

a)

Legend

* QOutcrop Location -
©  Well Location

- Zagros Suture

- High Folded Zone

;

50 km 100

0
N Turkey

Thrust Fault

Imbricated Zone

Foothill Zone

\\ ikan

405(|)000

400(|)000

<~ El1EEAL

Upper and Lower Fars

Pila Spi, Gercus, Khurmala
Tanjero, Shiranish, Aqra,
Bekhma, Qamchuqa

Chia Gara, Barsarin, Naokelekan,
Sagelu, Sehkaniyan, Sarki

Baluti, Kurra Chine, Geli Khana,
Beduh, Mirga Mir

Chia Zairi, Harur, Ora, Kaista,
Pirispiki, Khabour

Ophiolites and related nappes

Thrust fault

Anticline axis




ACCEPTED MANUSCRIPT

Age Inner Platform (Subsurface) Outer Platform (Outcrops)
134 .
a % O Barsarin
-] <> O
Naokelekan

© ﬁ <&

(2B e

8 = Sargelu

>

3
210 :
Ma Baluti

(6]

‘»

n

o

= O Reservoir rock <> Source rock 1 Cap rock




—— Hinge-perpendicular fractures

Oblique fractures



Sehkaniyan



350000

4100000

4090000

ACCEPTED MANUSCRIPT

360000

370000

Sehkaniyan Localities

Kurra Chine Localities

Middle - Late Jurassic '
Sehkaniyan

Sarki ”
Baluti _ ot 0
Kurra Chine 2 -

Forelimb "
\ Anticline axis

“\{ Thrust fault _ Garagu
ully

gOomEEQdoo

"""

L S 4| P .
Surface fracture orienta

o I | ar 7

310 25 5 7.5 10 ,

3 km -

= = e = e
b)s1s

T
! 7
2 31
e Pt L L T
S | T T
I R
> N T e T
3 P A N
wel =< T e T

5 6 7 8
Distance across Gara Anticline (km)

- T

N I:I Neogene
I:I Paleogene

- Qamchuga - Agra
- Garagu - Sarmord
I:I Middle -Late Jurassic

- Sarki and Sehkaniyan

- Kurra Chine and Baluti

~~~~~~
.......
~~~~~~




100 100

a) N=38 b) N=26
e
4
10 - 10 04 R
)
® <
» <
— 1 4 N O ~ 14
= o® "o ° = % o?
< ® > 000
= ) =
5 014 ® ® 3 0.1 - (@)
S ° 3 ° o
= °f o £ ® °
[0 O]
| @ |
o001 o ‘, ® o 0.01
e
<
<
0001 | & ¢ ¢ 0.001 ¢
@ Gara - Sehkaniyan © o Gara - Kurra Chine
¢ Ranya - Sehkaniyan © ¢ Ora - Kurra Chine
0.0001 . . . 0.0001 : : ;
0 5 10 15 20 0 5 10 15
He-Porosity (%) He-Porosity (%)
)100 q 100
C
N=22 ) N=9
A
<
10 - 10 -
<
A
5 1 - 9 5 11
g ~ <o
= o0 = ©
T 0.1 4 3 01 o
5 . 3
E °$ a E e
P < o ; o .
o 0.01 - @ Forelimb o 0.01 4 e Forelimb
S . .
¢ Backlimb ¢ Backlimb
0.001 - A Hinge 0.001 - A Hinge
°
. @ .
Gara - Sehkaniyan Gara - Kurra Chine
0.0001 . . . 0.0001 . : :
0 5 10 15 20 0 5 10 15

He-Porosity (%) He-Porosity (%)



ACCEPTED MANUSCRIPT

350000 355|000 360000

[ ) ‘;, N | - Red beds /X/ Strike-slip fault
4‘ u‘ I:I Neogene "‘-(( Thrust fault
’\1' U m(EY I:I Paleogene \Axis of anticlines

- Cretaceous ® Village

I:I Middle -Late Jurassic

- Sarki and Sehkaniyan
- Kurra Chine and Baluti
[ Early - middle Triassic

- Palaeozoic

a) C—

i

4130000

4125000

,- @~ i

Surface fracture orientations

b) f[ssw e NNE

Elevation (km)

6 7 8
Distance across Ora Anticline (km)



ACCEPTED MANUSCRIPT

475000 480000 490000

’ 4

4020000

0 . ¥

‘o'

Recent deposits
- Cretaceous
- Middle -Late Jurassic |- |
- Sarki and Sehkaniyan | * . -
5%
\ Thrust fault N o A

\ Axis of anticlines

4015000

® Village / City : N 512 Surface fracture orientations .
i “ LN o, V., O, . A A Ny o, e ~ .

| I I I

b) | sw Ranya Anticline NE

e ———

~~~~~
~~~~~
e
~~~~~
~~

_______
..........
..........
""""""""""""""
_________
.........

Pt
~~~~~~
- .
- ~
~



