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21 Abstract
22
23 Hydrocarbon flow rates from tight carbonate reservoirs often depend on the distribution and
24
25 properties of fractures throughout the reservoir interval. Hence, quantification of fracture parameters
gg can contribute to understanding of reservoir characteristics and reservoir potential. In this paper,
28 natural fractures in tight carbonate reservoir rocks of the Upper Cretaceous Shiranish Formation in
29
30 the Taq Taq field (Kurdistan Region of North Iraq) were examined primarily using core samples, XRMI
31
32 micro-resistivity image logs and conventional wireline logs, with additional dynamic data from well
22 tests and mud logs. The Shiranish Formation is composed of a variety of limestones and argillaceous
22 limestones with arithmetic mean matrix porosity and geometric mean permeability values of
37 1.64+0.37% and 0.0223+0.59 mD, respectively. However, fracturing has enhanced the permeability by
38
39 up to four orders of magnitude above the maximum matrix permeability (1.7940.59 mbD).
40
41 Hydrocarbons are produced entirely from the fracture network in these rock types in the Taqg Taq
g reservoir. Observed open and partially-open fractures have NE-SW orientations; these are classified
44 as macro-fractures with average aperture of 0.17+0.18 mm, arithmetic mean height of 11.70+45.40
45
46 mm and arithmetic mean length of 26.7432.32 cm, where the uncertainties are standard deviations.
47
48 Fracture aperture size and fracture height control fracture permeability and fluid flow. However, while
3(9) fracture frequency has no effect on permeability, fracture distance distribution influences flow rates
g; and hydrocarbon production. The dominant NE-SW trending fractures are more likely to remain open
53 within the NE-SW oriented present day stress field at Tag Taq. Furthermore, the effect of overburden
54
55 stress on the permeability and production rate was examined in laboratory tests on core plugs by
56
57 increasing the confining stress during permeability measurements using constant flow rates. It was
?g found that the magnitude of fracture permeability was reduced by 70% by applying 4000 psi of
60
61l 1
62
63
64

o
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confining stress. In the reservoir, this effect would be exacerbated by reduced reservoir fluid pressures
as a function of production. However, fractures with apertures greater than 0.10 mm are preserved
as productive fractures even at high confining pressures and implying that hydraulic fracturing could
open existing fractures significantly, enhancing production. This last observation implies that the use
of hydraulic fracturing in tight carbonate reservoirs with natural fracturing is likely to be commercially

viable.

Key words: Shiranish Formation, Tag Taq field, Kurdistan, Cretaceous, fractured reservoir,

permeability, fluid flow, tight carbonates.

1. INTRODUCTION

Carbonate reservoir rocks hold the majority of proven hydrocarbons in global oil and gas fields
(Bagrintseva, 2015; Moore and Wade, 2013). Fluids are stored in both matrix porosity and in fractures
in carbonate reservoirs, and reservoir quality is controlled both by the original microstructure and by
subsequent diagenetic modifications and fracture distribution (Moore and Wade, 2013; Skalinski and
Kenter, 2014).

Fractured zones in carbonate rocks result from both regional-scale tectonic activity and
diagenetic modifications (Kosari et al., 2017; Ezati et al., 2018). Understanding the nature of fractured
carbonate reservoirs is challenging because fractures may be characterized by heterogeneous
geometries and connectivity. The evaluation of fracture distributions and fracture properties can help
to identify the influence of a fracture network on fluid flow pathways and on production performance
(Afsar et al., 2014; Méndez et al., 2020; Rashid et al., 2021).

Permeability in carbonate rocks usually ranges widely in magnitude and exhibits a spatial
distribution resulting from lithological variations, diagenetic processes and fracturing of the host rocks
(Michie, 2015; Al-Khalifah et al., 2020; Fu et al.,, 2020; Mohammed Sajed and Glover, 2020).
Permeability values in fractured carbonate reservoir rocks are, in general, consistent with fracture
parameters including frequency (fracture number per unit length), height, aperture and connectivity
(Panza et al., 2016; Menezes, 2020). We infer that a lack of fracture and permeability data from
heterogeneous carbonate rocks may have limited previous investigations of permeability variations
relevant to fracture parameters and stress variations in productive fractured carbonates.

Most machine learning studies of tight carbonates (e.g., Al-Khalifah et al., 2020 and Glover et al.,
2022) have not considered fracturing as a perturbation to permeability prediction or facies clustering.
However, advances are being made in the field of quantitative diagenesis, where fracturing is

considered to be a cause of, an adjunct to, and a result of fracturing (Rashid et al., 2022; Mohammed
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Sajed and Glover, 2020; 2022; Mohammed Sajed et al., 2021). While this paper does not use machine
learning, it aims to provide information on fracturing which may allow the effects of fracturing to be
built into future machine learning approaches.

In the Zagros fold belt of the Kurdistan Region of northern Iraq, most producing reservoirs are
composed of Cretaceous and Cenozoic carbonates (Aqrawi et al., 2010; Rashid et al., 2015a, Hussein
et al., 2017; Rashid et al., 2020a). Within the Cretaceous succession in the Kirkuk Embayment, the
Kometan and Shiranish Formations form the most important reservoir interval after the Qamchuga
Formation and represent an important exploration target as exemplified by recent discoveries such as
the Taq Taq field (Figure 1) (Abdullah et al., 2019; Ghafur, 2020; Ghafur et al., 2020).

This paper focuses on the characterization of fractures in the Upper Cretaceous (Campanian—
Maastrichtian) Shiranish Formation in the Taq Taq oil field in Iraqgi Kurdistan (Figure 1) using available
cores and wireline image logs. The objective was to collect and interpret information about the
fracture system in wells TT-05, TT-06 and TT-07 (Figures 1 & 2) in order to evaluate the present-day in
situ stress regime; and to compare fracture data with dynamic (mud loss and well test) data. The
overall purpose was to investigate the influence of fracture parameters on fluid movement and
production behavior, and to establish fracture parameters useful for further field development. The
results have potential application for the future exploration of tight Cretaceous carbonates elsewhere
in northern Iraq and the Zagros fold belt as well as guiding reservoir management decisions in other
fractured tight carbonate formations globally. The principal objectives of this study are to understand
the impact of the regional stress on the nature and orientation of fracturing throughout the specific
intervals of tight carbonate rocks in the Zagros folded zone for predicting the dominant fracture
network orientation including natural and artificial fractures and their influence on fluid flow while
drilling and production. Consequently, the fracture parameters contribution on the magnitude of the
fracture permeability was examined for identifying the most appropriate element of fracture on fluid

movement within the fracture pathways.

