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Abstract

In carbonate reservoir rocks the complex interaction between the petrophysical
properties corresponds to the various depositional microstructures which are modified
by various diagenetic processes that ultimately define the reservoir quality, and pose
challenges to the prediction of permeability. The permeability heterogeneity in the
carbonate oil reservoirs of northern Iraq varies widely and is thought to be controlled by
a number of different factors. In this work, controls of matrix permeability for the
Cretaceous Kometan formation selected from five oil fields in Kirkuk embayment zone
have been investigated. Helium porosity, helium pulse decay permeability , brine
permeability, Nuclear Magnetic Resonance (NMR), Mercury Injection Capillary pressure
(MICP) , Scanning Electronic Microscopy (SEM), X-Ray diffraction (XRD), and
photomicrography of thin section have been used to investigate the effect of
microstructure on the variation of permeability in the Kometan Formation. The formation
has porosities and permeabilities which range from 0.5+0.5% to 291+0.5% and from
0.65+0.08 pD to 700+£0.08 uD respectively. Three types of pore systems have been
investigated using pore type, pore size and pore-throat size as characterizing
parameters. We have recognized three microstructural types: (i) matrix composed of
nano-intercrystalline pores (pore diameter d, smaller than 1 ym and a nanoporous pore-
throat size), (ii) matrix composed of micro-intercrystalline pores (1<d,<10 um with a
corresponding micron-scale pore-throat distribution), and (iii) meso-intragranular and
moldic pores (d,>10 ym) also with microporous pore-throat radii. The nano-
intercrystalline pore system is common across northern Irag and represents the

effective pore system type in the reservoirs of the Kirkuk embayment zone. For these
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tight carbonate reservoirs, the mineralogy, especially of quartz and clay minerals (illite
and smectite), has little relationship with the measured Klinkenberg-corrected
permeability. Consequently, mineralogy is not a useful controlling factor for permeability.
Diagenetic processes have altered the depositional texture significantly, resulting in
changes to the pore size and pore-throat size distribution and affecting the permeability.
In addition the matrix permeability is sensitive to stress, with permeability decreases
between -4x10™* mD/psi and -4x10° mD/psi in the effective stress range from 0 psi to
4000 psi. It has been found that of the three microstructure pore types the nano-
intercrystalline pore system is more sensitive to increasing effective stress compared to
the micro-intercrystalline and meso-intragranular pore systems. Laboratory experiments
have shown that stylolisation resulting from regional fluid movements has also affected
matrix permeability, with the stylolites acting as barriers to fluid flow and considered to
be an important source of tightness of the Kometan formation in the Kirkuk embayment
fields.

1. Introduction

Many carbonate rocks are complex and heterogeneous over a large scale range due to
the intercalation of varied depositional textures and post-depositional diagenetic
modification of original rock. The result is a rock of variable reservoir quality, which is a
challenge to evaluate, especially if the goal is to predict reservoir permeability
(Ehrenberg and Nadeau, 2005; Ehrenberg, 2006, Lucia, 2007; Harris, 2010; Palermo
etal., 2010; Ronchi etal., 2010; Rashid et al., 2015a). There are many factors
governing the petrophysical properties of carbonates which are essential if conceptual

and numerical reservoir models are to be constructed (Briguad et al, 2010).

The prediction of most petrophysical properties in carbonate reservoir rocks is
problematic. This is especially true of permeability and fluid flow because the carbonate
rocks often have heterogeneous grain sizes. Those grain sizes are not related simply to
pore and pore-throat neither dimensions nor are they just related to the connectivity of
pores, as represented by the cementation exponent m. But they can vary laterally and

with depth both at large scales and often changing significantly over small distances as
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well (Rashid et al., 2015a). This variability is the result of tectonic deformation and
diagenesis that has continuously altered the parent reservoir rock properties (Wilson
and Evans, 2002; Westphal et al., 2004; Davis et al., 2006; Dou et al., 2011; Rong et al.,
2012; Rashid et al.,, 2015b). The combination of these factors controls the
microstructure of the pore system and ultimately dictates the distribution of permeability
in the carbonate rocks, and hence affects reservoir potential and individual well
productivity (Chalmers, 2012; Haines et al., 2016).

Accordingly, prediction and evaluation of the permeability of a carbonate reservoir
implies an investigation of the properties of its pore microstructure (Anselmetti and
Eberli, 1999; Budd, 2002; Melim et al., 2001; van der Land et al., 2013). Budd (2002) has
quantified pore system modifications by integrating cementation and compaction in
carbonate grainstones with the aim of evaluating permeability. More recently, Makhloufi
et al. (2013) investigated the variation of petrophysical parameters associated with
sedimentological and diagenetic changes in tight oolitic limestone, while Haines et al.
(2015) documented the evolution of pore systems corresponding to fault damage and
the associated diagenesis in carbonate lithologies.