ACCEPTED MANUSCRIPT

Fracture Intenisty (m-')
0 1 2 3 4 5 6

SG |

SK-7
SK-3
SK-4
SK-2
SK-1
SK-5

SK-6 [T sargelu - Thin bedded limestone

Localities at stratigraphic level

SK-8 [ sehkaniyan - Massive dolomite




Permeability (mD)
o

0.01

.\’\
%

@@ Gara
& ¢ Ranya
= [luid pressure up

Sehkaniyan Fm == Fluid pressure down

20 40 60 80
Confining Pressure (Mpa)

100

120

Permeability (mD)
o

0.01

Kurra Chine Fm

@@ Gara

*o

24 Ora

== Fluid pressure up
== F|uid pressure down

20

40 60 80 100
Confining Pressure (Mpa)

120



340000 350000

360000 370000

4090000

4089000

|:| Neogene
|:| Paleogene
- Cretaceous

\p\ Thrust fault
\ Anticline axis F |

@ Conductive fractures l g

@ Resistive fractures

© Hybrid fractures ,J [t
@ Faults

Forelimb II‘ ’),f b

Kurra Chine

i g —

- i

Mus, Adaiyah
N

’
Hinge'r Backlimb —

H;Hfl “/:Ia[nfw'

407(|)000
):‘

Subsurface fracture orientation &

b)

S

Shaikhan

- Triassic - Cretaceous
- Permian - Jurassic

Swara Tika

ST-1

I:I Neogene \ Thrust fault >k
|:| Paleogene

V=H



P-wave velocity, m 1

P-wave velocity, m g

7000

(]
6000 > 1660
5000
=
4000 £1
(0]
©
S
9
3000 En
©
()
=
2000+ 1720F 7
N Voigt upper bound
g pp 1730
1000 Reuss lower bound
1740
SH-1 Sehkaniyan Formation N=350
% 5 10 15 20
Porosity (from density), %
7000
6000 RS o o
[ ]
@ %y ‘
5000~ L ® e
T ° o °
2090 -
4000 =1
()
210012 A
pel
o
3000r 21101 @
@
()
=
21201+
2000- ‘\\~
Voigt upper bound 2130
1000- . Reuss lower bound
2140
ST-1 Sehkaniyan Formation N=495
0 | | |
0 5 10 15 20

Porosity (from density), %

7000

b)

6000}

T

5000
T £
E 7_: 3
5 4000 =1
B 3
2 k3
2 3000 5
[} (72}
2 ‘8-
o
s |
2000r 2480
N Voigt upper bound
1000 Reuss lower bound 2490
SH-1 Kurra Chine Formation N=328
o L L L
0 5 10 15 20
Porosity (from density), %
7000
d)
6000
5000
o -
£ S
= 4000 =
3 1o |
2 8
[0) -
2 3000 |3
g 3
o 72 i
2000+ "
Voigt upper bound 3440
1000~ Reuss lower bound
3450
ST-1 Kurra Chine Formation N=600
0 1 1 1
0 5 10 15 20

Porosity (from density), %



7000

6000

5000

—

S

D
o
o
o

-wave velocity, m
w
o
o
o

P
N
o
o
o

1000

7000

6000

5000

w B
o o
o o
o o

P-wave velocity, m g
N
o
o
o

1000

s N=38
°
e oo
() e, o
o ®
[} e o
@
° o e ®
®
[
®
[ ]
®
®
® o
Sehkaniyan Formation - Outcrops
5 10 15 20
He-Porosity (%)
‘ N=38
@
2 °° e Forelimb
[ ] o .
o o° o Backlimb
[} .
° . o o A Hinge
[ ]
A og®a ¢
[ [ )
[}
A
o
A
o
<o < o
Sehkaniyan Formation - Outcrops
5 10 15 20

Porosity (%)

7000
b)

6000

5000

N
o
o
o

P-wave velocity, m s
w
o
o
o

2000

1000

7000
d)
6000

5000

S
o
o
o

3000

P-wave velocity, m s

N
o
o
o

1000

0

N=26
o0 (@)
()
] © ) )
® e ... ® o *
o
_ ® oS
(5
® o
Kurra Chine Formation - Outcrops
0 5 10 15 20
He-Porosity (%)
N=26
o0 ° o
- e & <
o
<o N Ao (% o ® o
o
| e ®
° LR
©
¢ e
| e Forelimb
¢ Backlimb
| A Hinge
Kurra Chine Formation - Outcrops
0 5 10 15 20

Porosity (%)



ACCEPTED MANUSCRIPT

" Hinge-parallel fractures
—— Hinge-perpendicular fractures

Oblique fractures



Highlights

* Fractures may show relationshipsto local folding, faulting and in-situ stress
* Fractureintensity may be influenced by lithology and bed thickness

» Petrophysica properties are influenced by lithology, position on folds and faults