2. GEOLOGICAL SETTING

The Taq Taq structure is located in the northern part of the Kirkuk Embayment (Figure 1). The structure
is an asymmetric, thrust-related, doubly-plunging anticline with a surface extent of 27 km by 11 km,
striking NW-SE, i.e. parallel to the main trend of the Zagros fold-and-thrust belt (Figure 2). The field is
the largest to have been discovered recently in the Kurdistan Region (Law et al., 2014; Mackertich and
Samarrai, 2015). Its producing reservoirs consist of the Eocene Pilaspi Formation and the Cretaceous

Shiranish, Kometan and Upper Qamchuga Formations (Al Shdidi et al., 1995; Garland et al., 2012;



Figure1 Click here to access/download;Figure;Figure 1.tif

1 a4 45 46
2 3 > - Ny '
3 \ - v
1 Camchuga
4 \ \ = - Balambo, Kometan Upper Fars
5 .
. ( Qsp“j v Lower bashtiary
7 » / Kolosh, Separ,
: » Krermaia Gercus Upper Baxhtisey
¢  |QaraQosh M~
Qe oo P =
[ ! o}" . Avana
! | Evphratest Jenbe i Fouk
Lower Fars Fault
o Wa
E 20km 0 20km
j=——=]

'\ = — — Zagros Foredeep Faur




Figure 2

O Joy b WN

442500
1

L 0O0E

Click here to access/download;Figure;Figure 2.tif =

“BE

o
o
ot
cd'\

2

Seismic line

A m.m  Normal fault

A A A A Reverse fault

Cl:50m

= 36 0500'N

® Exploration well

@ Apprisal well

= 36 QO0UN




O Joy b WN

OO OO U oo ad D DdDDDDEDDEDWWWWWWWWWWDNDDNDNDNDNMNMNNMdDMdDNMdDNMNNNRPRPRPRRPRRRRRE
adh WNhNRPFRPROoODLVWOJOOUDWNRPRPODOVOJONUUPWDNRPRPOOVOJOOUDdWNREFRPFOOWOJIOOUD WNREOWOLOTJOU D WDNDE OV

English et al., 2015). The stratigraphic succession in the field is summarized in Figure 3 based on data
from drilled wells.

The Taqg Taq anticline is developed over a gently NE dipping reverse fault or thrust with some 200
m of throw at Jurassic level on the SW flank of the structure (Figure 4). This thrust terminates upwards
within the Pilaspi Formation. A smaller, steeper back-thrust is present on the NE flank of the structure,
terminating within the Kolosh Formation. Data from 2D seismic studies also show several smaller-scale
faults including a normal fault system parallel to the axis of the anticline, and normal faults were
observed in the crestal part of the fold where the radius of curvature is greatest. A horst and graben
system has been observed in the Cretaceous succession, including the Kometan and Qamchuqa
Formations, running parallel to the fold axis in the central and SE part of the structure. In addition,
additional faults affect the shallow section comprising the Lower Fars Formation and overlying
succession in the SE part of the structure.

At the Taq Taq field, hydrocarbon accumulations are present in carbonate reservoirs including
the Middle-Upper Eocene Pilaspi Formation, the Upper Cretaceous Shiranish and Kometan
Formations, and the Middle Cretaceous Qamchuga Formation (Garland et al., 2010; Mackertich and
Samarrai, 2015). These formations have variable reservoir qualities and productivities. The best
reservoir characteristics occur in dolomite intervals in the Qamchuga Formation (Al-Qayim and Rashid,
2012), which contain well-preserved primary and secondary pore types and extensive interconnected
fractures. However, high permeabilities in tight limestones of the Kometan and Shiranish Formations
show that fracturing has significantly enhanced connectivity in these units, resulting in increased fluid
flow (Rashid, 2008; Rashid, 2015). Reservoir quality in the Pilaspi Formations is represented by
heterogeneous dolomite intervals with an extensive fracture network (Al-Qayim and Othman, 2012).

The Shiranish Formation is dated as Maastrichtian to latest Campanian (van Bellen et al., 1959).
The formation consists of argillaceous limestones overlain by locally dolomitic pelagic marls, and
occasional marly limestone beds (Buday, 1980). The upper contact of the Shiranish Formation with
the Tanjero Formation is gradational through the interfingering of marlstone beds and is erosional and
unconformable with the Sinjar and Kolosh Formations. The lower contact with the Kometan Formation
is also unconformable. The formation reaches a thickness of 227.8 m at its type locality at Shiranish
Islam in NW Iragi Kurdistan (van Bellen et al., 1959).

Lithologically, the formation consists of a cyclic intercalation of marls, marly limestones and
limestones (Sadooni, 1996; Al-Banna, 2010). The cycles are frequently argillaceous at the base with
limited marls and limestones. The cycles become more calcareous in the middle and upper parts of
the formation with increasingly thick limestones beds and an overall reduction in the argillaceous

content. Rock components are dominantly composed of a micritic matrix with planktonic and
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benthonic foraminifera, belemnite fragments and very fine indeterminate skeletal grains (Buday,
1980; Jassim and Goff, 2006; Agrawi et al., 2010). The formation was deposited in an open marine
setting (Agrawi et al., 2010) as indicated by the dominance of lime wackestones to packstones
containing planktonic foraminifera but minor benthonic foraminifera. The occurrence of glauconite

suggest tidal reworking in a shallow-marine shelf setting.

3. MATERIALS AND METHODS

The Upper Cretaceous Shiranish Formation was studied at three wells in the Taq Taq oil field: wells
TT-05, TT-06 and TT-07 (Figures 1 & 2). Well TT-05 is almost vertical (<1° inclination) and was drilled
in the core of the Taq Taq structure about 500 m NE of Well Tg-1 (see Figure 2). The appraisal and
development Well TT-06 penetrated the Cretaceous succession on the northern slope of the Tag Taq
structure. Well TT-07 is a deviated appraisal and production well drilled on the southern slope of the
anticline, about 2 km SE of Well Tg-1 (Figure 2) along the axis of the Tag Taq structure. The well
attained an inclination in the Upper Qamchuga reservoir of up to 17°. Cored intervals comprising 24
m of carbonate rock were collected from three cores from the Shiranish Formation including 18.0 m
of core from Well TT-05 (core numbers 1 and 2) and 6.0 m of core from Well TT-06 (Core Number 1)
(Figure 5, Table 1). Ditch cuttings were collected with a frequency of one sample per 2 m from the
Shiranish Formation in the three wells. Conventional wireline logs together with micro-resistivity
(XRMI) image logs were also acquired. Other contextual downhole data included lithology logs, mud
log reports, drill stem test (DST) and repeat formation tester (RFT) data (Table 1).

The core and cuttings samples of the Shiranish Formation were studied and sedimentological
features including lithology, color, argillaceous content and hardness were recorded together with
fractures, oil staining and visible pores. These data combined with data from petrophysical logs and
micro-resistivity image logs was used as an integrated dataset for the interpretation of non-cored and
total loss intervals in the three wells.

