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Absiract

Reservoir quality in fractured carbonate rocks is controlled by the fracture propetrties, the

tectonic origin of fractures, the relationship of fractures to other sedimentary features within
the rockmass and diagenesis. In thi§ study fracture analysis, porosity and permeability of the

Qamchuga Formation in Miran West block from the Zagros f_dlded belt in Kurdistan has been

studied using core analysis, micro-resistivity image logs, drill stem tests (DST), mud logging

data, Repeat Formation Test (RFT), drilled cutting samplés and wireline log data.

The integrated analysis showed that the Qamchuga Formation is characterized by

heterogeneous sedimentary and tectonic features including burial stylolites, dissolution

seams, tectonic stylolites, cemented veins, open fractures and partially open mineralized

fractures. The sedimentary features include burial stylolites, dissolution seams and some

fractures which formed at early stages of burial and diagenesis (Phase 1), while open

fractures, partially open mineralized fractures, veins and tectonic stylolites were formed by

later tectonic activity (Phase 2). It was found that the fracture properties including aperture,

length, frequéency and origin all play an important role in controlling the reservoir quality.

Structures including stylolites, dissolution seams and veins had a general negative impact on

reservoir quality by occlusion of pore spaces and blocking the fluid flow of the original rock
1
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matrix, In contrast, the open and partially open mineralized fractures enhanced the rock pore
connectivity and provide well inter-connected fracture networks and consequently provided
very high fract’urle permeability.

Ke’ywordé‘. Fracture; porosity; permeability; carbonate reservoir, Qamchuga

Formation.

1 Introduction

Carbonate reservoir rocks often store huge accumulations of hydrocarbons within
their heterogeneous microstructures and naturally occurring fractures (Aydin, 2000;
Cooper, 2007; Garland et al., 2010; Al-Qayim and Rashid, 2012; Al-Qayim and
Othman, 2012; Lamarche et al., 2012; Lavenu et al., 2014; Zebari and Burberry,
2015). The reservoir quality is usually defined in terms of pore connectivity and
permeability. Petrophysical properties of the rocks (original and diagenetic
modifications) and fracture distribution have major impacts on reservoir quality in
carbonate rocks. Fraciures in carbonate rocks provide enhanced pore connectivity
and provide well connected fiuid flow pathways through different types of reservoirs
which is especially important in tight, 'heterogeneous carbonate rocks (Neuzil and
T'racy, 1981; Laubach,VZOOS; Barr, 2007; Agosta etal., 2010; Solano etal., 2011:
Korneva etal., 2014; Rashid et al., 2015a; Rashid et al., 2015b: Rashid et al., 2017:
Dashtietal., 2018).

Carbonates are often considered to have dual permeability with fluid ﬂow through the
matrix and the fractures. The fracture network may dominate increasing storage,
permeability and direction of hydrocarbon flow (Huntoon and Lundy, 1979).
Fractures may cut individual beds or several beds and they can have extreme effecis

increasing the magnitude of permeability in carbonate reservoirs (Singh et al., 2009).
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Understanding the role of fractures in enhancing reservoir quality is complex and

relies on predicting fracture network distribution, then extrapolating and calculating
how this contributes to exploration risk. Natural fractures can increase borehole
instability and decrease the reservoir pressure as the fracture spaces close after a
period ‘of production (Nelson, 2001). In addition, non-hydrocarbon fluids may pass
through the fractures dissolving the rock matrix or filling the fracture pores with
secondary minerals, consequently reducing the reservoir porosity -and permeability

(Barker et al., 2006; Dietrich et al., 1983). Understanding fracture networks, their

geological history and diagenetic evolution is considered crucial when evaluating and

optimizating carbonate reservoir rocks and for production planning (Becker et al,
2018). Thus, investigations of fracture network morphologies have been used as a
tool to better characterize the reservoir and improve drilling operations and
production management (Narr, 1996; Peacock et al., 2003; Wennberg et al., 20086;
Gillespie et al., 2011; Wilson et al., 2011; Lamarche et al., 2012; Zeeb et al., 2013;
Peacock et al., 2018).

The Zagros Basin is characterized by a complex sub-surface structural region, where

multiple oil and gas fields have been discovered (Beydoun et al., 1892; Cooper,

2007). A series of fracture studies have been undertaken in the Iranian Zagros

region including McQuillan (1973) and (1974); Nemati and Pezeshk, (2006);
Wennberg ét al,, (2008); Navabpour et al., (2007); Stephenson -et al., (2007);
Ahmadhadi et al., (2008); Rajabi et al., (2010); Casini et al., (2011); Lacombe et al.,
(2011); Lapponi et al., (2011); Tavani et al., (2011); Navabpour et al., (2012);
Carminati et al., (2013); Pireh &t al., (2015); Joudaki et al., (2016); Casini et al.,
(2018); Dashti et al, (2018); Tavani eft al., (2018) but far fewer studies have been

undertaken in the lraqi region of the Zagros Basin (north and north western Iraq),

3
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examples include Garland et-al, (2010); Csontos et al, (2012); Garland et al, (2012);
Reif et al., (2012) ; Awdal et al., (2013); Zebari, (2013); Zebari and Burberry, (2015);
and Awdal et al, (2016). Investigations of fracturé origin and timing can be
challenging in carbonate reservoir rocks. Fracture orientation, length, spacing and

aperture (opening) all govern fracture permeability (Miranda et al.; 2018). These

factors are considered as a function of position within the folds, rock microstructure

and beds thickness within the Zagros region (Wenberg et al., 20086).

This work describes the fracture distribution and characteristics of the Lower
Cretaceous, Qamchuga Formation which is a carbonate reservoir in. Zagros fold belt.
The study area is situated along the north-eastern part of the Iragi Zagros Basin
which is poorly characterised due to a limited exploration and fracture investigations.
The data was collected from the Miran West field and compared static data with
dynamic data including mud logging data and test results in order to understand the
fracture influence on -production potential and to support future field development
planning. In .addition, subsurface core sampzles arid micro-resistivity borehole
imaging data sets have been collated and used as an analogue to better understand
the reservoir fracture properties. The objective of this research is to investigate the
paragenesis of fracture formation in heterogeneous carbonate rocks and the

influence of fracturing on the reservoir-quality.

2 Geologic setting

Two wells drilled. in the Miran West field (Figure 1) were chosen for this study, MW/-1
exploration well and MW-2 appraisal well. MW-2 included a cored section of the
Qamchuga Formation from 1066 m to 1187 m. These wells pénetrate the

Cretaceous, Aptian to Middle Turonian Stage, Qamchuga Formation which is a
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carbonate hydrocarbon bearing rock and a reservoir target. The region investigated
is the Miran West structure within the Zagros Fold Beit in the Kurdistan Region of
north-eastern Irag where the majority of hydrocarbon production comes from
carbonate reservoirs (Motiei, 1993; Alavi, 2007). The Miran structure is a thrusted
anticlinal fold with a northwest to southeast oriented axis with fault closure to the
northwest and southeast. The structure is about 70 km long and 15 km wide, some
12 km west of the city of Sulaimani (Figure 1). The Miran structure trends parallel to
the other structures of the Zagros folded belt that covers about 2000 km starting in
south-eastern Turkey and continuing through Northern frag into southern lIran
(Versfelt, 2001).

