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The current research presents a petrophysical evaluation of the
carbonate reservoir rocks of Sinjar Formation units (Paleocene-Early
Eocene) in well (K-319), Kirkuk Oilfield, northeastern Iraq. The
thickness of the formation is about 55 m, and it is divided into two
units, the lower unit (23 m), which includes successive limestone and
dolomitic limestone, and the upper unit (32 m), which includes
dolomitic limestone beds. Thin sections, wireline logs (density,
neutron, and gamma-ray), and modern programs have been used to
study the accumulation and productivity of hydrocarbons in this
oilfield through the study of reservoir properties including volume of
shale, lithology, calculating and classifying of porosity, and reservoir
partitioning, which is determined based on interpreted and analyzed
data from logs. According to the petrophysical properties of the
reservoir rocks, Sinjar Formation is divided into four porosity zones,
zone (A) that demonstrates very good porosity (25-35%), zones (B
and D) of intermediate to good porosity (10-25%), and zone (C) that
exhibits poor porosity (5-12%) because of the high shale content,
which hinders the fluid flow and reduces porosity. Thin sections are
examined for porosity classification. There are two main porosity
types in Sinjar Formation. The first type is interparticle porosity in its
three classes, class (a) of grainstone facies, class (b) of packstone
facies, and class (c) of mudstone facies. The second type is vuggy
porosity of both types: separate vug pores and touching vug pores.
The interparticle porosity is considered one of the most critical
features affecting the transport of liquids and gases inside rocks.
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Introduction

The Sinjar Formation (Paleocene-Early Eocene) was first known in Jabal Sinjar region,
near the village of Mamissa in Nineveh Governorate, northwestern Irag with a thickness of (176
m), which consists of fossiliferous limestone with strata of dolomitic limestone (Bellen et al.,
1959; Jassim and Goff, 2006). The Sinjar Formation in the type section consists of three distinct
facies: coral reef (Algae facies), back reef (Miliolids), and fore-reef (Nummulites) indicating a
lagoon environment (Al-Saddiki, 1968; Jassim and Goff, 2006).

The Tertiary reservoir is composed of several economically important main reservoirs in
Irag including the Sinjar Formation reservoir (Agrawi et al., 2010). The limestone beds of Sinjar
Formation have a low volume of porosity, but due to grain dissolution, a wide range of molding
and vuggy pores are resulted with the integration of fracturing, enhancing the porous
connectivity and constructing fluid flow in the rock units (Garland et al., 2010; Rashid et al.,


https://doi.org/10.33899/earth.2024.145207.1191
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8012-2945
https://orcid.org/0000-0002-9283-084X

372

The Petrophysical Characteristics of the Sinjar Formation, Kirkuk Oil Field, Northeastern Iraq

2017). However, fracturing enhances pore connectivity and creates extensive fracture
permeability, ultimately improving fluid productivity in the rock units.

Based on facies analysis, an open shelf environment represents the Sinjar Formation in
the Bazyan anticline, Sulaymaniyah region (Fadhil et al., 2021). The carbonate sediment in the
Sinjar Formation shows very good magnitudes of porosity with high secondary porosity in the
Tag-Taq Oilfield (Hussein, 2021). The Sinjar Formation consists of the thick dolomitic
limestone succession in Sulaymaniyah Governorate (Karim et al., 2018). This research aims to
evaluate the petrophysical properties and production potential of the Sinjar Formation reservoir
in Kirkuk Oilfield.

Geological Setting

The Kirkuk Oilfield is considered one of the biggest fields in the world, and is located in
northeastern Iraq. This field is characterized by a longitudinal box-shaped structure convex fold
with a total length of (98 km), and a width of (3-4 km) approximately. The fold's edges exhibit
two asymmetrical plunges with an axis extending northwest-southeast (Agrawi et al., 2010).