Ten samples were selected for thin-section petrography from available core samples and cuttings.
The samples were impregnated with a fluorescent blue-dyed resin (Rosales et al., 2018) prior to
preparation for pore type identification. The same samples were also stained for calcite and dolomite
identification (Dickson, 1965; 1966). Thin sections were made from the impregnated samples using
standard procedures and were subsequently studied under transmitted polarized light with a
petrographic microscope. Rock textures were analyzed (Dunham, 1962) together with sample
mineralogy, pore types and cement fills, and depositional environments were interpreted according

to Flugel (2004).
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Table 1

Materials Well TT-05 Well TT-06 Well TT-07
Rock core samples 18 m 6m -
Drilling cutting samples 165 140 125

Conventional log

Borehole Image log

Dynamic data

Natural gamma ray
(GR), Porosity logs
(BHC, RHOB, NPHI),
Resistivity logs (LLD,
LLS, MSFL)

X-tended Range

Micro Imager (XRMI)

Well tests

Fluid loss data

Natural gamma ray
(GR), Porosity logs
(BHC, RHOB, NPHI),
Resistivity logs (LLD,
LLS, MSFL)

X-tended Range

Micro Imager (XRMI)

Well tests

Fluid loss data

Natural gamma ray
(GR), Porosity logs
(BHC, RHOB, NPHI),
Resistivity logs (LLD,
LLS, MSFL)

X-tended Range
Micro Imager (XRMI)
Well tests

Fluid loss data
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Core fracture measurement was carried out as soon as the cores were removed from the core
barrels and prior to any slabbing or sampling. The individual core pieces were fitted back together
carefully and then a datum line was ruled along the length of each core, from which the orientation
of the fractures would be measured. The apparent dip angle and direction relative to the reference
line was recorded for each fracture, as well as the fracture type, length, aperture, fill, height and
frequency (fracture length, aperture and height are defined in Figure 6). The collected data was
initially oriented with respect to the datum line and then restored in the real geographic position in a
subsequent stage. A database of all quantifiable fracture parameters has been complied digitally on
Excel spreadsheets.

3.1 Image logs

The CNLC X-tended Range Micro Image (XRMI) tool is a water-based mud micro-resistivity image tool
which consists of pads mounted on six independently articulated arms with 25 buttons in each pad.
Data processing (depth speed correction) was undertaken by the service companies, and depth
controlissues were encountered during logging probably related to cable stretch. Variable depth shifts
were applied to the image logs to depth match the provided wireline data (the wireline GR curve was
used as a reference log). The raw data contained relevant Pad-1 azimuth, hole orientation and
borehole caliper data necessary for image orientation and interpretation purposes.

The image logs from the wells studied were of reasonably good quality, but locally were of poor
quality due to borehole enlargement (washouts, breakouts) or the presence of heavily fractured
zones, especially in the Shiranish intervals. The XRMI images were interpreted over the cored intervals,
and a careful search was made for features that could be seen in both the cores and the XRMI images.
The core log was then placed alongside the XRMI images at the same scale and other features were
noted to match across, confirming the correct core to log correlation.

Interpretation of the processed images was undertaken using Well Cad® 3.2 software from
Rockware, whose functionality allows the user to manually adjust the data normalization and data
scaling options in order to maximize the detail resolved in the image log data. Hand-picked
orientations were calculated for all bedding surfaces and tectonic features observed in the images.
The image logs were analyzed for fracture characteristics and distributions and also to calibrate image
features against core results available from wells TT-05 and TT-06 in order to establish a unified
fracture terminology scheme that could be related to the core observations and extended outside the
cored intervals. The azimuth of borehole breakout and tensile axial fractures was obtained by fitting
a vertical sine wave through the center of the image feature. More advanced fittings that can account
for non-sinusoidal traces caused by non-planar features (Glover and Bormann, 2007) were not

available in the analysis software. Consequently, it is an assumption of this work that fractures are
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planar at the scale of borehole section. It should also be noted that we note from core analysis that

most fractures have irregular surfaces even if they are quasi-planar at larger scales.

3.2 Fracture type and measurements

Fracture measurements (Figure 6) and analysis were performed on Core 1 and Core 2 from Well TT-
05 and Core 1 from Well TT-06 (Figure 5). The fracture aperture was measured from the arithmetic
mean of the opening part of the fracture surface (effective aperture) using a profile gauge. Fracture
height was identified from the average height of a single fracture. The length of both sides of a fracture
through a core sample were measured. Values of the length of fractures in each core sample were
then achieved bearing in mind the appearance and terminations of individual fractures.

We note that many of the measured properties of fractures (length, height, nodal distance etc.)
scale fractally and hence follow a power law (Ortega et al., 2006). For these properties the arithmetic
means used in this work are unreliable if taken over a large range of scales such as at an exposure.
The more restricted scale range of core measurements or wireline logs which concern us in this work
ensures that an arithmetic mean is approximately valid.

Fracture types included open, partially-open and totally filled (cemented) fractures. Fracture
parameters including aperture, length and height, frequency per unit length, and orientation were
recorded, and measured data were analyzed statistically using Dips® 6.0 software from Rocscience.

Although occasional microfractures were observed in thin sections, the data from these was not
included in the data presented in the paper as it was thought that their observation was not
sufficiently representative to be statistically valid. No faults are included in the data.

Volumetric intensity estimations (P3;) (Dershowitz and Herda, 1992) were not calculated in this
work as we prefer to describe the observed fractures rather than predict some value for their

frequency. Linear and volumetric intensity estimations may follow in a subsequent publication.

3.3 Conventional petrophysical measurements

Conventional petrophysical measurements, that were made on non-fractured core intervals, included
matrix porosity and matrix permeability. The plug samples were drilled horizontally with no
considered azimuth from available core samples. Porosity was measured at room temperature and
atmospheric pressure on 2.5-inch diameter plugs using a helium gas expansion method (Allshorn et
al., 2019). The matrix porosity was measured for 62 plug samples in total; 42 samples from Well TT-
05 and 20 samples from Well TT-06. Permeability was measured using a steady-state helium gas
permeameter at ambient pressures (Rushing et al., 2004). For each sample, several measurements

were performed with the application of different gas inlet pressure (Tanikawa and Shimamoto, 2009).
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The results were then corrected for the Klinkenberg effect (Donaldson and Tiab, 2004). In total, 46
plug samples were used for calculating the matrix permeability, 34 samples from Well TT-05 and 12
samples from Well TT-06.

Fracture porosity and permeability were calculated from naturally-formed fractures within the
available core intervals. The length, effective aperture, width (height) and frequency were measured
for particular fractures to calculate fracture porosity and absolute permeability using the cubic law
technique (equations 1 and 2 below; after Witherspoon et al., 1980; Ranjith and Viete, 2011). Fracture
parameters including the aperture, length and height of individual fractures within a 1 m? core were
converted into fracture pore volume; the pore volume was then divided by the apparent bulk core
volume to obtain the fracture porosity. The fracture permeability was calculated using the effective
aperture of a singular fracture cubed and assuming the fluid flow was laminar through a constant
distance between the fracture aperture (Yu et al., 2020). However, the magnitude of estimated fracture
permeability using cubic law usually gives overly high permeabilities for at least two reasons. The first
is that the fracture aperture and effective fracture length are typically overestimated. The second is that
the hydraulic aperture is less than the physical aperture of the fracture due to the roughness of the
fracture surfaces (Glover and Hayashi, 1997). These issues are discussed further towards the end of this
paper.

The fracture porosity was calculated using

¢:_l (1)

where ¢ = fracture porosity, V; is fracture volume (m3) and Vg is bulk core volume (m?), while the

permeability was calculated using

A3
121

(2)

where k= permeability (m?), A = fracture aperture (m) and L= fracture length (m). Permeability in

millidarcies can be obtained from the conversion: 1 mD = 9.869e-16 m?.