The structure is located close to the northern boundary of the NW-SE trending Kirkuk
Embayment region of the Zagros Fold and Thrust Belt. The Zagros Mountains
formed during Cretaceous and Tertiary collision of the Arabia and Eurasia plates
(Talbot and Alavi, 1996; Fakhariand Soleimany, 2003; Homke et al., 2004; Sherkati
and Letouzey, 2004; Fard et al., 2006; Homke et al., 2_009; Khadivi et al., 2010;
Saura et al, 2011; Koshnaw et al., 2018). The Zagros deformation zone is

characterised by strike-slip and contractional movements. These movements result

from strain being partitioned into dextral strike-slip movements along mainly NW-SE

faults and a shortening component in a NE-SW direction (Vernant et al., 2004).
Relatively tight, high relief anticlinal structures have been observed on seismic
images which are considered to be heavily faulted, fractured and deformed. rocks

(Heritage, 2010). The folding and faulting hbave influenced the density, freq'uency_and

development of the fraét_ure distribution throughout the stratigraphic succession

(Heritage, 2009 and 2010).
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The tectonic evolution during the early Cretaceous was defined by the: cessation -of

westward motion of the Arabian Plate, as a result of the opening of the South Atlantic

Ocean (Iranpanah and Esfandiari, 1979). The motion of the central Iranian plates
also ceased in response to the closure of the Palaeo-Tethys Ocean (Sattarzadeh et
al., 2000). Thus, the relative motion of the Arabian and Central Iranian Plates
reversed and north-eastward subduction of the Neo-Tethyan crust under the Iranian
plates was initiated. This interval was characterised by a moderately high, but falling,
eustatic sea level (Haq et al., 1988). The eastern sheif platform of the Arabian Plate
including the current Zagros folded belt was covered by shallow marine water. on a
passive margin depositing the Qamchuga Formation carbonates. A seﬁes of inner-
facies were identified as evaporates and siliciclastics of the Jawan Formation ih the
eastern part of the Kirkuk embayment and subsequently passed into deeper water
limestone of the Balambo Formation to the east of the Kirkuk embayment and further
into northeast Iraq (Buday, 1980; Numan, 1983; Jassim and Goff, 2005: Agrawi et
al., 2010; Al-Qayim and Rashid, 2012).

In the region four formations are exposed at surface ranging from Palaeocene to
Eocene age; these are the Kolosh Formation (Upper Palagocene), Sinjar Farmation
(Lower Eocene), Gercus Formation (Middle' Eocene), and PilaSpi (Upper Eocene).
The Kolosh and Sinjar formations dominate most of the é‘rea whereas the other
formations form a narrow strip along the western part of the greater Mirén structure
(Figure 1). Three common regional carbonate reservoirs of the Cretaceoqs
petroleum system (Qamchuga, Kometan and Shiranish) are present in the sub-
surface of the structure (Jassim and Goff, 2005, Agrawi et al., 2010). These
formations have different reservoir qualities and petrophysical properties. However,

the reservoir zones are bound by relative mechanical strength of the rock intervals



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

rather than stratigraphic boundaries. In addition four unconventional reservoir zones

have been identified at the Miran West Structure two within the Jurassic (Zones 1

and 2) and two in the Cretaceous (Zones 3 and 4) (Heritage, 2009 and 2010).

3 Materials and Methodologies

The fracture analysis was performed in the Qamchuga Formation interval of wells
MW-1 and MW-2 drilled in the Miran West Field. The core section of Well MW-2 was
drilled entirely in the Qamchuga Formation and achieved 98% core recovery. Plug
samples were drilled from the cores to measure the gas porosity and permeability.

Furthermore, the cores, cutting samples and wireline log data have been used to

.deve]op a detailed stratigraphic column of the Qamchuga Formation in the study

area (Figure 2). A summary of the gathered data inthis study are presented in Table
(1).

The Miran West-1 (MW-1) well was the first exploration well drilled by Heritage
Energy Middle East Ltd in the Kurdistan Region of Iraq (Heritage, 2009). The well
was drilled as a vertical exploration wildcat at the crest of the Miran West structure
was targeting multiple reservoir intervals including Cretaceous, Jurassic and Triassic
rocks. The well was vertical through the Tertiary and Cretaceous intervals, but a

slight inclination to built 4.1° in the top of Jurassic Formations and reached 5.6° by

TD.

The Miran West-2 (MW-2) well was the second well drilled by Heritage Energy
Middle East Ltd in the Kurdistan Region of Irag (Heritage, 2009). It was drilled initially
as a vertical well on the Miran West structure and is located about 6 km northwest of
the MW-1. This well targeted multiple reservoirs i‘n the Cretaceous and Jurassic. The

well path maintained an almost vertical profile in the Tertiary and Cretaceous

7
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intervals. The highest well inclination recorded was 7.1° at the top of Jurassic

successions and this deviation reduced to 3.4° at TD.

A detai[ed rock description and stratigraphic study was conducted based on core
observations, microscopic study of cutting samples, combined with well logs. The
drilled cutting samples were used for lithologic description for the non-cored intervals
in well MW-2 and all intervals of the Qamchuga Formation in well MW-1. Lithologic
variation ‘and stratigraphic study of the Qamchuga Formation were achieved frqm
rock samples supported by lithological and mineralogical investigation ebtained from
the wireline log data (GR, DT, LDS, and CNL). Dunhams (1962) ciassifjcation was
used to identify the .cérbo_nate- microfacies. The rock descriptions were used to

interpret and describe sedimentary texture, microstructures, lithology, coleur,

microfacies, sedimentary structure, diagenesis and tectonic effects, thickness.

variation was mieasured manually (Wang et al., 2015; A]-Qayirﬁ and Rashid, 2012;
Honarmand and Amini, 2012).

To characterize the Qamchuga Formations matrix porosity and permeability a set of
cylindrical plug samples (6 cm to 6.5 cm in length and 3.8 cm in diameter) were
drilled from the core at intervals based on lithological variations and fracture

distribution. All the samples were carefully chosen to avoid any fractures. The

'samples were oven dried at a temperature of 60°C for 72 hours to remove any

moisture in the pore spaces. The dry weight and bulk volume of the plugs were
measured, and the grain volume was measured based on gas displacement
procedure of Bowel's Law (RP40). Helium porosimeter was used to measure the
grain size of the samples and the matrix helium porosity of the selected samples was
calculated from pore volume to the bulk volume ratio of each piug sample. The same

group of plug samplés that were used for measuring porosity were selected for

8
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measuring Klinkenbérg-corrected matrix permeability (Klinkenberg, 1941; Rushing et
al., 2004; Tanikawa and Shimamoto, 2008; Haines et al.,, 2016). Helium gas was
used to measure steady state gas permeability (Ross, 2011). However, only the
samples with porosity greater than 12% were measured using the steady state
technique because below this value samples do not provide accurate results of the

measured permeability (Rashid et al., 2015a and b; Rashid et al., 2017).