The objective of this paper is to characterise the pore system modifications which arise
from textural changes in tight carbonate reservoir rocks in the Kirkuk embayment fields,
and then to consider the combined effect of these textural modifications on the value
and variability of matrix permeability. The second part of this work considers both the
sensitivity of the permeability of reservoir rocks to changes in effective stress through its
effect on the pore microstructure, as well as the effect of stylolitisation and its control on
the spatial and temporal evolution of permeability in unconventional tight carbonate
rocks. These results can be applied to subsurface reservoirs to improve reservoir quality
predictions especially in the newly discovered oil fields and licensed blocks throughout
the region.
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2. Sampling and methods
2.1 Sample provenance

This study characterises the pore system modifications which arise from textural
changes in tight carbonate reservoir rocks in the Zagros Folded belt oil fields, and then
considers their combined effect on matrix permeability and its variability. The second
part of this work considers both the sensitivity of the permeability of reservoir rocks to
changes in effective stress through its effect on the pore microstructure, as well as the
effect of stylolitisation and its control on the spatial and temporal evolution of
permeability in unconventional tight carbonate rocks. These results can be applied to
subsurface reservoirs to improve reservoir quality predictions especially in tight

carbonate reservoirs.

The Zagros Folded Belt covers the northern part and Kurdistan region of Iraq, and is
characterized by the extension of several NE-SW trending structures. The data
analysed in this work, including outcrop studies, samples, well cores and logs, were
gathered primarily from five oil fields including the Taq Taq, Kirkuk, Jambur, Khabaz
and Bai Hassan oil fields (Figure 1). The Kometan Formation is primarily composed of
two beds; a globogerinal limestone (K1) and a mixed globogerinal/oligostiginal limestone
(K2), commonly separated by a glauconitic limestone bed, and a shaly limestone unit
which occurs throughout the western part of the zone, especially in the Khabaz and Bai
Hassan oil fields (Figure 2). Throughout most of the Zagros Folded and Thrust belt, the
limestone beds of the Kometan Formation are highly stylolitic, compacted, thin and
homogenous, while they become non-stylolitic, massive limestone beds towards the
western margin of the Zagros Folded belt fields (Figure 1). The limestone beds of the
Kometan Formation are classified as tight carbonate reservoirs (Rashid et al., 2015a).
Their porosity ranges between 0.5+£0.5% to 29+0.5%, and have permeabilities ranging
from 0.65+0.08 uD to 700+£0.08 uD. The porosity values in the majority of the studied
area do not exceed 10+0.5% with the exception of the Bai Hassan and Khabaz fields,
where the porosity increases to 29+0.5%.

The material collected for analysis in this study included 205 core plug samples
representing 99 m of core from one well in each of the 5 fields, as specified in Table 1.

4
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Sampling was not necessarily representative of the whole thickness of the formation.
The positions of samples were selected based on apparent oil saturation, stylolite
distribution, the presence of fractures and lithological variation. All core plugs were
nominally 1.5 inches in diameter and 2 inches long. The research materials are

summarised in Table 1.



Table 1. Core sampling and testing strategy

Core measurements number for each analysis type

>
Core Core = % = IS
Location Well | Length plug o o8 2875 = ) 3] o o
(m) | numbers | & %g b% eo U e § = %
[ o oy =
I () o —
T
Taqg Taq Field Tg-1 18 50 50 50 4 > 5 3 10 5
Kirkuk field K-243 18 61 61 61 4 6 3 4 7 7
Jambur field J-37 18 19 19 19 2 3 7 7 10 3
Bai Hassan field BH-13 36 55 55 55 3 9 4 6 15 9
Khabaz field Kz-13 9 20 20 20 2 2 4 2 2 2




v B~ W N

O 00 N O

10
11

12

13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
28
29
30

2.2 Mineralogy

Subsets of 23 samples were selected based on physical appearance, textural change,
pore system modifications and gamma ray reflection of the studied intervals. The
samples were roughly broken up with a hammer, before being mechanically crushed
with a pestle in an agate mortar until they formed powder. A McCrone micronising mill
was then used to produce a material with a more uniform grain size, typically 8 um
diameter according to manufacturer's specification after a 12 minute grind. The XRD
analysis was carried out on a Philips PW1050 using Cu-K alpha radiation and fitted with
a secondary Graphite monochromator. The scan parameter was 3-70 Deg 2 theta, step
size of 0.01° and a speed of 0.6°/min.

2.3 Image analysis

22 thin sections, impregnated with Methylene blue dyed epoxy resin, and alizarin red
were used to determine the texture, grain type and pore-type distribution. The samples
were obtained depending on porosity and permeability relationship and rock texture
distribution throughout the studied samples. Thin section photomicrography did not
provide effective results for the identification of pore types. Pore types in the sample
material were visualized by using high-resolution HRFE-SEM (High resolution field
emission scanning electron microscope) with magnifications of 1:10,000 and 1:20,000.
A total of 22 samples, 70 mm in size, and with broken surfaces were glued on to
aluminium stubs for imaging. The sample material was cleaned using 1% acetic acid
solvents to remove any dust or volatile hydrocarbons that may have affected the result,
before being coated with a conducting carbon film prior to digital recording of the SEM

images.

The recorded images were analysed using Imaged software (thresholding technique).
Pore sizes were measured using Feret's diameter (Ferreira and Rasband, 2012).
Multiple measurements of pore sizes were taken for each identified pore on each
image. The number of pore size measurement was varied with the amount of pores
appeared on each SEM image. An arithmetic mean pore diameter together with a

measure of measurement variability was recorded for each sample.
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2.4 Porosity and permeability

A helium gas expansion porosimeter (pycnometer) was used to quantify Helium porosity
on the 205 core plugs corresponding to the 99 m of available rock samples. The core
plugs were 1.5 inch (38 mm) in diameter and 2.0 inches (51 mm) in length. The
estimated porosity can be made to within 0.1 porosity unit using the apparatus and
protocols at the University of Leeds.