4. RESULTS
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4.1 Stratigraphy

The drilled thickness of the Shiranish Formation is about 334 m in the crest of the Tag Taq anticline at
Well TT-05, 296 m in the northwest at Well TT-06, and 250 m in the southeast at Well TT-07. Figure 7
shows that the formation is predominantly carbonate with occasional marly, argillaceous and
glauconitic beds at all three wells, while the electrical log data for TT-05 shows a separation between
the shallow (LLS) and deep (LLD) resistivity log readings which is indicative of the presence of
hydrocarbons, especially for the bottom half of the formation.

At the Taq Taq oil field, the formation is composed of light to olive grey, argillaceous and marly
limestones with local shale and dolomitic limestone beds. Limestone textures are dominated by
mudstones to planktonic foraminiferal wackestone/packstones (Figure 8A-C). Matrix material consists
of argillaceous lime mud, and skeletal grains include abundant planktonic foraminifera and less
common benthonic foraminifera and calcispheres with rare indeterminate skeletal debris. The base
of the formation is characterized by prominent glauconite-rich horizons enriched with reworked
intraclasts. Glauconite grains are up to 500 um in diameter (Figure 8B), and other grains present
include planktonic foraminifera, phosphate nodules and detrital quartz. Overall, macrofabrics range
from apparently homogeneous to intensively bioturbated, and in places bioturbation has destroyed
the original depositional texture.

Very few open pores were observed in core and cuttings samples, in thin sections or in
photomicrographs. Primary intragranular pores within foraminiferal chambers were almost
completely cemented by blocky, slightly ferroan calcite. The only preserved primary porosity within
the studied intervals consisted of nanoscale intercrystalline pores. However, fracture-related pores of
variable sizes were observed (Figure 8D) and were present as isolated vugs or as more continuous

interconnected linear features.

4.2 Fractures
Core samples and image data showed both natural and drilling-induced fracture types. Natural
fractures were open, partially open (i.e., partially mineralized) or fully cemented (i.e., veins). In this
study, only naturally formed fractures that had contributed to fluid flow and hydrocarbon production
were analyzed. Fractures induced by drilling or coring were distinguished from natural fractures during
the core examination using established guidelines given by Kulander et al. (1990); in image logs, the
fractures were differentiated following Prioul et al. (2007) and Lai et al. (2018).

Well TT-05 contained 89 natural, open and partially-open fractures in the 18 m cored section,

whereas only four natural fractures were recorded from the cored section (9 m) of Well TT-06. Natural
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fractures were also recorded from XRMI micro-resistivity image data; 35 fractures in Well TT-05, 80
fractures in Well TT-06, and 50 fractures in Well TT-07.

In addition to natural fractures, numerous induced fractures were observed throughout the
studied intervals. In total, 216 induced fractures from the XRMI micro-resistivity image logs and four
induced fractures from the core intervals were investigated. The ratio of fracture identification in
cores and image logs was high, about 4:1. The observed fractures are four times as many fractures in
the core as in the image log for the same section throughout the studied intervals. Variation in the
observation of fractures in cores and logs was caused by the poor fracture detection ability of the
XRMI image tool and the extensive distribution of induced fractures throughout the drilled intervals.
Open and partially open fractures in the core samples (Figure 5A and 5B) had variable apertures
ranging from 0.013 mm to 10 mm with low aperture values occurring most frequently (Figure 9A).
Fracture length was also variable, ranging between 3.0 cm and 260 cm (Figure 9B). The arithmetic
mean of fracture length was 27.0£32.3 cm. Please note that throughout this paper the uncertainties
expressed are the standard deviation of all measurements used in the arithmetic mean calculation,
unless described as otherwise. The large standard deviation in the fracture length indicates both that
there is a very wide range of fracture lengths present, and that the distribution is not Gaussian.
Fracture height varied from 0.10 mm to a maximum of 280 mm in fault type fractures, with an average
of 11.701£45.40 mm (Figure 9C). The dominant fracture set, derived from the data obtained from core
observations, had a ENE-WSW strike (75+5°), which is consistent with maximum principal horizontal
stress data from the latest edition of the World Stress Map (Heidbach et al., 2018), and with dips
ranging from 39° to 90° with a mean dip of 75° and a quasi-vertical modal dip (>85°) (Figure 10A).

A number of small-scale faults and associated brecciated intervals were identified in the core
samples, including 28 different sizes of fault planes. Fault zones and brecciated intervals at 1945 m
and between 1952 m and 1958 m were observed in Well TT-05 (Figures 5C-D). Furthermore, low angle
bedding plane slip surfaces were also commonly observed in the argillaceous limestones of the
Shiranish Formation. The fault planes had lengths ranging from 4 cm to 260 cm (arithmetic mean
33.25+49.57 cm) with an arithmetic mean aperture of 0.10 mm, although an aperture of 80 mm was
recorded in an oblique slip fault. Faults measured in the cores showed a predominant ENE-WSW trend
(75+10°), which is consistent with maximum principal horizontal stress data from the latest edition of
the World Stress Map (Heidbach et al., 2018), as well as a minor SSW-NNE component (15+5°). These

faults have an arithmetic mean dip of 50° and a modal value between 60° and 65° (Figure 10B).

4.3 Image logs

10
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The results of fracture analysis from the image logs were very similar to those from the core
observations. In total, 165 open and partially-open fracture types were recorded from the analysed
image logs, some of which are shown in Figure 11 with annotations. The fractures in general strike
ENE-WSW (75+5°), which is extremely similar to the field data (Figure 10A) and also consistent with
maximum principal horizontal stress data from the latest edition of the World Stress Map (Heidbach
et al., 2018). These data have dip angles ranging from 21° to 90° (arithmetic mean 72° and a modal
value between 80° and 85°) (Figure 10C), which is also consistent with the core-derived values in Figure
10A.

Sinusoidal features in the image logs with different resistivity and obvious displacement across
bedding were identified as faults. These features are especially common at depths of 1824- 1831 m
and 1915 - 1934 m in Well TT-05, at 1776 m, 1813 m, 1830 m and 1843 m in Well TT-06, and at 1700
m and 1894 m in Well TT-07. The faults strike ENE-WSW (65%25°), which is also consistent with
maximum principal horizontal stress data from the latest edition of the World Stress Map (Heidbach
et al., 2018) and the core data (Figure 10C), and also have similar dips to those obtained from the core
data. The image analysis indicated an arithmetic mean dip angle of 73° but a modal value between 80°
and 85° (Figure 10D).

Induced/enhanced fractures were also observed on the XRMI micro-resistivity images in the
Shiranish Formation. These are partially open to totally open (conductive) features with a limited
extent in the images and were interpreted to have been formed as a result of pressuring due to drilling
mud (Sheng et al.,, 2019; Michael and Gupta, 2020). Induced fractures were locally abundant,
especially from 1780 m and below in Well TT-07 (Figure 11) and were consistently oriented ENE-WSW.
Dip angles ranged between 51° and 82° with an arithmetic mean of 68° and a modal value between
70° and 75° (Figure 10E).