The fracture data was collected from cores and down hole image logs. A database of

all measurable fracture parameters was collated recording fracture characteristics,
dimensions, spacing, aperture, filling, frequency and orientation. (Gomez and
Laubach, 2006; Guerriero et al., 2010; Rustichelli et al., 2016; Miranda et al., 2018).
The fracture measurements are fuily integrated with sedimentological data,

conventional wireline. logs and core analysis data to help define the fracture impact

onh the reservoir quality (Nelson, 1985; Laubach et al., 2009; Hou and Pan, 2013;

Moumni et al., 2016; Bisdom et al., 2017).
Upon removal from the core barrels the core fractures were measured. The

individual core pieces in each tray were correctly arranged and a reference line was

drawn along the long axis of each core from top to the bottom which was used as a

datum for the-orientation measurement including apparent dip angle and direction of
the fractures along the core samples. Upper Hemisphere stereonet pole plots and
azimuth rose diagrams have been used for presenting the measured-dip direction of
sedimentary and tectonic features. Frequency dips angle histograms with various
scales are used to characterize the dip and azimuth of sedimentary and tectonic
features. Furthermore, fracture type, spacing, filling, length, aperture and termination

were recorded for each fracture.
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Image logs have been used for iﬁves’tigati_ng’ fracture type, fracture orientation and
parameters in reservoir rocks (Khoshbakht et al., 2012; Xu et al., 2016; Lai et al.,
2017). The image logging t'ooflused on this investigation was the X-tended Range
Micro Image ()q(RMI) log tool which is a water-based mud micro-resistivity log which
consist of 6 pads. The XRMI image log provides a vertical resolution of 0.1 inch (0.25
mm) and a depth of investigation of 0.95 inch (2.41 cm). The image logs were depth
shifted relative to the GR log that was run with the XRMI tool simultaneously. Image
interpretation of the both wells Was processed using the Interactive. Petrophysic (IP)
software.

Image logs data were interpreted over the cored intervals in the well MW-2 and non-
cored intervals in the wells MW-1 and MW-2. All visible fractures were recorded. The

fracture. orientations measured from the core intervals were compared with the

- image analysis using identifying fractures at different scales, and acceptable results

were achieved from the core-log correlations (Russell et al.; 2002; Folkestad et al.,
2012; Brekke et al., 2017; Lai et al., 2018). Any difference between the measured
parameters of fracture distribution gathered from the core and those of the borehole
image data were subject to sensiti'\'/ity analysis and the fracture measurements from
the core intervals corrected accordingly (Goodall et al., 1998; Fontana. et al., 2010:
Nie et al., 2013). |
Fracture types can be identified from image logs using resistivity contrast aspect
between the rock matrix and the fracture filling. Open fractures, partially open
mineralized fractures (partially cemented), cements veins and vuggy fractures are
the dominant types of fractures that can be identified using well bore scan image
data (Zazoun, 2013; Lai et al, 2013; Lai et al., 2017). In this study electrically

conductive features represent fractures that cross-cut the rock matrix without

10
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displacement and were identified as open fractures. Low confidence electrically
conductive features are comparable with open fractures (Serra, 1989; Ameen et al.,
2012). The closed fractures and veins had high electrical resistance (light) images on
the log (Ameen, 2016; Nian et al., 2017). Some fractures appeared poorly in the light
band of the image log, these features were considered low confidence closed
fractures. Furthermore, partially open mineralized fractures with vuggy porosity were
identified on the image log as narrow alternating electrically resistive (bright) and
electrically conductive (dark) bands (Table 2).

The fracture porosity and permeability in the cores was calculated based on the
fracture length, aperture and frequency in the core interval (Howard and Nolen-
Hoeksema, 1990). For the purpose of calculating the porosity value the core

dimensions are considered to be one cubic meter of rock centered on the core,

therefore the porosity is calculated every meter along the well bore. The porosity

estimation is done by measuring the fracture aperture and fracture length in each
meter of core. Each fracture family has a specific average aperture and frequency
from which a void volume and “pore volume” can be calculated (eq. 1). The pore
volume can then be used to calculate the fracture porosity in each one cubic metre
of rock surrounding the borehole, over the entire boreholé (eq. 2). This method takes

into consideration fracture types, aperture and varying frequencies, as shown:

Vp = Fr X Fy x 1m? (eq 1)
Ven .
ij 1m3 (eq2)

Ve pore valume " void"

Fr: fracture frequency

Fy: fracture apéerture

Vet space volume in n fracture family@;: fracture porosity

11
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The aperture value of each 'fra_ct_uré was considered as constant and the average
distance was taken for each measurement. Only the effective opening was
measured for calculating the fracture porosity. The accumulated porosity of all
individual fractures and each fracture family were used to calculate fracture porosity.
The Fracture permeability was calculated using the cubic law (Zimmerman et al.,
1996). The fluid flow in the fracture is assumed laminar between two paralle! plates
separated by a constant distance “aperture® (Robin et al;; 2018). The measured
fracture permeability can be calculated using equation (3) (Jourde et al., 2002; Robin

etal., 2018).

K== (eq 3)

Kp: fracture permeability

h: fracture aperture

4 Results

4.1 Stratigraphy

This study focuses on the Aptian to Middle Turonian heterogeneous carbonate rocks
of the Qamchuga Formation in the Miran West field. This formation was first
described at Qamchuqa Gorge in the Zagros Folded belt. The formation is about 800
m thick with an alternating ‘dolostone and limestone lithology (van Bellen et al.,
1959). It is stratigraphically split into Upper and Lower Qamchuga Formations. The
Upper Qamchuga Formation consists of dolomitized argillaceous limestones and

12
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was deposited in a shallow marine environment during Albian Stage. The Lower
Qamchuga Formation consists of thickly bedded, argiliaceous and fossiliferous
imestones with silt size quartz and glauconite minerals. The limesione beds are
intercalated with crystalline dolomite and occasionally laminated shale layers
(Buday, 1980). The upper contact with the Kometan Formation is unconfermable,

while the lower contact with the Sarmiord Formation is gradational at the type locality

{van Bellen et al., 1959; Buday, 1980; Jassim and Goff, 2006; Agrawi et al., 2010).

The total thicknesé of this formation is about 316 m in Well MW-1. The well MW-1 is
dominated by deep marine facies of the Balambo Formation that extend as
intercatations with the rock units of the Qamchuga Formation. This phenomena is
known to become more common foward the south-east fields of the Kirkuk
embayment including the Jambur and Pulkhana fields, while toward south-west it
becomes more recognizable as Qamchuqa rock units.