Kirkuk Oilfield is branched from the northwest to the southeast into three domes,
Khurmala, Avanah, and Baba (Al-Sakini, 1992). The study well is located within the Avanah
dome parallel to Kirkuk's northern and northwestern outskirts of coordinates (35° 45' 45.30" N)
and (44° 1' 15.60" E) (North Oil Company, 1990) (Fig. 1).
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Fig.1. Map of petroleum fields in Iraq showing the location of the studied well. (A) Agrawi (1998); (B)
Agrawi et al. (2010).

Tectonically, according to Fouad's (2015) divisions, the study well exists within the low
folded zone (Fig. 2). These structures in the folded zone are characterized by symmetrical
anticlines with carbonate rocks that offer various potential hydrocarbon reservoirs and oil
productivity in northern Irag (Agrawi et al., 2010; Fouad, 2015; Hussein et al., 2018; Rashid et
al., 2020).
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Fig. 2. Tectonic map of Irag showing the research area (modified from Fouad, 2015).

Sinjar Formation has a thickness of about (55 m) and a depth range from (938 m) to (993
m) in well (K-319). This formation is branched into the lower unit (23 m), which includes
limestone with a successive bed of dolomitic limestone, and the upper unit (32 m) is represented
by dolomitic limestone. Sinjar Formation is located in the study well between the two
conformable contacts, the upper contact with Khurmala Formation, and the lower contact with
Kolosh Formation (Fig. 3).
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Fig. 3. Lithology column of the Sinjar Formation.

Materials and Methods
According to the data recorded, two main categories of the methods are used in this study.
1- Data of well log

The data of electronic transcripts of the well logs (density, neutron, and gamma-ray) are
gained from the North Oil Company in the Kirkuk Oilfield. These data are digitized within LAS
file format for easy to handle using Neuralog (V-2010.11) software; then, Interactive
Petrophysics software (V-3.6) to calculate porosity using a petrophysical analysis of logs data.
Common mathematical equations and some standard schemes such as Schlumberger's have
been applied to the current study of the logs.

2- Thin sections

A polarizing microscope is used to describe lithology in order to classify the formation's
porosity depending on (20) thin sections prepared for this purpose. By this method,
petrophysical properties can be better understood (Schlumberger, 1997; Rider and Kennedy,
2011).

Results and Discussion

The use of the following petrophysical parameters includes a gamma-ray (GR) index, the
volume of the shale (V-Sh), lithology identification, calculating and classifying of porosity (¢)
that are crucial in understanding the potential of a reservoir, and optimizing hydrocarbon
exploration with production. These parameters are discussed below:

1- Gamma Ray (GR) Index

The GR record measures naturally occurring gamma radiation from the uranium, thorium,
and potassium to characterize the rock or sediment in a borehole. Hydrocarbon-rich formations
typically have lower gamma-ray readings compared to non-hydrocarbon-bearing formations.
This is because the presence of organic materials in hydrocarbon rocks tends to emit less gamma
radiation (Asquith and Krygowski, 2004).

In this study, GRlog is used to determine the index of gamma ray (IGR) by lowering an
instrument into the drilled well and measuring the variation in gamma radiation with depth
using the following equation (1) (Bassiouni, 1994).

Ier = (GRiog = GRmin) / (GRmax = GRmin) .......... (1)
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where: Icr= Gamma ray index value; GRiog= Gamma ray reading; GRmin= Minimum
gamma ray index; GRmax= Maximum gamma ray index.

Shale baseline is determined where gamma ray logs record a maximum reading of (100)
API (American Petroleum Institute unit); on the other hand, for clean sand line, the gamma
reading is equal to (0.0) API, with the GRiog read from the log interval (Bhuyan and Passey,
1994).

This research uses a gamma-ray (GR) curve (Fig. 4) to identify shale volume in the
studied field; this is important because a shale volume is frequently used to distinguish between
the reservoir and non-reservoir rocks (Paul, 2010). Since the high concentration of radioactive
materials is in shale, high gamma ray readings are recorded (Assaad, 2009).