The similarity between both the dip and strike of the induced fractures with both core and
wireline-derived dips and strikes from existing fractures and faults as well as the direction of maximum
principal horizontal stress from the world stress map data indicates that all the data is self-consistent
and that the stress regime in the region has not changed appreciably since fracturing was active (i.e.,
within the last 25 Ma).

The directional data in this study seems to be consistent with values of the direction of maximum
principal horizontal stress from the world stress map data for reservoirs in all of Iraq and Iran, and
probably for most of Saudi Arabia, although here the world stress map data is sparse and individual
sources must be sought. The direction of maximum principal horizontal stress over the whole of this

area is primarily controlled by the opening of the Red Sea rift, which spreads at a rate of about 10

11
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mm/yr at its northernmost extremity to about 16 mm/yr at its southernmost point (Chu and Gordon,

1998), opening in the ENE-WSW direction.

4.4 Porosity and permeability
Statistical data for measured porosity and permeability are presented in Table 2. Measured matrix
porosity of plug samples of the Shiranish Formation varied from 0.10% to 11.07% with a geometric
mean of 1.64 +0.37% (Figure 12A). The matrix permeability for the limestone samples analyzed varied
from 0.010 mD to 1.79 mD with a geometric mean of 0.0223 +0.59 mD (Figure 12B; Table 2).
Fracture porosity and permeability obtained from natural fractures in the available core samples
differed from measured matrix porosity and Klinkenberg-corrected gas permeability. Fracture porosity
ranged from 0.0039% to 0.42% with a geometric mean of 0.038+0.48%. Fracture-related permeability
was significantly enhanced, ranging from 0.14 mD to 4.6 x10* mD with a geometric mean of
28.23+1.10 mD. This represents an enhancement of permeability caused by fractures that is at least 1
order of magnitude and reaches four orders of magnitude for the highest permeability samples. The
poroperm characteristics and interplay between permeability and fracture parameters will both be

presented later in the discussion.

4.5 Dynamic data

Drill stem tests (DSTs) of the Shiranish Formation were run in wells TT-05, TT-06 and TT-07 for fluid
recovery together with a repeat formation tester (RFT) for pressure measurement. Completion
intervals in Well TT-05 achieved excellent productivity which indicates fracture flow (rather than
matrix flow), specifically in the upper part of the drilled intervals. Production from the tested intervals,
including the Shiranish Formation at 1665-1770 m and 1830-1865 m, has the potential to exceed
12,660 barrels per day of oil.

In Well TT-06, the Shiranish interval (1658-1681 m) was tested separately and flowed at an
aggregate rate of 15,380 barrels of oil per day. The test results in Well TT-07 provided an oil flow rate
of 10,240 barrels per day from the Cretaceous succession including the Shiranish Formation interval
(1723-1900 m). Furthermore, several total losses were recorded while drilling the Shiranish
Formation, including at 1850-1854 m in Well TT-05, and extensive drilling fluid losses were recorded
at depths of 1810 m and 1938 m in Well TT-06. These test data are consistent with the calculated

fracture permeabilities presented above.

12
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10 Matrix elements Measured Porosity (%) Measured Permeability (mD)

12 Lowest 0.10 0.010
Highest 11.07 1.79
15 Arithmetic mean 1.64 0.1029
16 Geometric mean 1.09 0.0223
17 Standard deviation 0.37 0.59

19 Fracture elements Calculated Porosity (%) Calculated Permeability (mD)

22 Lowest 0.0039 0.14
23 Highest 0.42 4.64x10"
24 Arithmetic mean 0.038 1.46 x103
25 Geometric mean 0.000194 28.23
Standard deviation 0.48 1.10
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4.6 Permeability as a function of overburden pressure

The impact of confining pressure caused by overburden stress on fracture closure when the pore fluid
pressure is reduced by production was examined. The permeability of a number of core plugs was
measured, and sleeved core plugs were subjected to increasing hydrostatic pressures up to 4000 psi
while the pore fluid pressure remained atmospheric due to the presence of a drainage path. Pore fluid
pressures decrease during production, allowing the overburden stress to compact the rock by closing
fractures as far as their asperities will allow. The degree of fracture closure depends on pressure
differences and fracture orientation. An empirical equation for investigating the effects of stress on

the magnitude of fracture permeability (Rashid, 2015) was applied in this study:

k(mD) = 0.74¢(~0:0004P) (3)

where the pressure, P, is measured in psi. Cores with fracture permeabilities ranging across four orders
of magnitude were selected to investigate permeability variations due to an increase in the confining
pressure; permeabilities at zero stress were 5.2 mD, 50.7 mD, 389.3 mD and 4045.7 mD for the
samples, respectively (Figure 13A-D). All four samples showed a reduction in permeability with
increasing confining pressure. For each sample, the permeability fell to about 70% of its original
magnitude once the maximum confining pressure (4000 psi) had been applied. Open natural
macrofractures had fracture apertures greater than 0.10 mm, but despite losing nearly one-third of
the original permeability, they still permitted fluid flow to occur because fracture apertures were not

totally closed as a result of pressure changes during production.

5. DISCUSSION

Most fields in the Zagros fold-and-thrust belt and the eastern margin of the Arabian Plate produce
hydrocarbons from fractured reservoir rocks. In these fields, unfractured matrix reservoirs are not
considered to be sufficiently permeable to support commercial production (Mackertich and Samarrai,
2015; Rashid et al., 2015a; 2020).

Fractures in the Shiranish Formation are controlled by faulting and lithological variations (Jalili et
al., 2020). Lithology is considered to be an essential control on fracturing in the Shiranish Formation,
and closely spaced, discontinuous fractures with different lengths and apertures occur in harder, more
cemented, indurated argillaceous limestones and brittle limestones (Wennberg et al., 2006; Dashti et
al., 2018). However, faults and associated breccia zones have also enhanced the fracture frequency in

different types of lithology in the formation.
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Fracture density increases close to fault zones. For example, in Well TT-05, about 50 clearly
separate fractures were observed in a fault zone in only 5 m of core (fracture density = 10 fractures/m)
(Figure 14). These fractures have a dominant strike parallel or oblique to the strike of the observed
faults, and dip vertically to sub-vertically. These features demonstrate that the fractures have
developed as a result of fault-derived stresses (Yale, 2003; Maerten et al., 2019; Rashid et al., 2020;
Lao et al., 2020). By contrast, open and partially open fractures are oriented parallel to drilling/coring-
related stress fields and to the regional present-day maximum horizontal compressive stress (ou)
(Figure 10).

Vertical fracture frequency and horizontal spacing data, from the micro-resistivity image logs and
the core samples, were analyzed to determine the relative vertical and horizontal distribution of
fractures throughout the study intervals. The fracture frequency was obtained from the image logs as
the number of fractures per meter of the logged interval. The measured data indicate a generally low
fracture frequency for the Shiranish Formation, with 1.2 fractures/m in Well TT-05, 0.54 fractures/m
in Well TT-06 and 0.36 fractures/m in Well TT-07 (Figure 14).