The permeability of cored plug samples was measured using a helium pulse-decay
permeameter. This technique works by monitoring the decay of the fluid pressure which
is caused by fluid leaking through the sample (Jannot et al., 2007; Zhang et al., 2000;
Jones, 1997; Dicker and Smits, 1988; Bourbie and Walls, 1982; Amaefule et al., 1986).
Samples were tested at an effective stresses of 800 psi and at four pore fluid pressures
(100,150, 200 and 250 psi respectively ) in order to calculate the Klinkenberg-corrected
permeability for each sample throughout the study area Helium gas . In addition, brine
was used for measuring permeability to selected samples for understanding the
influence of mineralogy on permeability variation. The composition of the brine was
derived from the formation water collected from the studied reservoir in the northern Iraq
oil fields as shown on Table (2), (NOC,1987).

To understand the variation of permeability as a function of effective stress, the
Klinkenberg-corrected He gas pulse decay permeability was also measured for 9
different effective stress points with confining pressure of 0 to 4000 psi. This procedure
was carried out for a subset of 6 samples as it is very time-consuming. The samples
were chosen on the basis of their texture, porosity, permeability, pore size, pore throat

size and pore types.

The influence of stylolisation on permeability variation throughout tight carbonate rocks
was examined in this study. Two sub-sets of stylolitic and non-stylolitic samples of the
same well interval and rock textures were selected for permeability measurement. The

gas flow movement in this experiment was perpendicular and parallel to the surface of
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permeability measurements.

Table 2. Brine composition used in this study, (NOC, 1987).

Component Amount (g/1)
NaCO, 0.00521
CaCO; 0.00077
MgCO, 0.00023

NaS; 0.0079
NaCl 0.01489
Equivalent NaCl 0.03695

2.5 Mercury Injection capillary pressure (MICP)

The mercury injection capillary pressure (MICP) applies pressure up to 60000 psi to
calculate pore-throat diameter distribution of the measured sample. The intrusion data
were collected using a Micromeritics Autopore IV 9250 apparatus (Giesche, 2006) for
23 samples in this study. Pore system and rock texture distributions were considered for
sample selection. The mercury was injected using 62 pressure steps that were
distributed logarithmically, and pore-throat size distributions were calculated using the
Washburn equation in the usual way (Washburn, 1921; Webb, 2001).

A pore-throat size corresponding to the threshold pressure point on the capillary
pressure curve was used as an effective pore throat size that provides a connected
pathway to fluid flow through the tight carbonate reservoir samples (Katz and
Thompson, 1987). This value can be used as a convenient parameter for permeability
prediction (Rashid et al., 2015b).

2.6 Nuclear Magnetic Resonance (NMR) spectroscopy

The NMR measurements were taken using a Resonance Instruments MARAN 2 bench
top spectrometer at atmospheric pressure, 25 °C and 2 MHz. The relaxation time
distribution was measured using the MARAN 2 DXP program for 44 samples. Some
experimental data about pore size distribution can be obtained from the magnetization

9
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modification of water molecules that fill the pore spaces of the analysed samples. The
relaxation time T, which is the time of transverse magnetization decay, was measured
on each sample. The samples were first saturated with formation water at 1000 psi
confining pressure for 24 hours at room temperature in order to fill all their pores with
brine, and then the saturated samples were placed in a glass tube which was inserted
into the NMR system.

NMR signals were obtained from the brine when the sample was located in a magnetic
field and then excited with a brief pulse of radio frequency energy (Coates et al., 1999).
The relaxation time (Tz) provides an efficient signal corresponding to the pore size
distribution in porous media. Large pores have longer T, values than smaller pores
(Westphal et al., 2005; Heath et al., 2011; Al Hinai et al., 2014).

3. Results

3.1. Mineralogy

All samples were predominantly limestone with clay content below 4% except for 2
samples which were gathered from the shaly limestone unit, and which have a mean
clay content of 49%. The calcium carbonate content of all samples was correspondingly
high, usually = 92% throughout the study area, this value reduced to 45% in the shaly
limestone samples. Quartz content averaged at about 2% and ranges between zero and
4.5%. lllite and smectite dominate the clay content with an average of 1.1 % and ranges
between zero and 3.7% without any recording of chlorite and kaolinite clay minerals.
Dolomite was identified in some samples taken from Bai Hassan and Khabaz fields. In
these fields, a dolomite mineral averages 1.1% with a range between zero and 11%.
Pyrite was only observed in one shaly limestone sample (1.1%).

3.2 Pore system

In this sub-section we describe the pore type, pore size and pore-throat size of the
measured samples. Pore types were classified from image analysis based on porosity

10
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classification systems of Choquette and Pray (1970). Pore types were subdivided into
three classes, derived from depositional and diagenetic modification of rock textural
characteristics. The pore types included intercrystalline, moldic and intergranular pores.