2- Volume of shale (Vshale)

Based on the age of the Sinjar Formation, the Tertiary rocks equation is used to determine
the shale volume (Equation 2) (Larionov, 1969). The calculation of gamma-ray values provides
a representation of shale sequences about the depths of the Sinjar Formation distributed
vertically within the formation from top to bottom (Fig. 4).

Vshate = 0.083% [2GIgr) — 1] ... )

where: Vshale= Volume of shale; Icr= Index of gamma ray value.

Based on the shale volume ratio, the minimum gamma ray is 10 API at a depth of 985 m,
which represents the gamma-ray reading for clean shale. On the other hand, the maximum
gamma ray is 78 API at a depth of 973 m representing the gamma-ray reading for shale content
(Ghorab et al., 2008).

By comparing these GR values at different depths, valuable insights can be gained onto
the characteristics of the shale sequences within the studied formation, which exhibits varying
percentages of shale volume up to an average of (5%) (Fig. 4). As a result, the Sinjar Formation
is clean-formation.
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Fig. 4. The gamma ray log and shale volume ratio of the studied formation.
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3- Lithology Identification

For carbonate formations such as the Sinjar Formation, the ideal method for determining
lithology is to use a combination of both cross-plot neutron-density (N-D) logs (Burke et al.,
1969; Schlumberger, 1997; Rider and Kenedy, 2011). Three diagonal lines representing the
lithology types such as dolomite, calcite (limestone), and quartz are plotted in this cross plot
(Fig. 5); this method is called the indirect method for determining lithology because no rock
samples are used (Priisholm and Michelsen, 1979).

According to Bowler (1981), if a point falls on the calcite (limestone) diagonal line, it
indicates that the rock consists predominantly of limestone. On the other hand, if a point falls
between the limestone (calcite) and dolostone (dolomite) lines, it suggests that the rock is a
combination of limestone and dolostone known as dolomitic limestone.

The N-D cross-plot chart (Fig. 5) indicates that the lithology is predominantly composed
of dolomite and dolomitic limestone because the greatest number of plotted points fall along
the dolomite line and the line between dolomite and limestone, and there is also an amount of
limestone and little marl because some points fall along the limestone and sandstone line. This
indicates that the successions of the Sinjar Formation include mainly dominant dolomite and
dolomitic limestone (upper unit) with some interbeds of dolomitic limestone and limestone
(lower unit).
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Fig. 5. Lithology Determination of the studied formation from the N-D cross plot.

4- Porosity (¢) calculation

The porosity is defined as the ratio of the total pore space in the rock to that of the bulk
volume. Porosity is an important rock characteristic that reflects the fluid storage capacity and
its evaluation in the reservoir and is measured by well logging (Tiab and Donaldson, 2015). It
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is an inexpensive and rapid technique for obtaining accurate information and its identification
is through petrographic study.

The porosity and permeability of carbonate rocks are influenced by various factors such
as texture, grain size, and grain arrangement as well as diagenetic processes (dolomitization,
fracturing, and dissolution), which are very significant because they can create effective
secondary porosity (Choquette and Pray, 1970). The pores in the rocks must be interconnected,
thereby allowing fluids mobility within the reservoir and thence flow to a production well
(Speight, 2017). Porosity is calculated as follows:

A- Compensated Neutron Log (CNL):

CNL directly measures the porosity of the formation’s rocks. The recorded values
represent neutron porosity (¢pN). Neutron porosity is typically a fraction or percentage (Fig. 6).

B- Formation Density Compensated (FDC):

According to Ezekwe (2010), FDC has a radioactive source equipped with two detectors,
and indirectly measures the porosity of the formation’s rocks by measuring total porosity from
the formation density compensated (¢pD) and fluid density (pfluid) (Fig. 6) of the fluid that fills
the pores given in grams per cubic centimeter (g/cm3). It is calculated according to the following
equation (3).