The fracture distribution throughout the drilled intervals was not homogeneous, but in general
coincided with the presence of faults. The fracture distribution is illustrated by fracture density plots
for the three wells, expressed as a 5 m moving average (Figure 14). The non-uniform distribution of
fractures has influenced the magnitude of fracture porosity and permeability, and has resulted in a
weak correlation between the calculated porosity and permeability for fractured intervals (Figure 15).
Two different hydraulic flow units, HFU1 and HFU2, were identified based on the porosity-
permeability trends from the fracture data set, with most of the fracture data corresponding to HFU1.
Good correlations were observed from a power-law fit equation between porosity and permeability
in HFU1 with a coefficient of determination R? = 0.73; correlations within the HFU2 samples were
weaker (R? = 0.49). The goodness of fit of the relationship between porosity and permeability is
probably related to the intense heterogeneity in the fracture properties as recorded at different
scales.

The reservoir rocks of the studied intervals can be considered as “Type 2" reservoirs depending
on fracture occurrence (sensu Nelson, 2001). In the absence of fractures, the matrix part of the
Shiranish Formation can be classified as ‘non-reservoir’ or ‘tight’, and the very low matrix
permeabilities are more typical of seal horizons within the Cretaceous succession. Fracturing has
increased permeability values by up to four orders of magnitude according to the results from the
core analyses, while fracture porosity is quite low and plays a negligible role in fluid storage.
Furthermore, the low storage and flow capacity of the matrix is clearly apparent from the resistivity

log profiles, as the LLS and LLD logs show very limited separations throughout the logged intervals
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(Figure 7). The response of the resistivity logs to fluid distribution implies that the matrix permeability
is very low and that interconnections between matrix pores fall below the 50 um limit for mobile
hydrocarbons according to the definition of potential porosity (Luo and Machel, 1995). In unfractured
matrix, the pores are small and tight, capillary pressure considerations ensure that these pores contain
predominantly water. When there are open fractures present, their larger apertures (larger than the
pore sizes in the matrix) allow them to contain oil from the capillary pressure considerations, and that
oil will be mobile if the fractures are connected.

By contrast, the flow rate data from the well tests indicate significant production from the
fractured intervals. The Shiranish Formation locally contains abundant larger-scale conductive
fractures that predominantly strike NE-SW and have average apertures of 0.17 mm, and which can be
classified as macrofractures (Anders et al., 2014). Some of these macrofractures formed fluid flow
conduits into the formation during drilling, since major mud losses occurred which resulted in the loss
of cuttings returns and gas readings. These features may have been enhanced during drilling, but are
likely to have been the main conduits for flow during well testing.

The magnitude of fracture permeability varies considerably with fracture attributes (Wu et al.,
2020; Ferraro et al., 2020). However, depth profiles for natural fractures obtained from core samples
(Figure 16) show that there are weak relationships between fracture frequency and apparent fracture
permeability, especially in faults and fault damage zones.

Both the core and the image logs were checked where there seemed to be a correlation between
enhanced permeability and fracture size parameters. In all cases evidence was found that fractures
and fracture zones were the cause of the raised permeabilities. The zones for which this occurs are
shown as grey boxes in Figure 16.

The maximum calculated fracture permeability (46,440 mD) was recorded at 1954.25 m in an
interval, which has a fracture frequency of unity, while the highest fracture frequency (25) was
recorded at 1956.95 m in an interval with a fracture permeability of 7.39 mD in Well TT-06. This result
implies that fracture frequency does not necessarily control the magnitude of permeability and fluid
flow, but other parameters such as fracture aperture and fracture height play a large role. Hence, the
fracture frequency parameter has a limited influence on the permeability distribution in fractured
carbonate intervals in the studied reservoir. This could be related to the occlusion of fracture spaces
by authigenic cements and the weak connectivity of fractures close to fault damage zones (Evans et
al., 1997; Billi et al., 2003; Micarelli et al., 2006; Haines et al., 2016).

It was mentioned in the methodology that permeabilities can be erroneous when estimated using
a cubic law. This is because the Hagen-Poiseuille cubic law assumes the fracture is of infinite extent

with a uniform aperture and smooth fracture surfaces, none of which is the case for real fractures

15


https://www.sciencedirect.com/science/article/pii/S0264817219306622#bib24
https://www.sciencedirect.com/science/article/pii/S0264817219306622#bib24
https://www.sciencedirect.com/science/article/pii/S0264817219306622#bib19
https://www.sciencedirect.com/science/article/pii/S0264817216300083#bib51

Figure 16

O Joy b WN

Pormaatiey {rl))

' X " W

Click here to access/download;Figure;Figure16 .tif

Leagin (om)
1000 01 0

Heigm (mm)
1000

r

N

S N s I S N —— .




O Joy b WN

OO OO U oo ad D DdDDDDEDDEDWWWWWWWWWWDNDDNDNDNDNMNMNNMdDMdDNMdDNMNNNRPRPRPRRPRRRRRE
adh WNhNRPFRPROoODLVWOJOOUDWNRPRPODOVOJONUUPWDNRPRPOOVOJOOUDdWNREFRPFOOWOJIOOUD WNREOWOLOTJOU D WDNDE OV

(Glover and Hayashi, 1997). The usual consequence is that the actual permeability is less than that
predicted with the cubic law. This can be taken account of by using an hydraulic aperture in Equation
(2) in place of a physical aperture.

The cross-plot in Figure 17a demonstrates that there is a power-law relationship between
fracture aperture and calculated fractured permeability. In this figure, permeability in millidarcies is
plotted as a function of fracture aperture (in mm) and is shown with the best fit curve with a forced
cubic exponent (R?=0.9884) and the upper and lower envelopes. Fractures with apertures equal to or
greater than 0.10 mm improved the permeability of the Shiranish Formation. The maximum calculated
individual fracture permeability (46,440 mD) coincides with the largest fracture aperture (1.0 mm),
and the minimum calculated individual fracture permeability (0.14 mD) arose from the smallest
fracture aperture (0.013 mm).

It should be noted that the fit in Figure 17a is a cubic law fit on aperture, which is consistent with
the Hagen-Poiseuille law for planar fluid flow between two smooth plates, and is stated in Equation
(2) above. The deviations of individual points in Figure 17 from the general behaviour can be ascribed
to the operation of different degrees of surface roughness for different fractures, and hence different
values of A;/A,. If we can assume fluid to flow in the fractures as if they had smooth planar face, we
can use the fit to the experimental to calculate the mean length of the fractures crossing the borehole,
as follows. Figure 17b contains the same data and fits as in Figure 17a, but plotted on double-
logarithmic axes where permeability is shown as a function of the aperture cubed (A3). This figure also
converts the units of permeability to m? and of aperture cubes to m3. The linear trend exhibited by
the data values over 6 orders of magnitudes shows how well the data fits a cubic model. The
coefficients from the theoretical lines are 0.03949 m™, 0.01234 m™ and 0.1184 m for the best fit,
lower bound and upper bound respectively. According to Equation (2) these values are equal to
1/12L, where L is the mean length of fractures in the formation, providing the 18 data points are
representative. Consequently, we can calculate a mean length of fractures to be 2.11 m, with a lower
bound of 0.7036 m and an upper bound of 6.755 m.