Pore sizes were sub grouped into three classes: nano-, micro-, and meso-pore sizes.
The nano-pore size class includes all pores with a diameter of less than 1 ym. The
micro-pore size class includes all pores with a diameter between 1 ym and 10 ym, and
the meso-pore size class includes all pores with a diameter greater than 10 ym, and
reaching as high as 200 ym. The pore sizes were measured using Imaged for 22
samples, and longitudinal relaxation time distributions (7) for 44 samples. The
measured pore diameters were used to calibrate the T, measurements with the nano-
pores having diameters smaller than 1 pm and being associated with short relaxation
times, smaller than 100 ms, while micro-pores provided T, values greater than 100 ms,
and very high relaxation times being observed for moldic and intragranular pores,
generally greater than 200 ms. The classification of Porras and Campos (2001) was
used to characterise pore-throat sizes derived from MICP analyses with micro-porous
textures having pore-throat radii between 0.5 and 0.2 um, and nano-porous textures
being associated with pore-throat radii smaller than 0.2 um.

Three types of pore systems were recognised throughout the studied area, classified by
their pore type, pore size and pore-throat size ranges. These are defined in Table 3 and
presented in Figure 3. Nano-intercrystalline represents the most common type of pore
system throughout the studied samples, covering 80% of the analysis samples. It is
characterized by intercrystalline pore types that have nano-scale pore diameter and
nano-porous pore throat size. Consequently, 14% of the measured samples referred to
the micro-intercrystalline pore system. This pore system is identified from micro-pore
size intercrystalline pores that are interconnected by micro-porous pore throat size.
Meso-intragranular and moldic pore systems are considered the third type of observed
pore system and extended to about 6% of the collected samples. Pore types were
dominantly recorded as intragranular and moldic pores with meso-pore size and micro-

porous pore throat size.
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Table 3. Pore system classifications used in this work.

Pore Systems Pore Types Por(irii)zes I:&r:ét?;?nza)t NI(\an;)TZ
Nano-intercrystalline Intercrystalline <1 <0.2 <100
Micro-intercrystalline Intercrystalline 1-10 02-0.5 100 - 200

Meso-intragranular/moldic  Intragranular >10 >0.5 > 200

Nano intercrystalline pore systems are the dominant type in the reservoir samples
studied throughout the oil fields in the Zagros Folded belt.

3.3 Porosity and permeability

Generally, porosity and permeability are positively correlated, and the relationship
between them is a power law (Figure 4). This poroperm diagram, which treats the three
pore types separately, shows measurements of porosity and permeability for the nano-

intercrystalline, micro-intercrystalline and meso-intragranular pore systems respectively.

The overall permeability of the reservoir rock is low with values ranging from 65+0.08
nD to 700 +£0.08uD. The nano-intercrystalline pore system has a porosity ranging from
0.51£0.5% to 10+£0.5%, and permeabilities which range from 0.65+0.08 uD - 51+£0.08 uD
(Figure 4; green shading). In micro-intercrystalline pores, porosity is enhanced by
comparison to the nano-intercrystalline pore system, with porosities ranging from
1210.5% to 25+£0.5% and correspondingly larger permeabilities, between 65+0.08 uD to
600=£0.08 uD (Figure 4; blue shading). The third pore system type has porosity greater
than the two previous pore systems. The measured porosity in the meso-
intragranular/moldic pore system ranges from 20+0.5% to 29+0.5%; and the
permeability lies between 90+0.08 uD and 700+0.08 uD (Figure 4; red shading). The

poroperm statistics for each pore system are presented in Table 4.
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Anisotropic permeability was examined by carrying out measurements on horizontal and
vertical plugs taken from the core samples using pulse decay technique for measuring
Klinkenberg corrected permeability. The sample selection procedure was arranged
based on matrix texture, and pore system of the rock samples as well as core sample
availability. For the Kometan Formation, fluid flow is isotropic at a core-plug scale, with
the horizontal and vertical permeabilities showing similar values (Figure 5). The small
differences between the vertical and horizontal permeabilities can be ascribed to
heterogeneity of the rock texture and sample selection.

The porosity and permeability distributions throughout the study area correlate
dominantly with diagenetic modification of the rock structure, and this variation causes
extensive heterogeneity in reservoir quality. The nano-intercrystalline pore system
occurs within the globogerinal limestone (K4) and mixed globogerinal/oligostiginal
limestone (K2) rock units from the majority of the studied fields in the Kirkuk embayment.
This type of pore system has poor reservoir quality because cementation, compaction
and stylolisation together reduce reservoir potential. In contrast, the dominant pore
types in the western part of the Kirkuk embayment fields are the micro-intercrystalline
pore system, which is associated with the globogerinal limestone (K4), and the meso-
intragranular pore system, which was recorded in mixed globogerinal/oligostiginal
limestone (Kz) only. In this part of the study area the lack of stylolisation and the effect
of dissolution has enhanced reservoir quality, especially porosity and permeability,

within the reservoir rock units.
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Table 4. Poroperm statistics for the three pore systems.

Nano-intercrystalline | Micro-intercrystalline Meso-intragranular

Static parameters y"() " T"K@D) | ¢() | KMD) | 4 () | KD

+0.005 +0.08 +0.005 +0.08 +0.005 +0.08
Mean 0.5 7 18 380 23 350
Standard deviation 2 8.9 16 140 3 170
Mode 4 10 19 360 20 310
Median 5 4.1 18 390 22 35
Maximum 10 51 25 600 29 700
Minimum 0.5 0.65 12 65 20 90

3.4 Permeability sensitivity to effective stress

The measured samples were selected based on pore system changes throughoutthe
data set. Two samples were taken for each pore system type and submitted to
klinkenberg-corrected helium permeametry for 9 confining pressures with a constant
pore fluid pressure p = 100 psi, resulting in data for 9 effective pressures o, (Figuie 6)
spanning the range 0 psi to 4000 psi. The ranges of confining pressures were ch@sen
according to the reservoir depth of the Kometan formation throughout the studied figtds.