The to;cal thickness qf the Qamchuga Formation is about 235 m in well MW-2, as it
only consists of the rock units typical to the Qamchuga Fermation (Figure 3).
Lithologically the formation is composed of interbedded fimestones, dolostone and
thin bedded claystones of various thicknesses.

The limestone beds of the Qamchuga Formation in the Miran West field are light
brown, occasionally dark brown becoming predominately grey brown in color in
some intervals. The limestone rock units contain variable types of foraminifera and
bioclasts. Furthermore, pyrite, glauconite and chert minerals are observed within the
limestone beds. Thin argillaceous and organic rich laminations are frequently present
from top. to the bottom of the drilled intervals of the Qamchuga Formation. These
limestone are interbedded with mudstones and wackstones which have a hard and

blocky structure with a micritic: to microcrystalline matrices. They are light to medium

13
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grey and grey brown in colour, hard; blocky to‘sub-fis'SiIe, calcareous and pyritic.
Occasionally packstones and dolostone occur randomly in the Qamchuga intervals.
The packstone dominate the limestone units they éjre light brown to beige to light
pinkish brown in colour with a hard blocky structure that contains: different types of
fossils. The dolomite textures are fine crystalline, sucrosic matrixes with a grey to

brown colour and hard microstructure.

42  Dynamic data

In the well MW-1 drilling was continuous in the Qamchuga Formation without
rec_érding abnormal mud loss with a drilling mud weight of 10.5 ppg. Lost circulation
wa's're(:orded at 1271 m, and total mud losses at 1283 m. The lost circulation was
not recorded in. the Qamchuga Formation interval when using 10.5ppg of drilling
mud. In the well MW-2 lost circulation was not recorded at the Qamchuga Formation
interval , while the losses were commenced in the Sarmord Formation at 1390m and

increased rapidly down to 1430m MD (up to 100bbis/hr).

Driliing tests were carried out in the Qamchuga Formation in both wells. DST#2 in
well MW-1 provided inconsistent rates of gas. In well MW-2, DST#3 and #4 didn't

record fluid flow, while DST#4 was recorded 5000 bwpd of the formation water flow

in the Sarmord Formation interval.

4.3  Porosity and permeability
The porosity and permeability was measured from plug samples that were drilled

from the non-fractured parts of the core in MW-2, The matrix porosities were

14



353

354

355

356

357

358

359

360

361

362

363

364

365

366
367
368
369
370
371
372
373
374
375

376

measured using laboratory techniques of measured helium porosities which varied
from 2.0% to 22.0%, with an average of 10% (Figures 4A, 5 and Table 3). The
measured Klinkenberg-corrected matrix helium permeability was measured from
plugs samples that have porosity measurements at ambient surface conditions in
order to remove any effect of confining pressure on the permeability. Th_.e
permeability ranged from 0.06 mD to 58.4 mD with the average value of 7.65 mD
(Figure 4B and 5). The fracture porosities varied from 0.006% to 1.217% with the
average of 0.173%. The fracture permeability varied from 1.22 mD to 1x10 ls_ mD,
with an average of 1.8 x10 ® mD. These results show the matrix porosity was higher
than the fracture porosity but by contrast the fracture permeability was eight times

higher than the matrix permeability.

4.4  Structure analysis

4.4.1 Core measurements

The structural analysis was carried out on the core from well MW-2, in the
Qamchuqga Formation, this involved investigation of both sedimentary and tectonic
features. The sedimentary features identified which are related to depositional
environment and burial included bedding, burial stylolites and dissolution seams,
while the tectonic features identified were tectonic stylolites, open fracture, partially
open mineralized fractures, veins and faults.

Analysis of the bedding planes shows multi-directional ‘azimuths; but this. was
because of the very low angle dips between 2° to 13% with an average of 5°. This
suggests the bedding is horizontal or sub-horizontal with a possible slight trend a

dipping to the-east (Figure 7, A).
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Some of the most common features identified in the core were the stylolites and
dissolution seams. The stylolites and dissolution seams were observed throughout
the majority of the formation especially in highly fractured zones, The amplitude of
the stylolites varies from 2.0 mm to 40 mm. In total 478 stylolites have been recorded
over the 112 m of core (Figure 6), 60% of them are burial stylolites. The burial
stylolites are: sub-horizontal with no dominant trending azimuth (Figure 7), although
dips vary from the horizontal (0°) to sub-horizontal (13°) with an average dip of 6.8°
confirming that they are most likely the result of burial stres‘;s with a principle vertical
stress (0"). The stylolites were usually filled with residual clay, shale or calcite and
occasionally bitumen was observed. The tectonic stylolites had dip directions which
trended to the north-éast, suggesting a principle horizontal stress (o) of
approximately NE-SW for them to develop. The dip varied from 20° to 90° with an
average of 41.33° (Figure 7C).

Another sediméntary feature characterized were dissolution seams which were filled

with residual clay and 348 of them were recorded over the length of the core. They

were small scale features with 2 maximum length of 10.5 cm (Figure 7D). THe
dissolution seams are sub-horizontal and do not have any clear trending orientation,
although the dip ranged from horizontal (0°) to sub-vertical (40°) the average dip was
only 11°,

QOver 350 partially open mineralized fractures and totally open fraciure have been

recorded from the Qamchuqa core. The fractures were mostly tensile in nature. The

stratigraphic distribution of fractures was not even, with the majority recorded in the

upper part of the core (Figure 8). On average the fracture density was about 3.5

fractures per meter which was slightly different when compared with result from

image logs. The partially open mineralized fractures cross cut the burial stylolites
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and bedding planes or were slightly off-set by these sedimentary features suggesting
they form contemporaneously or after the sedimentary features {(Figure 9). These
fractures were mostly partially filled by calcite or occasionally dolomite and organic
matter (bitumen) (Figure 10).

The partiaily open mineralized fractures show a dominant ENE-WSW strike. The

dips range from 6° {0 90° with an average of 76° (Figure 11). Forming one sub-

'vertical fracture set dipping very steeply to the NNW. This is perpendicular to the

Miran West fold axis and parallel to the main fault axis demonstrating the ENE-WSW
compression. The fracture set represented by the partially open mineralized
fractures can be interpreted as single famiiy of steeply inclined fractures.