It should be noted that in general fluid flow in a fracture is also affected by the roughness of a
fracture surface, which has been modelled (Glover et al., 1997; 1998a; Ogilvie et al., 2003; 2006; et
al., 2006) and tested in the field (Glover et al., 1998b). In this case the flow in a fracture is always lower
than that predicted by the Hagen-Poiseuille planar model, implying that either the aperture is greater
in reality, or in our case, where the aperture is measured independently, the calculated fracture length
is smaller than those calculated above. Glover et al. (1998b) found that the ratio of the hydraulic
aperture to mean aperture was 0.72 for a single fracture for the Hachimantai geothermal site in Japan.

In other words, the effective aperture for fluid flow is 0.72 of the mechanical aperture. In other words
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not accounting for rough fracture surfaces results in an overestimation of permeability by a factor of
about 1.39 (i.e., 39%).

While the Glover et al. (1998b) data is for a volcanic tuff rather than carbonate, it is an indication
that the magnitude of the size of the perturbation caused by fracture roughness is approximately a
reduction of the aperture by about 28%. Figure 18 shows a model of the Hachimantai fracture data
using Synfrac®, showing the degree of roughness and long wavelength matching that leads to a
hydraulic to mean aperture of 0.72. If this is applied to the calculations on the data from Figurel7b,
the calculated fracture lengths increase to 5.65 m, 1.88 m and 18.09 m, for the mean fracture length,
the lower bound and the upper bound, respectively.

In addition to fracture aperture, fracture height also has an impact on the magnitude of fracture
permeability. This parameter, in combination with the fracture surface, describes a corridor for fluid
flow in reservoir rocks that have negligible matrix porosity and permeability. Furthermore, the
fracture length remains as a dependable element for the magnitude of fracture permeability. The
fracture lengths from the core samples recorded homogeneous distributions (Figure 16), while the
magnitude of the fracture permeability was found to be heterogeneous and was not influenced by
fracture length.

The open, drilling-induced fractures were formed parallel to the regional present-day maximum
horizontal compressive stress (ou) (Lai et al., 2018; Zhang et al., 2018; Shen et al., 2018; Pham et al.,
2020). In the Taq Taq field, these types of fractures strike NE-SW (Figure 10). Open fractures in tight
carbonates at the Taq Taq structure also have a NE-SW strike, parallel to oy and perpendicular to the
axis of the anticline (Figure 10). These fracture apertures remain as effective openings (Lai et al., 2017,
Rashid et al., 2020b), and provide interconnected pathways for fluid movement through the reservoir.
In addition, authigenic cement fills may help to preserve open fractures, as the cements may prevent
the aperture from closing and collapsing (Rashid et al., 2020b). This type of fracture may remain open
and conductive for fluid flow.

The population of NE-SW striking fractures can be observed at different structures in the Zagros
fold-and-thrust belt including the Safin and Banabawi structures in the Low Folded Zone, and Miran
West structure in the High Folded Zone (Reif et al., 2012; Rashid et al., 2020). These fractures are
considered to be the dominant producing type in discovered fields. NE-SW trending fractures are likely
to be open within the present day maximum horizontal stress throughout the NE part of the Arabian
Plate (oriented N45W), as we have observed in the Taqg Taq field.

Production data on tight carbonates in the Shiranish Formation are consistent with fracture
distribution and frequency. Flow rate tests showed that commercial oil flows occur from wells in which

there is a dominant set of open and partially-open fractures parallel to the fold axis. The results of the
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present study show that these types of fractures potentially form interconnected macrofractures. In
Well TT-06, the oil production rate is higher than that in wells TT-05 and TT-07. This is probably due
to the increased fracture density and fracture continuity (vertical and lateral extent), which have
resulted in the formation of high permeability pathways and super-permeability zones (Rotevatn and
Bastesen, 2012; Yue et al., 2018; Bagni et al., 2020; Li et al., 2020). Furthermore, extensive mud losses
that were recorded at 1810 m and 1938 m may be linked to fracture occurrence and high permeability
zones. The fractures in Well TT-06 extend almost continuously from the top to the bottom of the
Shiranish Formation (Figure 14). In contrast, the fracture distribution was confined to the central part
of the formation in Well TT-05 and the upper part in Well TT-07. The lower fluid movement and
productivity may have been influenced by other parameters such as occluded fractures, especially in

cemented breccia zones.

6. CONCLUSIONS

This study analyzed fracture systems in tight reservoir carbonates in the Shiranish Formation in the
Tag Tagq field in northern Irag. The contribution of fractures to reservoir permeability and fluid flow
was investigated using cores, wireline logs, well tests and mud log data, and represents the most
comprehensive study of this type. The novelty of the work is that it represents an integrated core and
wireline petrophysical, geomechanical, fracture and geological study of a typical middle eastern
carbonate reservoir. Individual major findings are given in the following paragraphs.

The magnitude of reservoir porosity comprising matrix and fracture porosity is very low,
especially where fracture volumes are considered to be negligible. The Shiranish Formation reservoir
should therefore be modelled as a tight carbonate in terms of its matrix storage capacity. Reservoir
productivity is dominated by fractures, and the magnitude of fracture permeability is four orders of
magnitude greater than the magnitude of matrix permeability. Natural open and partially-open
macrofractures control the provision of interconnected fracture networks and the creation of fluid
flow pathways for hydrocarbon migration. Consequently, fracture characterisation and distribution
need to be considered during early field optimization planning in newly-discovered fields in the Zagros
fold-and-thrust belt in order to prevent early water breakthrough.

The structural analysis implied that the dominant fractures controlling fluid flow and hydrocarbon
production within the studied intervals, consisting of open and partially-open natural fractures, have
an average fracture aperture greater than 0.10 mm (macrofractures). These types of fractures have
sub-vertical to vertical dip angles and a dominant NE-SW strike which is parallel to the strike of the

observed faults and perpendicular to the axis of the Taq Taq structure.
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Analysis of the fracture frequency showed that there was a heterogeneous distribution of
fractures in the wells studied. The fracture frequency is dominantly controlled by lithological variations
and the positions of faults, and a higher number of fractures was observed in harder rocks and in
fracture zones related to fault cores. The fracture frequency influences the fracture permeability
distribution but does not have the same impact on the magnitude of fracture permeability. By
contrast, fracture permeability is dominantly controlled by the fracture aperture scale, as the highest
permeability was linked to the largest fracture aperture.

Calculations based on the Hagen-Poiseuille law of the permeability data as a function of aperture
indicate that the mean length of the fractures is 2.11 m if the fractures are smooth, or more likely up
to 5.65 m if they have rough surfaces, and fall between the values of 0.704 m and 6.755 m, if smooth,
and between 1.88 m and 18.09 m, if rough.

The fracture orientations coincide with the trend of the regional present-day maximum
horizontal compressive stress (ou) in the Zagros fold-and thrust belt as evidenced by data from the
World Stress Map (Heidbach et al., 2016). The similarity between both the dip and strike of the
induced fractures with both core and wireline-derived dips and strikes of existing fractures and faults
as well as the world stress map data indicates that all the data is not only self-consistent but that the
stress regime in the region has not changed appreciably since fracturing was active (i.e., within the
last 25 Ma). The directional data in this study seems to be consistent with values of the direction of
maximum principal horizontal stress from the world stress map data for reservoirs in all of Iraq and
Iran, and probably for most of Saudi Arabia.