The measured permeability decreases with increasing effective pressure in all cases.
The relationship between the permeability and effective stress is non-linear. We have
fitted exponential curves to the data to account for the non-linear behaviour. This is a
well-recognised pattern (e.g., Chalmers et al., 2012) and is caused by thin-flat high
aspect ratio pores, whatever their size, being more sensitive to closure and closing at
lower effective stresses, with rounder, lower aspect ratio pores remaining until relatively
high effective stresses are attained (Glover et al., 1997; 2000). The closure of the high

aspect ratio pores has a greater effect on measured permeability per unit loss of pore
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volume because their nature causes them to be more interconnected and their loss
reduces the overall permeability by a correspondingly larger amount (Glover et al.,
1997; 2000).

The low porosity/low permeability nano-intercrystalline pore type is most sensitive to
effective stress, following a relationship of the type k(o,) = k(g, = 0)e?? (Chalmers et
al, 2012), where the decay rate ais -4x10™ /psi for Sample 1 and Sample 2. Both
samples from the micro-intercrystalline pore type and the two samples from the meso-
intragranular pore type also follow the same relationship, but this time with an a-value of
about -4x10° /psi, resulting in a much lower sensitivity to effective stress. The
permeability of the nano-intercrystalline pore type decreases by about 400% as the
effective stress increases, whilst in the other two pore types it only decreased by about
20%.

3.5 Permeability variation with stylolitization

Approximately 8 stylolitic and 16 non-stylolitic core plug reservoir samples were
selected from the Bai Hassan and Khabaz oil fields in order to understand the effect of
the stylolitization on the fluid flow in the Kometan throughout the studied area. The
burial depth of the Kometan Formation is relatively large, varying from 1400 m to
2700 m. The loss in primary porosity and matrix permeability by compaction is
consequently significant. Chemical compaction which is represented by relative
abundance of stylolites is very common in the Kometan reservoir rocks throughout the

Kirkuk embayment fields.

The limestone beds of the Kometan Formation in the Taq Taq, Kirkuk and Jambur fields
are characterized by a great abundance of stylolites. By contrast, the presence of
stylolites in the Bai Hassan and Khabaz fields was more limited both in number and
distribution. Nevertheless, they all share similar petrophysical properties. Overall, the
impact of cementation on the rock fabrics of the Kometan Formation is derived from
burial cementation and stylolitization, which exercise a great influence on reservoir

quality. There is approximately two orders of magnitude difference between the
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permeability of samples containing stylolites and those which have no stylolites.
Furthermore stylolitic samples also have a matrix pore size which is ten times smaller
than comparative non-stylolitic samples, showing that cementation is also occurring
away from the stylolite itself. Figure 7 shows the poroperm diagram for 24 samples that
were chosen to study the effects of stylolisation. The rock textures of two highlighted
samples both have similar mudstone microstructure. Both the stylotised and non-
stylotised samples conform to an approximately linear relationship on this log-log
diagram. The samples that have not undergone the formation of stylolites have much
higher porosities (10% to 29%) and permeabilities (60 uD to 0.5 mD) than those
containing stylolites, which have porosities in the range 2% to 9% and permeabilities
which are also correspondingly low (3 nD -30uD).

It is clear that the formation of stylolites has reduced any reservoir quality that may have
been originally present in the rock, not only because of the formation of the stylolite

itself, but due also to associated cementation that reduces the pore size significantly.

4. Discussion

4.1. Mineralogy

None of the XRD-analyzed samples showed clay volume compositions in excess of 4%
and 0% clay volume were recorded in some samples (Table 1). If one considers all of
the samples then those with the highest and lowest permeabilities contain very similar
clay volume compositions. Consequently, it would be reasonable to infer that clay

volume composition in the Kometan Formation has no significant effect on permeability.

Smectite and illite are the only clay minerals recorded from the XRD analyses. In larger
quantities most studies have shown that these clay minerals reduce (Zhao et al., 2016;
Chalmers et al., 2012). In this study, we have not observed any clear relationship
between permeability and clay content. Furthermore, we have used brine to measure
liquid permeability for selected samples in order to understand impaction of clay
contents on permeability and accuracy of measured klinkenberg-corrected helium
permeability of the same set of samples, but we have not observed any reaction
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between the brine and mineralogical composition of the rock samples and changing in
the magnitude of brine permeability that possibly happen because of rock-water

interaction.

All parts of Figure 8 indicate that while mineralogical changes may have some small
control on permeability, there are much stronger influences exercised by the initial
depositional texture and diagenetic processes which alter the microstructure of the rock
but not its mineralogy.