As shown in Figure 12 the effective opening (fracture aperture) of the partially open
mineralized fractures was variable, fracture aperture varied fr.om 0.1 mm to 10 mm
with an average of 1.5 mm (Figure 13). The observed fractures length varied from 15
mm to 530 mm with an average length of 120 mm (Figure 14). Only a few fractures
over 250 mm were visible. The wider fractures usually crossed the whole core and
so fracture persistence measurements were limited to what was visible in the core.
This means that many of the fractures have far greater persistence,

Over 250 veins were measured in the 112 m core (Figure 15). On average 2.5 vein
features were idertified every metre. The veins were usually fractures which are

completely filled with calcite and closely associated and related to the partially open

mineralizéd fracture in the upper part of the core. They either cross cut the bedding,

hurial stylolites and dissolution seams or terminate against them (Figure 15) and on
occasion flow along the sedimentary features (Figure 15) demonstrating that the
sedimentary structures formed before the veins and they are a contemporaneous .or

later tectonic feature. The thickness of the veins varied from 0.1 mmto 5 mm with an
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average of 0.7 mm (Figure 13). The lengths of the veins varied from 18 mm to 290

mm with an average of 95 mm but as with all linear features were frequently

truncated by the core. The dip angle varies from 24° fo 90° averaging 72°. The vein

data shows similar trends to the partially open mineralized fractures with a dominant

ENE-WSW strike, forming set one of very steeply dipping fractures to the NNW. The

partially gpen mineralized fractures and the veins probably form from the same set of

fractures or are part of the same tectonic event.

In the MW-2 well 25 drilling induced fractures were recorded occurring most
commonly the highly fractured part of the core (Figure 16A). The dip angle varied
from 28° to 88° with an average of 63° The plotted fracture data illustrated a clear
ENE-WSW (N75E) strike and these features were probably taking advantage of pre-
ex\isting weaknesses in the rock and potentially related to the main fracture
orientation.

A fault zone was observed in the MW-2 core between 1130 m to 1147 m. The faul
damage zone was characterized by slip surfaces of fault zones where cataclastic
breakdown and hydrochemical modification of thie rock has occurred. Adjacent to this
on both sides a fracture damage zone was identified (Garland et al., 2010). Between
1130 - 1141 m the fault zone is associated with typical vuggy porosity due {o
dolomitisation with a possible h_ydrofherma‘l origin (Figure 16B) (Kareem et al., 2016;
Ghafur et al., 2019). The scale of this fault is 1 — 2 m thick at 1130 m to 1131 m
(Figure 16B) and 1135m to 1137m (Figure 16C). The fault zone at 1130 - 1131 m
and 1135 - 1147 ‘m are probably part of the same basic fault zone associated ‘with
the interval of secondary dolomitisation approximately 25 m thick. Faults of 100 m
displacement tend to have damage zones in the order of 10 m to 50 m wide,

although there is wide scattering in the data because lithology and fault style. If the

18



452
453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468
469
470
471

472
473
474

475

fault displacement is in the order of 10 m to 100 m. A 100 m displacement fault has a
length reaching approximately 1000 m (Bech et al., 2001; Marrett and Allmendinger,

1990; Childs et al., 2009).

4.4.2 Image log analysis

The fracture sets were measured from the image logs, these covered a wider interval
than the core. The MW2 core was 102 m in length whilst the image log is recovered
all the drilled interval, 235 m in Well MW-2 and 355 m in well MW-1. The observed
fracture density from the image logs were lower than the fracture distribution
collected from the 'c‘lore. Over the intervals investigated from MW-1 and MW-2 wells,
81 electrical conductive features (open fractures), 61 partially open mineralized and
101 veins were recorded (Figure 17 and Figure 18). Furthermore, nine drilling
conductive features that correspond to induced fractures and faults were observed

from the image log analysis.

One of the challenges and complexities facing fracture analysis using the integration
technique of image logs including FMI type and core data is difficulty in differentiation

between open and partially dpen mineralized fractures in image logs. The second

types occasionally appear as disconnected open fractures. Fracture thickness and

the tool resolution quality are two factors which control the fracture observation

certainty in the image logs. Furthermore, fracture filing and sedimentary features
were also difficult to differentiate using FMI data. The fracture and fracture fill could.

be easily identified from core analysis.

The open fractures show two strikes the ENE-WSW strike orientations observed in
the cores but also a set of fractures striking SE-NW which was not observed in the

core (Figure 19). The measured dip angles are shallower compared to the core
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which potentially divides the fractures into conjugate set along each strike the reason
for the different fracture styles moving from a sub-vertical fracture set in the cores to
two sets of inclined 'COnjugates fractures probably resulis from MW-1 (the borehole
not cored) being on a different part of the anticlinal structure, closer to the fold axis
and this is .shown when the open fracture data to plotted separately for MW-1 and
MW-2.

The partially open mineralized fractures and veins show frends which -are very
similar to the MW-2 borehole core striking of ENE-WSW; with both sets dipping
steeply to the NNW (Figure 19). |
The data plotted on stereonets and rose diagrams (Figures 19) show that the open
and partially open mineralized fractures from the image logs are consistent in both
wells MW-1 and MW-2, As stated in the previous paragraphs the main difference
was in the fracture density and the quality of fracture observatior that obtained from
the log data analysis.

A number of veins were observed in the image logs. The strike orientation of the
veins was ENE-WSW, very similar to the partially open mineralised fractures and the

open fractures. The dip varied from 29° to 88° with an average of 67°.

Fracture spacing measured by the micro-resistivity image data was influericed by the
image quality, especially over washed out intervals of the well, which resulted in poor
fracture identification. The fracture intensities illustrated heterogeneous fracture
distributions throughout the core. Open and partially mineralized fractures had an
average apparent spacing of 0.26 m and veins had an apparent fracture spacing of

0.12 m over the continuous logging interval. The open fractures were commoniy

distributed in the upper part of the Qamchuga Formation throughout both wells. This

interval appeared as massive to laminated beds from the miicro-resistivity image log.
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The well intersected a fault-breccia at 1130 - 1137 m observed in cores of the
Qamchuga Formation. The orientation of the fault plane couldn't be determined with
high confidence from the image log because of poor image quality. However, the
position of a fault-breccia and damage zone could be seen on the image log in the
well MW-1 (Figure 17 D) and the thickness of this zone was estimated at 24 m from
the micro-resistivity image log. In well MW-1, total losses were encountered at 1285
m coinciding with a cluster of ENE-WSW striking fractures interpreted as a fault

damage zohe.

5 Discussion

5.1 Fracture paragenesis

Two main phases. of fracture development have been identified as a result of the
measurements from the core and micro-resistivity image logs. The first phase of
development was syn-sedimentary that was penecontemporanous with early-late
burial and diagenesis, followed by a second phase of fracture development

associated with later tectonic activity and folding. The paragenetic pattern of the

fractures growth was identified based on the fracture analysis and fracture

relationships with the other sedimentary features (phase 1) and then fractures

development by later tectonic activity (phase 2).