The open and partially-open fracture apertures were not influenced by the maximum horizontal
stress, and fracture surfaces remain open. The fracture-filling minerals in partially-open fractures
acted to prevent the closure of the fracture surfaces and the occlusion of the fracture aperture as a
result of external stress. Furthermore, the confining pressure derived from fluid production during
field development reduced the original permeability by nearly one-third in different fracture apertures
in open fractures. However, fractures with apertures greater than 0.10 mm remain productive at 4000

psi confining pressure, while smaller fractures were closed and would play no role in fluid production.
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List of figures

Figure 1. Geological map of the Kurdistan region of northern Irag showing the location of the Taq Taq
field and the studied wells (modified after Sissakian, 2000; Rashid et al., 2020b). The inset box shows
the terrain border of Iraq, and the red rectangle therein represents the location of the geologic map

of northern part of Iraq. See Figure 3 for the geological age and lithology of stratigraphic units.

Figure 2. Structure map of the Taqg Taq anticline with depth contours (m) on the top of the Shiranish
Formation. Dots show the locations of the three wells studied: TT-05 on the crest of the structure,
and TT-06 and TT-07 on the flanks. The location of this map is presented in the red rectangle in Figure
1.

Figure 3. Lithostratigraphic chart for the Taq Taq structure; lithologies are based on core descriptions,

cuttings identification and wireline log analyses from the drilled wells .

Figure 4. Interpreted NE-SW seismic cross-section of the Tag Taq anticline. The thrust fault bounding
the SW of the structure terminates within the Eocene Pilaspi Formation, and the back thrust at the NE

flank terminates within the Kolosh Formation.

Figure 5. Fracture types in cores of limestone and argillaceous limestone from the Shiranish Formation.
A: Sub-vertical partly open fracture with aperture greater than 0.10 mm (macro-fracture), Core 1,
depth 1916.61 m, Well TT-05. B: Sub-vertical open fracture with an aperture of 2-3 mm, Core 1, depth
1924.35m, Well TT-05. C: Fault breccia, the fault is filled with white saddle dolomite and contains oil
stain, Core 2, depth 1956.30 m, Well TT-05. D: Fault breccia, the fault surface is filled with calcite and
saddle dolomite, Core 2, depth 1956.95 m, Well TT-05.

Figure 6. A simple schematic of a fracture in order to define the three fracture parameters used in this
work. The fracture is shown as irregular as the core data indicated that this was invariably true. The
figure shows no cementation, but where cementation was noted, the fracture dimensions were

measured assuming that it was not present.

Figure 7. Lithostratigraphic columns for the Upper Cretaceous Shiranish Formation at wells TT-06, TT-

05 and TT-07 (locations in Figure 2) together with gamma log profiles (and LLD and LLS profile for well
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TT-05). Lithological variations were obtained from descriptions of core and cuttings samples, as well

as from petrophysical and lithological logs.

Figure 8. Photomicrographs in plane polarised light of Shiranish Formation samples from the Taq Taq
field. A: Argillaceous lime mudstone with benthic and planktonic foraminifera, depth 1831m, Well TT-
04.B: Argillaceous packstone with glauconite grains, depth 1942m, Well TT-06. C: Wackestone with
abundant planktonic foraminifera whose chambers are filled with ferroan calcite, depth 1915m, Well
TT-05. D: Wackestone crossed by cemented fracture, cemented fracture showing multiple opening

and calcite filling with fracture pores, depth 1921m, Well TT-05.

Figure 9. Histograms of the frequency of occurrence for various properties of fracture expressed as a
percent of the total dataset. (A) Fracture aperture (mm) for observed fractures in core samples of the
Shiranish Formation, including natural open fractures and partly mineralised fractures. (B) Fracture
length for observed fractures measured in both open and partly open fractures in core samples (non-
linear bin). (C) Fracture height of naturally formed open and partially open fractures in core samples

(non-linear bin).

Figure 10. Orientation of fractures and micro-faults presented on upper hemisphere Schmidt
Stereonet pole plots, rose diagrams and frequency dip angles. Fracture orientations were collected

from core samples and XRMI micro-resistivity image logs from wells TT-05, TT-06 and TT-07.

Figure 11. Fracture types observed on XRMI micro-resistivity image logs of the studied wells. The

images were picked from different intervals to illustrate fractures based on resistivity contrasts.

Figure 12. Histograms of porosity and permeability. A: Histogram of measured matrix porosity and
calculated fracture porosity in the Shiranish Formation. B: Histogram of the measured Klinkenberg-

corrected matrix permeability and calculated fracture permeability from the available core samples.

Figure 13. Cross-plots of fracture permeability (mD) as a function of confining pressure (0 - 4000 psi)
for selected core samples from the Shiranish Formation. Permeabilities range across four orders of
magnitude from 1 to 1000 mD for zero confining pressure. (A) Sample has 5.2 mD measured
permeability at zero confining pressure. (B) Sample has 50.7 mD measured permeability at zero
confining pressure. (C) Sample has 389.3 mD measured permeability at zero confining pressure. (D)

Sample has 4046 mD measured permeability at zero confining pressure.
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Figure 14. Profiles of frequency versus depth of natural open and partially mineralised fractures
obtained from the micro-resistivity borehole images and available core samples of the Shiranish
Formation from wells TT-07, TT-05 and TT-06. The fracture frequency for the lower part of the
formation in Well TT-05 is presented by numbers for scale adjustment purposes only. This data is also

shown in Figures 9, 10 and 16 and in abstracted form in other figures.

Figure 15. Cross-plot of the calculated fracture porosity (¢) versus fracture permeability (&) for core
plug samples from the Shiranish Formation. The Figure shows that the porosity and permeability

distribution can be grouped into two principal hydraulic flow units, HFU1 and HFU2.

Figure 16. Profiles versus depth of fracture permeability and fracture parameters including frequency,
aperture, height and lengths as measured in cores C1 and C2 of the Shiranish Formation in Well TT-
05. Both the core and the image logs were checked for depths where a correlation between enhanced
permeability and fracture size parameters was indicated. There was evidence for good correlation in

the six depth ranges shown as grey boxes.

Figure 17. (a) Permeability (kin mD) as a function of fracture aperture (4 in mm) for 18 core plug
samples, together with theoretical curves showing the best fit Hagen-Poiseuille law (blue, R>=0.9884),
the lower bound (read) and the upper bound (green). (b) The same permeability values (now in m?)
plotted as a function of aperture cubed (now in m3) on double logarithmic scales, with the same

theoretical curves as in Part (a).

Figure 18. Modelled rough fracture surfaces using Synfrac® using the same parameters as the
Hachimantai test site (Glover et al., 1998) as an indication of the roughness expected in Shiranish
fractures. The figure shows a map of the top surface of the fracture together with two cross-sections
showing the top and bottom profiles as well as the modelled fracture parameters. Please see the figure

for the specific fracture properties.
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Table 1. The collected data from the Shiranish Formation in the Taq Taq field.

Table 2. Static data of porosity and permeability results.
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