4.2 Initial depositional texture and diagenesis

The initial depositional texture can exercise an important control on the initial pore
system, defining the porosity and permeability of carbonate rocks (Loucks, 2002; Lucia,
1995). The original grainstone texture, characterized by highly interconnected inter-
particle macro-pores, has permeability much greater than in packstones and
wackstones, which mainly contain micro-pores, together with rarer macro-pores and
lime mud. In this study we have not observed any micro- and macro-pores in the
globigerinal and oligosteginal wackstone and packstone textures because a range of
diagenetic and deformational processes has modified the initial depositional texture.
These strong diagenetic influences exercise the dominant control on porosity and
permeability. They include compaction (Schmoker and Halley, 1982), consolidation
(Rashid et al, 2015 a), stylolitisation (Nelson, 1981; Finkel and Wilkinson, 1990), and
cementation (Hollis et al., 2010), which all tend to reduce reservoir porosity and
particularly permeability, whilst dissolution (Moore and Druckman, 1981; Ahr and Hull,
1983) and dolomitisation can enhance porosity and fluid flow pathways (Al-Qayim and
Rashid, 2012). Dissolution, however, often increases porosity with no gross change in
permeability because the additional porosity is in the form of isolated pores within a
largely unchanged lower permeability matrix. For example, dissolved mudstones have
greater magnitude of permeability in comparison with cemented wackstones (Figure 4).

Hence, the reservoir quality of tight carbonates may be controlled to a small amount by
its mineralogy, but the primary control is via the microstructure of the pore system and
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that is defined by the depositional texture and, importantly, by post-depositional

diagenetic processes.
4.3. Pore systems

Post-depositional diagenetic textural modifications affect permeability by changing the
porosity and pore systems connectivity (Glover 2009; Glover et al., 2010). The ability of
fluid to flow from one part of the pore structure to another, for any given porosity, is
critically controlled by pore size and even more by pore-throat size (Melim et al., 2001;
Weger et al., 2009). Here we assess the impact of changing pore sizes and pore-throat
sizes on permeability as well as integrating the relationships with other geological
parameters in order to understand the evolution of permeability across tight carbonate

rocks.

It has long been recognised that permeability enhancement in carbonates is controlled
by pore size for a given porosity with macro-pore connectivity considered to be the
essential factor governing permeability (Melim et al., 2001). In this study, we have not
observed any macro-pores within the heterogeneous textures of our samples. By
contrast we observe three different pore sizes; nano-pores, micro-pores and meso-
pores. The correlation between porosity and permeability in carbonate rocks is
commonly poor because of their heterogeneous and complex pore systems (Haines et
al., 2016). However, the poroperm relationships of the Kometan Formation samples
show a clear positive correlation (R?® = 0.70) between measured porosity and

permeability (Figure 4).

The correlation between the magnitudes of the measured Klinkenberg-corrected
permeabilities and pore sizes for the 22 samples for which we made pore size
measurements using Feret's diameter method (Ferreira and Rasband, 2012) is
presented in Figure 9. Comparing the nano-intercrystalline and micro-intercrystalline
samples, it can be seen that an increase of about one order of magnitude in pore
diameter is associated with a 2 to 3 order of magnitude increase in permeability. This is
approximately compatible with the range of permeability prediction models that were

primarily designed for clastic rocks where the permeability scales as the square of the
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grain size (and hence the pore size and pore-throat size) (Glover et al., 2006 Swanson,
1981, and Van Baaren, 1979). However, the pattern between the micro-intercrystalline
and meso-intergranular is different. One would expect a further increase in permeability
by perhaps one order of magnitude to be associated with a fourfold increase in pore
throat diameter, but instead there is a slight decrease in permeability. This may be
caused by the pore diameter measurement being dominated by a few large pores that
remain isolated within the matrix, and consequently do not contribute to any increase in
permeability. These large pores are associated with the presence of foraminifer moulds
(globigerina and oligostegina chambers). The decrease in permeability that is observed
is not explained and could be due to the restricted dataset of only 3 samples.. This
unexpected increase in permeability associated with an increase in porosity is a very
significant observation in carbonate rocks and underlines the heterogeneous
microstructure of carbonates and its complex relationship with permeability and porosity
(Rezaee et al., 2007 , Palermo et al., 2010, Makhloufi et al, 2013 , and Rashid et al.,
2015a; 2015b).

Unlike conventional carbonate reservoir rocks, tight carbonates are characterized by
nanometer scale pore-throat sizes (diameters) that provide poor connectivity. Two pore-
throat size classes were investigated throughout this research (Table 3). Figure 10
presents a correlation between the magnitudes of the measured Klinkenberg-corrected
permeabilities and pore-throat size, with pore-throat size obtained from the pore
diameter corresponding to the threshold pressure point on the capillary pressure curve
(Katz and Thompson, 1987).

It is immediately clear that the majority of the data are described well by a relationship
where the permeability depends on the square of the pore throat size k=2.1979xd;"" .
Perhaps this should not be surprising as the Sl units for permeability are length
squared. In fact, there are many equations for the prediction of permeability in clastic
rocks which include the length squared term. A review of many of them can be found in
either Glover et al. (2006) or Rashid et al. (2015b). That we find a squared relationship
when comparing permeability as a function of pore throat size, is interesting because
not only does it imply that tight carbonate rocks share some of the microstructural
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physics that we applied to clastic rocks, it also implies that there is some linear
relationship between pore throat size, pore size, and grain size in tight carbonates, i.e.,

dpr~dpore ngrain-
4.4. Effective stress

Understanding of the sensitivity of permeability to variations in effective stress is
considered to be essential in assessing production from a reservoir rock because pore
pressure decreases with production rate and results in an increase in effective stress
(Chalmers et al., 2012). Consequently, the initial reservoir permeability is controlled by
how the rock microstructure is affected by burial depth, but the sensitivity of the
reservoir permeability to change as the reservoir is produced and as the effective
pressure increases depends on how sensitive the microstructure of the rock is to
changes in effective pressure (Byrnes and Keighin, 1993, Byrnes, 1997 and Ghabezloo
et al., 2008), and that microstructure sensitivity can be anisotropic and mineralogy-
dependent (Chalmers et al., 2012).