The burial stylolites and dissolution seams are sub-parallel to the bedding planes
(horizontal to sub-horizontal) and formed as a result of deﬁositional processes

including pressure solution during burial with the features developing at depths

" shallower than 100 m (Tada and Siever, 1989; Gruzman, 1997) to deeper than 1 km

(Scholle and Halley, 1985; Tada and Siever, 1889; Zhang and Spiers, 2005; Ebner

et al., 2009; Agosta et al., 2009; Olierook et al., 2014; Lavenu et al,, 2014; Yu et al.,
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2018). These features form when the maximum stress is vertical. These sedimentary
features cause compression of the parent rock and development of different early
fracture types. The sedimentary stylolites create local stress regimes that allow
tension gashes and shear fractures to develop in the rocks (Aharonov and Karcz,

2019). Plannar, syn-burial extensional fractures initially formed perpendicular to the

stylolites (Figure 20 A and B) and commonly terminate against the stylolite surfaces.

The fracture surfaces are filled with dissolved carbonate matrix material formed from

pressure solution. The fracture network and connectivity of this type of fracture ‘is

very poor and commonly sealed by the carbonate cement.

The early formed features considered to form as part of Phase 1 are the bedding,

burial styolites and dissolution seams which are all sub-horizontal and related to

lithostatic compression and compaction. Extensional fractures may also have started
to form and infill. These types of fractures are possibly formed during Mesozoic

specifically in the Aptian to Turonian. At this stage early ENE-WSW strike direction

tensional fractures this stage early ENE-WSW strike direction tensional fracture may
have formed, this corresponded with pressure solution and the fracture surfaces

filled with the dissolved derived minerals.

The: main stage of Phase 2 corresponds to a rotation of the horizontal compressive
tectonic stress fields in the ENE-WSW direction, this fully develops the tensional
fractures and the compressional regime fully develops the veins, partially open
mineralized fractures, open fractures and tectonic stylolites who's orientation
suggests a ENE-WSE compressional event. This stress enhanced the fracture
apertures of open or partially-open fractures. The fractures strike to ENE-WSW

forming during the Cretaceous to Miocene convergence of the Arabian and Iranian-
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Eurasian plates. These types of fractures were parallel to the maximum horizontal
stress (6n) during the convergences time and they are éxpected to be formed in the
Late Cretaceous, Palaesogene and Miocene respectively. In addition these Phase 2

features cross cut the earlier sedimentary and burial features (Phase 1).

The late tectonic fractures including en-echelon planar to sigmoidal geometries
tension shear gashes post-date the sedimentary stylolites and dissolution seams.
The Phase 2 fractures have largér dimensions in comparison with the syn-

sedimentary Phase 1 fractures. In addition, coarse spary calcite filled veins provide

evidence of rapid fracture propagation for the post-burial tension gashes (Figure 20

.C and D). The fracture geometries indicate rotational shear probably associated with

fault deformation or local damage zones. Tectonic stylolites also formed in the core
intervals by further pressure solution derived from the previously-created fractures
(Yu et al., 2018; Mollema and Aﬁtonel!ini,- 1996; Zubtsov et al., 2005; Croize et al,,
2010; Fossen et al., 2011). The tectonic stylolites have steep angles of dip which are
perpendicular to the dom'inant fracture orientations (Kim et al., 2004; Olierook et al,,
2014). The tectonic stylolites run sub-parallel along the axis of the folds striking
WNW-ESE which suggests. they formed contemporaneously with folding in the
region (Aschwanden et al., 2019). The faulting in the Cretaceous is linked to the
compressive state of Zagros mountain construction (Garland et-al., 2010) which was
at its maximum in the Late Miocene to Pliocene time (Ameen, 1.991)..These fault
probably formed due to outer arc extension in the Miran West field similar to the

other structures in the Zagros folded belt (Awdal et al., 2013).
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5.2  Fracture and reservoir quality
Fracture spacing and distribution have a significant role on in hydrocarbon migration
and reservoir productivity in fractured carbonate rocks (Eichhubl and Behl., 1998:

Aydin, 2000; Boume et al., 2008). However, some types of fractures and burial

features can have a negative impact on reservoir quality such as stylolites,

disso’l.ution seams and cemented fractures (Nelson, 1981; Burgess and Peter; 1.:985;
Koepnick, 1987; Finkel and Wilkinson, 1990; Dutton and Willis, 1998; Olierook et al.,
2014; Rashid et al., 2017). Burial stylolites, tectonic stylolites, veins and dissolution
seams surfaces lined with residual clay, shale, calcite and occasionally bitumen all
act as barriers for fluid flow and destroy the reservoir pore volume and connectivity.
In the 112 m of core 750 stylolites and dissolution seams were recorded and 275
veins were recorded with the majority of the veins distributed around the stylolites
and dissolution seams. This may suggest that the pressure solution calcite dissolved
during the formation of the styolites and/or 'dissb!ution seams precipitated in. open
fractures creating the veins observed. The vein minerals usually consisted of calcite
and occasionally dolomite minerals, these act to destroyed the reservoir quality. As a
result, veins, stylolites and dissolution seams tend not to contain any hydrocarbons
or allow hydrocarbon migration and act as fiuid flow barriers for reservoir
productivity. During the early stages of burial some types of these fractures may
have had good reservoir quality but subsequent fracture formation, burial and
tectonic: processes have eventually destroyed reservoir potential specifically
reducing the fracture interconnection and permeability of the rocks.

The magnitude of the porosity achieved from fractures can be considered as
negligible except in some fracture zones with large scale fractures in terms of

fracture aperture and fracture extension. The average fractured porosity was
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0.173%, in some individual fractures these values are enhanced to 8% in highly
fractured zones but these were not common over the studied interval. Furthermore,
some macro size pores were observed in the core samples providing an increased
reservoir po;osity'. However, the average measured matrix porosity is 10 times
greater than what was recorded for the fracture porosity. Thus, fractures only have a
minor impact on the reservoir porosity and the storage capacity of the reservair rock,
but in contrast, the fracture permeability has a significant positive impact on the
reservoir quality.

The open and partially open mineralized fractures provided important fluid conduits
between rocks of the reservoir with good matrix porosity. These Phase 2 fractures
postdate and frequently crosscut the earlier Phase 1 syn-sedimentary stylolites and
dissolution seams and interconnect the discontinuous fracture =zones and
subsequently enhancing the reservoir pore connectivity. From the core investigation
two highly fractured permeable zones from 1085 m — 1095-m and 1105 m — 1130 m
were Obée'r-v.ed in the core (Figure 8). In these zones the measured matrix and
fracture permeabilities have 8 orders of magnitude difference; the average matrix
permeability was 7.65 mD whilst the average fracfure permeability was 1.8 x10 ¢
mD. Here, the magnitude of the fracture permeability is predominantly controlled by
fracture spacing and fracture orientation. The interconnected fractures obviously
enhanced the reservoir permeability.