&b = (Pmax - pb) / (Pmax = PAIA) «veverennannns )

where: ¢ppo= Porosity from density log; pp = Formation bulk density in g/cm3; pmax = The
density of rock matrix in g/cm?3; pruia = The density of fluid occupying pore spaces (0.74 g/cm?
for gas, 0.9 g/cm? for oil, 1.0 g/cm? for freshwater, and 1.1 g/cm? for saltwater mud).
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Fig. 6. Porosity logs including neutron, density, neutron-density logs data, and effective porosity for the
studied formation.

C- Combination of Neutron-Density Porosity Logs (®n-p)

According to Schlumberger (1974), the association of neutron and density measurements
is the most reliable and representative at any depth for estimating average neutron and density
porosity (¢n-b). This association is called total porosity (¢T), which is the total amount of voids

377



378

The Petrophysical Characteristics of the Sinjar Formation, Kirkuk Oil Field, Northeastern Iraq

in the rock volume and is calculated using equation (4). Figure (5) shows that the density
porosity is greater than the neutron porosity except in some intervals this effect is not observed
due to the predominance of dolomite.

OND = (DN +BD) /2 oo, 4)

where: ¢n-p= Total porosity derived from the neutron and density logs; ¢n= Porosity
derived from neutron log; ¢bo= Porosity derived from density log.
D- Effective porosity (¢pE)
It is the ratio of the volume of interconnected pores available for fluids to the total volume
of the rock. It can be calculated by equation (5) after correcting the total porosity from the shale
volume (Schlumberger, 1989).

bE=PT*(1-Vsh) ceovnineneiennns (5)

where: ¢pe= Effective porosity; ¢pr= Total porosity derived from neutron and density logs;

Vsh= Volume of shale.

To evaluate average porosity from density and neutron logs, figure (6) shows the
distribution of total porosity with effective porosity along the length of the studied well. Based
on the porosity values calculated by Schlumberger (1974), the log curve is divided into two
different porosity units.

In the upper unit, the minimum and maximum porosity values are recognized for the
density log range from 0.06 to 0.47, and in the neutron log, the range is from 0.05 to 0.45.
Additionally, in the lower unit, the minimum and maximum porosity values are recognized for
the density log range from 0.04 to 0.4, and in the neutron log, the range is from 0.03 to 0.35.

Depending on this information, the reservoir units within the Sinjar Formation show that
the porosity in its upper part is greater than that in the lower part due to the predominance of
dolomite.

5- Porosity classification

The porosity of the formation is classified according to the system proposed by Lucia
(1995), which divides the porosity into two main types: interparticle porosity (Fig. 7) and
intraparticle porosity (Fig. 8). The classification utilizes petrophysical-textural terms to
describe the porosity characteristics observed in the formation, whether these pores are of
sedimentary or diagenetic origin. Below is a description of the porosity types and how common
they are within the formation sequences.

Petrophysical classes

GRAIN-DOVMINATED FABRIC VUD-DOMINATED FABRIC

PACKSTONE VIUDSTONE
GRAINSTONE PACKSTONE WACKESTONE

SN K
g [P X

A
LN

Fig. 7. Petrophysical classification of interparticle porosity (Lucia, 1995).
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Fig. 8. Petrophysical classification of intraparticle porosity (Lucia, 1995).
1- Interparticle or intercrystalline porosity

This type of porosity refers to the pore space of intergrain or intercrystal within rocks,
and this porosity has various forms after dissolving minerals or removing fossils. The
classification of Lucia (1995) depends mainly on the size and sorting of grains, which play an
important role in determining the amount and connectivity of the pore spaces. Therefore, Lucia
(1995) classified the interparticle porosity into three classes (a, b, ¢) based on Dunham
classification (1962) whether the texture is mud-supported or grain-supported as exhibited in
Figure (7).

Class a: The interparticle porosity is represented by grain-supported (grainstone) facies and
is characterized by coarse sorted grains resulting in high porosity (Fig. 9-A). This
class is useful for improving the constancy of the formation and its pressure
resistance (Lucia, 1995)

Class b: The interparticle porosity is represented by grain-supported (packstone) facies and
is characterized by moderately sized and sorted grains resulting in moderate
porosity (Fig. 9-B). This class is considered the most important in expressing its
hydrocarbon content in the formation sequences as the bituminous materials
spread in it within the dolomite crystals and help fluids to distribute within the
formation.