While the variability of permeability with effective stress can be direction-dependent,
measurements of vertical and horizontal permeability in the Kometan Formation have
shown that the hydraulic conductivity of the horizontal and vertical flows is similar
(Figure 6). Whatever small differences exist in the magnitude of the vertical and
horizontal permeabilities are probably derived from heterogeneity of the rock texture
and sample selection. Based on this result we expect the sensitivity of permeability to
effective stress to be the same both vertically and horizontally to the bedding. In other
words, we expect the vertical and horizontal permeability have the same sensitivity of
variation as function of applied stress.

Due to the sensitivity of the nano-intercrystalline pore system samples were of low
reservoir quality, this would be exacerbated when trying to produce from this pore
system by further reductions in permeability. The main differences in the sensitivity
between the nano intercrystalline and the other 2 pore system type’s shows that the
stress sensitivity of permeability is strongly controlled by the rock microstructure, which
is a result of diagenetic modification, especially modifications that alter the pore-throat
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size. Nano-porous pore throats are dominantly sensitive to applied stress in comparison
to micro-porous throats. Thus, permeability of the highly compacted and cemented rock
structures (nano-intercrystalline pore system) decreased more than other pore system
once stress was applied. This conclusion is derived from the microstructures and pore
system anisotropy throughout the reservoir rocks. The Nano-intercrystalline pore
system has considerable contrast between grain sizes and pore sizes, the rock matrix
have a grain size greater than 200 ym, while pore sizes are smaller than 1.0 ym and
pore throat sizes smaller than 0.1 ym. Any increasing of applied stress compresses
available spaces between the matrix grains especially when compared with the two
other pore systems. The micro-intercrystalline pore system and meso-intragranular pore

system average pore systems are 10 ym and 100 pym respectively.

Consequently, the permeability of Kometan reservoirs in the Bai Hassan and Khabaz
fields is less likely to be affected be stress sensitivity than of permeability into account,
there is less risk associated with Kometan reservoirs in the Bai Hassan and Khabaz
fields in comparison with the fields located in the Kirkuk embayment or recently
discovered fields and licensed Kurdistan licensed blocks where the Kometan reservoirs
are more sensitive to stress changes (Kirkuk (Baba dome), Jambur and Taq Tagq fields).

4.4. Stylolisation

The impact of stylolitisation on permeability and regional fluid flow is considered as a
crucial point in petroleum exploration. Stylolites and reprecipitation derived from
stylolisation have been identified as dominant destructive factors on reservoir quality.
The stylolites decrease porosity and permeability of the parent rocks, and have been
investigated as a fluid flow barriers in several reservoir rocks (Nelson, 1981; Burgess
and Peter, 1985; Koepnick, 1987; Finkel and Wilkinson, 1990; Dutton and Willis, 1998;
Alsharhan and Sadd, 2000). By contrast, several researches have concluded that this
type of deformation can enhance reservoir potential (Dawson, 1988; Raynaud and
Carrio- Schaffhauser, 1992; Van Geet et al., 2000; Gingras et al., 2002; Harris, 2006;
Heap et al, 2014).

21



O 00 N o uu A W N P

[
o

[EnY
=

12

13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30

In this work, we have already recognised that non-stylolite and stylolite samples have
very significantly different power law permeability-porosity relationships (Figure 7). We
can say with certainty that in the Kometan Formation stylolites act as barriers to fluid
flow. In these rocks reprecipitaed calcium carbonate occludes pores and pore throats
reducing connectivity considerably. In addition, data from XRD measurements have
shown that the volume of CaCOgs in stylolitic samples is greater than that in non-stylolitic
samples by 7%, and we ascribe that increase to the additional calcite cementation
associated with stylolitisation. Consequently, we consider the tightness of the Kometan
reservoir throughout the majority of the Kirkuk embayment and other parts of the Zagros
Fold-Thrust belt has resulted from stylolitisation which is regionally distributed.

5. Conclusions

In this study, 205 core plugs samples were collected from the Cretaceous Kometan
Formation in hydrocarbon bearing zone throughout the Kirkuk embayment, Zagros
Folded Zone and oil fields for petrophysical, petrographical and mineralogical analysis.
The relationships between the mineralogy, texture, pore system, stylolitisation and
effective stress variation with permeability were examined, leading to the following

conclusions.

1. The original rock textures should not be considered as the single important factor
controlling the permeability potential in tight carbonate reservoir rocks because
diagenetic modification has significantly changed the depositional rock structure.
The resulting pore system has often undergone compaction, consolidation,
cementation, and stylolitisation reducing porosity and permeability as well as
dissolution and dolomitisation which may enhance porosity and permeability.

2. Increasing volumes of clays and quartz have only a minor impact on permeability
in these tight carbonate rocks.

3. Increased permeability in these tight carbonate reservoir rocks is associated with
good pore connectivity that occurs in rocks with micro-intercrystalline and meso-
intragranular pore types. The fluid flow is controlled by pore-throat sizes greater

than 0.1 pum.