The regional stress patterns in the Zagros folded belt is considered as the maximum
horizontal stress has approximately the NE-SW directions (Reinecker et al., 2004;
Vernant et al., 2004). The open fractures are preserved by the current in-situ stress

regime which is sub-parallel with the dominant fractures direction. Conversely the

- fractures which run perpendicular to the current stress regime have closed apertures
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reducing the magnitude of the fracture permeability. The partially open mineralized

fractures remain open whatever the current stress direction because the minerals

bridge the apertures acting as structural beams preventing the apérture closing even

when perpendicular to the maximum insitu stress orientation. HoWeQEr', ftﬁe density

of the sedimentary and tectonic features that reduced the reservoir quality are

greater than the fractures which enhance reservoir quality. On average one meter of
core contains 3.5 stylolites, 3.1 dissolution seams, 2.5 veins and 3.5 partially open
mineralized fractures. But, the partially open mineralized fractures have an average

thickness of 1.5 mm that is twice the thickness of the veins and much bigger than the.
stylolite and dissclutions seams thickness. Furthermore; average persistence of the

partially open mineralized fractures is 120 mm in the core, whilst other features are

less persistent for example veins are 90 mm, Consequéntly, the majority of the

fractures are of a later tectonic origin (Phase 2) and cross-cut the early formed burial

stylolites and dissolution seams (Phase 1). Thus, fracture aperture, fracture length

and fracture timing of the partially open mineralized fractures controls the: reservoir

potential and improves matrix pore connectivity through fracture networks.

Faulting and fault deformations have a frequent impact on reservoir quality and

specifically on fluid flow by creating an interconnecting network or by the

develo-pment of mineralised zones which act as barriers to fluid migration (Curewitz

and Karson, 1997; Aydin, 2000; Rotevatn et al., 2009).

There is a strong correlation between mud losses recorded while drilling and faulting

in the Well MW-1 (Figure 21). The faulted tock and its associated darnage zone

observed in the Qamchuga Formation at 1271 m — 1283 m coincides with mud
losses and gas flow recorded during open hole testing (DST2). In contrast, in the
Well MW-2 no mud losses were encountered at the around of the fault rock and its
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associated damage zone observed between 1129 m — 1154 m. This interval tested
tight with open hole tests (DST3). These results imply that the fault zone does not
have an effective permeability which may be due to limited reactivation or
mineralization on the fauit surface. However, core fault breccias were observed at
1130 m - 1140 m (Figure 17 B and C), while the fracture frequency and the fractured

permeability are low in comparison with the other intervals over this well (Figure 8).

6 Conclusions

The outcomes of the investigation into the heterogeneous carbonate Qamchuqga
Formation in Miran West block from the fracture analysis of core samples and micro-
resistivity image log supplemented by the DST, RFT and Mud-Logging tool ‘are as

follows:

o The dominant sedimentary features observed from the studied intervals are
represented by bedding, burial stylolites and dissolution seams. The tectonic
features consist of open fractures, partially open mineralized fractures, veins,
faults and tectonic stylolites. The sedimentary features are sub-horizontal with a
very slight dip to the ENE, whilst the dominant tectonic fractures are very
steeply inclined to vertical striking ENE-WSW, these are nearly perpendicular to

the sedimentary features and to the principle horizontal stress to the NE-SW.

o« The observed sedimentary and tectonic features are distributed
heterogeneously from top to the bottom of the formations with at least two
distinct episodes of fracture development and a complex structural history. The
sedimentary stylolites and disselution seams were formed at the early stages of

burial diagenesis and consequently early fractures formed by stress. derived
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from stylolisation and dissolution seams (Phase 1), later tectonic activity

produced several types of fractures that crosscut the earlier features (Phase 2).

o The stylolites, dissolution seams and veins have destroyed the matrix
petrophysical properties including porosity and permeability of the reservoir
formation. As the residual materials in the surfaces of stylolites and dissolution
seams and the minerals that filled the fractures surfaces in the veins have
occluded the pores and blocked the pore connectivity reducing the reservoir

quality.

o The Phase 2 tectonic features including ENE-WSW dominant open fractures
and. partially open mineralized fractured orientation are perpendicular to the
Miran West field axis and enhanced the reservoir permeability. The fracture
permeability value is greater than the original matrix permeability by 8 orders of
magnitude. Whilst, the fracture porosity has no impact on the reservoir quality

as the original matrix porosity is 10 times greater than the fracture porosity.

o The fracture frequency, fracture aperture, fracture lengths and fracture timing
are the main parameters that controlled the reservoir quality. Whilst some of the
sedimentary and tectonic features act to reduce the reservoir quality the
fracture aperture, length and origin enhanced reservoir quality controll"i'n'g. the
reservoir potential and providing excellent fluid flow movement.

¢ The fault breccia associated with NE-SW striking hydrothermal vuggy
fractures with no mud losses and ho flow production was recorded while drilling
suggesting that this structure is dynamically sealed in MW-2. In contrast, total

mud losses and flow were recorded that coincided with a cluster of NE-SW
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area presented with the gamma ray deflection. The rock lithologies achieved from
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Figure 4. Histograms of the magnitude of porosity measured throughout the studied
core samples. The maximum measured matrix porosity was 22% (0.22) while the

maximum fracture porosity was 1.2% (0.012) in the same formation.

Figure 5. Histograms of the measured permeabilities from the core samples
including matrix and fracture permeabilities. The matrix porosity has a limited range
from 0.010 mD to 20.26'mD. The fracture permeability is 5 orders higher than the

maximum matrix permeability.

Figure 6. Stylolites and dissolution seam observed from the core samples of the
Qamchuga Formation in well MW-2. A: burial stylolites formed parallel to the bedding
plane and have horizontal surfaces. B: tectonic stylolites have an inclined surface to
the bedding plane with dip ‘angle >40°. C: dissolution seams formed paralle! to the

bedding plane and sedimentary stylolites.

Figure 7. Stereonets po‘le plots, rose diagrams and frequency dip angle histograms
of bedding plane, stylolites and dissdlution seams achieved from core samples in
well MW-2. A1 Stereonet azimuth of bedding planes. Az: rose diagram of bedding
planes . As: frequency dip angle of bedding planes. Bi1: Stereonet azimuth of burial
stylolites. Bz: rose diagram of burial st_yiol'ites .Bs: frequency dip angle of burial

stylolites. C+: Stereonet azimuth of tectonic stylolites. Cz: strike rose di'ag_ram of

tectonic stylolites. Cs: frequency dip'an_gle of tectonic stylolites. D1: Stereornet

azimuth of dissolution seam. D2: Azimuth rose diagram of dissolution seam. Ds:

frequency dip angle of dissolution seam.

Figure 8. A: Fracture density (number of fractures) achieved from the core samples

as a function of the core depth in well MW-2. The fracture concentrations in the
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uppet part of the core samples ‘are much higher from the lower part. B: Magnitude of

measured fracture permeability frequency as a function of the core depth,

Figure 9. Termination of partially open mineralized fractures by different sedimentary

features. A: parallel en echelon partially open mineralized fractures terminated by

bedding plane .B: en echelon partially opén mineralized fractures terminating against
stylolites. C: partially open mineralized fracture cross cutting the whole sample.
Figure 10. Types of in-filling of partially open mineralized fractures. A: partially open
mineralized fracture surface filled with calcite mineral. B: partially open mineralized
fracture surface filled with calcite and dolomite minerals mineral. C: partial open
minerlized fracture surface filled with caleite and dolomite minerals with residual

bitumen.

Figure 11. Stereonets, pole plot, rose diagrams and frequéncy dip angle _h'isto_gram_é
of fractures measured from core samples in MW-2 . Ax: stereonet of partially open
mineralized fractures .A2: azimuth rose diagram of partially open mineralized
fractures .As: frequency dip angle of partially open mineralized fractures. Br:
stereonet of induced fractures. Bz: azimuth rose diagram of induced fractures. Bs:
frequency dip angle of indOGEd fractures. Cu: streonet of veins .Cz: azimuth rose

diagram of veins .Cs: frequency dip angle of veins.

Figure 12. Fracture opening (aperture) scale of partially open mineralized fractures
selected from available core samples of Qamchuga Formation in well MWV-2. The:

fracture apertures have variable scales.

Figure 13. Histogram of fracture aperture of partially open mineralized fractures and

veins of the Qamchuga Formation.
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. Figure. 14. Histogram of fracture lengths of partially open mineralized fractures and

veins of the Qamchugqa Formation.

Figure 15. Veins in the cored interval collected from the Qamchuga Formation in

MW-2 well. A: post-dated stylolites and veins, B: post-dated dissolution seams and

the veins terminating at a dissolution seam at the upper part of the core sample, C:

vein forimed before styiolisation.

Figure 16, Different fractures related rocks. observed within the core samples. A:

induced fracture formed by drilling. B: Crushed-fault breccias recorded in the lower

part of the Qamchuga Formation in MW-2 well, interval 1130 — 1140 m. C: macro

vug hydrothermal fault related pores recorded in the fracture zones, interval 1130 —

1140 m.

Figure 17. Micro-resistivity image log (XRMI) images of MW-2 well selected from
different interval to show various types of fractures. A: electrically conductive and
resistive features of en echelon partially open mineralized fractures. B: continuous
conductive electric path of opened fractures. C: high resistivity of veins. D: patches

of conductive and resistive electrical images show fault breccias.

Figure 18. Micro-resistivity image log (XRMI) images of MW-1. The images cropped
from different interval to show various types of fractures. A: electrically high

conductive iﬁag_es of open fractures. B: conductive and resistive features of partially
open mineralized fractures. C: mixtures of conductive and resistive electrical images

show faulted rocks, total loss of the drilling mud was recorded in this interval. D: High

angle and nearly vertical conductive features of induced fractures.
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Figure 19. Stereonets pole plots, rose diagrams and frequency dip angle histograms
of fractures measured from XRFi images. A1: streonet of electrically conductive
(open) fractures. Az: azimuth rose diagram of electrically conductive (open) fractures
Az frequency dip angle of electrically conductive (open) fractures. B azimuth
stereonet of partially opeh mineralised fractures. Bz: azimuth rose diagram of
partially mineralised fractu_ries: Bs: frequency dip angle of partially open mineralised

fractures. G1: stereonet of electrically conductive induced fractures. Co: azimuth rose

diagram of electrically conductive induced fractures. Cs: frequency dip angle of

electrically conductive induced fractures. Di: stereonet of electrically resistive veins
Ds: azimuth rose diagram of electrically resistive veins .Ds; frequency dip angle of

mineralised fractures.

Figure 20. Stylolite, dissolution seam and vein relationships. A: fractured formed
perpendicular to the dissolution seam during burial stage. B: partially open
mineralized fracture perpendicular to the surface of the stylolites. C: fractures post-
date to the stylolite surfaces and the fracture surface filed with coarse calcite
crystals. D: Veins and partially open miineralized crossing stylolite-and dissolution

seam surfaces, formed by tectonic activity.

Figure 21. Mud losses as a function of the drilled depth-of MW-1 and MW-2. The

figure contains test results and the position of faLiIt zone in the studied wells.
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Table 1

Table:(1)

Data Mw-1 Mw-2
Core - 102 m
‘Gamma ray (GR), Spontaneous Gamma ray (GR), Spontanecus Potential
Potential (SP), Caliper (CAL), Sonic. {SP}, Caliper (CAL), Sonic {DT),
(D7), Compensated Density Log (CDL), Compensated Density Log {CDL),
. _ Compensated Neutron Log{CNL), Compeisated Neitron Log {CNL),
Wireline Log

Shallow Laterolog(LLS), Deep
Laterolog{LLD} MicroSpherically
Focused Log(MSFL), Micro-resistivity
Image Log(XRMI)

Shallow Laterclog(LLS), Deep
Laterolog{LLD) MicroSpherically Focused
Log(MSFL}, Micro-resistivity [mage
Log[XRMI)

Cutting:sarmple

200

250

Well Test

Drill Stém Test {DST) 5, Repeat

Formation Test (RFT)

Drill Stem Test {DST) 3-and 4 , Repeat
Fermation Test {RFT}

Mud Log;

Mud losses report

Mud losses report.




Table 2

Table (2)
Fracture type Term XRMI-image feature
Electrical  features: ciossing  the
| borehole  continuously, producing
_ o complete sine waves on the micro-
Open fracture Electrically conductive feature resistivity Image logs. They have a

clear conductive: nature, -expecting

thay -are open, and Planar to sub-
planar.

Partially apen fracture

Partlally electrically conductive

Abrupt electrical feature a cross the
bore hole on the microsresistivity
image logs. They are irregular-to sub-
planer and they have only a portion
canductive nature.

Closed or filled fracture

Electrically resistive feature

Electrical features crossing  the
horehole -continuously, producing
complete sine waves on the micro--
resistivity Image logs. They have a
resistiver nature behavior. They are
cemented and Usually planar to sub-
planar.

Open fracture

Low-confidence electrically conductive

fea fures

Weak conductive nature can besgen g
cross the- Bore hole an the micro-
resistivity image log. They are:slightly
open fractures or contain conductive
material. :

Closed or filled fracture

Low confidence electrically resistive

features

Weak resistive nature visible a cross
the bore hole on the micro-resistivity
image log. Thay aré cemented, and
occasionally cannot be seen clearly. if
the tock matrix’ and cement have
similar compasition.

Fault

Resistivity contrast

Large, wide and distinct conductive
features and high resistivity characters
can be seen on micro-resistivity imags
logsa cross bore hele.

Induced fracture

Electrically conductive feature

q Vertical to

sub-vertical electrical
conductive signatures, creating
complete sine waves on the micro-
resistivity image logs.




Fable 3

Table (3)

Matrix Porosity (%) Permeability (mD)
Minimum 2.0 0.08
Maxirnum 21.1 56.4
Average 10.0 7.65
Fracture Porosity (%) Permeability: (mD)
Minimum  0.008 1.22
Maximurm 1.217 1x10°®
Average: 0.173 1.8 %10 ®