22



O 00 N o u B~ W N R

o S T S
o U A W N L O

17

18
19
20
21
22
23
24
25

26
27

28
29
30

4. Nano-intercrystalline pore systems represent the most common pore system in
the Kometan Formation. This pore system has permeability which is more
sensitive to changes in effective stress than the other 2 types of pore system.
Consequently there is a higher production risk associated with reservoirs
composed predominantly of this type of pore system as the pore pressures
decline during production. The Taq Tagq, Kirkuk (Baba dome), and Jambur fields
as well as the Kurdistan region licensed blocks would fall into this category. By
contrast, the Khabaz and Bai Hassan oil fields are predominantly composed of
the 2 other types of pore system, and hence do not share the same production
risk.

5. Abundant stylolites within the Kometan limestones in the Kirkuk embayment act
as barriers to fluid flow and reduce the permeability of the reservoir rocks
throughout the region. Stylolite and calcite cementation not only provides an
obstacle for regional oil migration but also reduces reservoir potential.
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Figure 1. Physiographic map of the Zagros showing main subdivisions segments of the
belt, and highlights oil fields and wells used in this study (Core sampling and testing
strategy after Sella et al., 2002; Zebari M., 2013; Zebari M. M. and Burberry C. M.
2015).
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Figure 2. Two typical sedimentary logs of the Kometan Formation throughout the study
area calibrated with the gamma ray deflection. The rock textures are classified as
Globigerinal wackstone/packstone limestone (GWP), globigerinal and oligosteginal
wackstone/packstone textures (GOWP) and globigerinal mudstone (GM). (A) Well
representing the Bai Hassan field, (B) well representing the Taq Tagq field.

Figure 3. Pore system types were investigated throughout the studied samples. Nano
intercrystalline pore system; A1: SEM micrography shows intercrystalline pores size
smaller than 1 um, A2: Pore size distribution obtained from image analysis, A3: NMR T2
spectra < 100 ms, A4: MICP pore throat size distribution < 0.1 pm. Micro intercrystalline
pore system; B1: SEM micrography shows intercrystalline pores size larger than 1 um,
B2: Pore size distribution achieved from image analysis , B3: NMR T2 spectra > 100
ms, B4: MICP pore throat size distribution < 0.2 um. Meso intragranular and moldic pore
system; C1: SEM micrography shows intragranular and moldic pores size larger than
10 um, C2: Pore size distribution measured from image analysis, C3: NMR T2 spectra
> 200 ms, C4: MICP pore throat size distribution < 0.2 pm.

Figure 4. The relationship between porosity (helium) and permeability (helium,
Klinkenberg-corrected) for the samples measured in the Kometan Formation. A:
Photomicrograph of polarizing microscope thin section images impregnated with blue
epoxy. The traces of blue hue in intercrystalline pores show it has a mudstone texture
with a porosity of 0.1876 and a permeability of 0.50 mD. B: Photomicrograph of
polarizing microscope thin section images impregnated with blue epoxy, does not show
any traces of blue hue pores, it has a wackstone texture with a porosity of 0.032 and a
permeability of 0.018 mD permeability.

Figure 5. Measured vertical helium permeability as a function of the measured
horizontal helium permeability (both klinkenberg-corrected) for 16 selected samples
from the available core data.

Figure 6. The effect of confining pressure (effective, psi) on the magnitude of
permeability for two samples for each of the three recognized pore types:

The Nano-intercrystalline pore system: A1: SEM micrography shows intercrystalline
pores size smaller than 1 um, A2: Photomicrograph of polarizing microscope thin
section image shows wackstone texture. A3 Samples 1 and 2: Permeability variation of
these samples as function of effective stress.
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The Micro-intercrystalline pore system; B1: SEM micrography shows intercrystalline
pores size greater than 1 pm, B2: Photomicrograph of polarizing microscope thin
section image shows mudstone texture. B3 samples 3 and 4: Permeability variation of
these two samples as function of effective stress.

The Meso-intragranular pore system; C1: SEM micrography shows intragranular pores
size greater than 10 um, C2: Photomicrograph of polarizing microscope thin section
image shows wackstone texture contains blue traced intragranular pores. C3 samples 5
and 6: Permeability variation of selected samples as function of effective stress.

Figure 7. Log—-log plot of Klinkenberg-corrected helium permeability as a function of
helium porosity for a subset of 24 samples measured in this study (measured under at
ambient conditions). The dashed lines correspond to power law fits through the stylolitic
(red line, red symbols) and the non-stylolitic samples (green line, green symbols). Two
highlighted samples represent mudstone rock texture for both stylolitic and non-stylolitic
samples.

Figure 8. Effects of mineralogy on permeability in tight carbonate rocks; A1:
Klinkenberg-corrected Permeability as a function of lllite-smectite % volume, and A2:
brine permeability as a function of lllite-smectite % volume. B1: Klinkenberg-corrected
permeability as a function of quartz % volume, B2: Brine permeability as a function of
quartz % volume.

Figure 9. Measured klinkenberg-corrected permeability as a function of pore diameter
for the 3 recognised pore types: including nano-intercrystalline, micro-intercrystalline
and meso-intercrystalline pore systems.

Figure 10. Measured klinkenberg-corrected permeability as a function of the pore throat
size for 21 samples. The pore throat size has been calculated from the application of
the Washburn equation to the measured at threshold point on the respective capillary
pressure curve.
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