Class c: The interparticle porosity is represented by mud-supported (mudstone) facies and
is characterized by small and poorly sorted grains resulting in low porosity
compared to grainstone and packstone facies (Fig. 9-C).
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Fig. 9. Different types of pores identified in Sinjar Formation. 1. Intergrain porosity: (A) Coarse grains,
(B) Medium grains, (C) Fine grains. 2. Vuggy porosity: (D) Separate vug pores, (E) Fractional pores, (F)
Touching vug pores.

2- Vuggy Porosity (Intraparticle) porosity

This kind of porosity refers to the pores found within the intraparticles or intrarcrystals in
rocks and can take various forms such as dissolved granules, fractures, or irregularly shaped
caves. According to the classification of Lucia (1995), the vuggy porosity can be classified into
two types according to the nature of their connection to each other (Fig. 8) as follows:

Separate vug pores: They are isolated pores connected through interparticle pores.
Although these pores can increase the total porosity of the rock, they have limited reservoir
importance (Lucia, 1995). However, in certain cases, such as in supportive clay rocks, these
pores can form an effective and important reservoir of porosity (Moore, 1979). The current
research has identified the occurrence of separate vug pores within the fossils of the studied
formation (Fig. 9-D).

Touching vug pores: They are characterized by their larger sizes compared to the
surrounding granules or crystals with a predominance of fractional pores (Fig. 9-E) and vuggy
pores (Fig. 9-F). These pores form an interconnected pore system resulting in enhanced porosity
for the reservoir potential within the studied formation sequences.
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6- Reservoir partitioning

Based on the calculated porosity values, Sinjar Formation can be divided into two parts
(upper and lower) (Fig. 10).

Upper part

It has a thickness of approximately (32 m) between depths of (938 and 970 m). It consists
of yellowish-gray dolomitic limestone, and is divided into two zones (A and B):

Zone A: This zone is located between depths of (938 and 959m) and has a thickness of
about (21 m). The porosity of this zone is described as very good (25-35%), making it known
as a perfect reservoir rock according to explorational geology literature.

Zone B: This zone is located between depths of (959 and 970 m) and has a thickness of
about 11 m). The porosity of this zone is described as intermediate-good (10-25%), making it
known as intermediate-good reservoir rocks according to explorational geology literature.

Lower part

Its thickness is approximately (23 m); that is, between the depths (970 and 993m). It
consists of white limestone and dolomitic limestone, and is divided into two zones (C and D):

Zone C: This zone is located between depths of (970 and 985 m) and has a thickness of
about (15 m). The porosity of this zone is described as poor (5-12%) making it known as poor
reservoir rocks according to explorational geology literature.

Zone D: This zone is located between depths of (985 and 993 m) and has a thickness of
about 8 meters. The porosity of this zone is described as intermediate-good (10-25%) making
it known as intermediate-good reservoir rocks according to explorational geology literature.

Scale:1:500
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Fig.10. The reservoir partitioning of the Sinjar Formation.
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Based on this information, the porosity values indicate that the effective porosity (®) is
low in zone C, moderate to good in zones B and D, and very good in zone A (Fig. 10). In
general, these values indicate that the upper part of the Sinjar Formation has a higher porosity
compared to the lower part due to the predominance of dolomite.

Conclusion

Based on the evaluation of the reservoir potential of the Sinjar Formation (Paleocene-
Early Eocene) using well logs data and cutting samples from well (K-319) in the Kirkuk Oilfield
in northeastern Iraq, the following inferences can be drawn:

The lithology description of the Sinjar Formation indicates the dominance of limestone
and dolomitic limestone in the lower part, with a dominance of dolomitic limestone in the upper
part. The presence of shale less than (10%) within the Sinjar Formation reduced the effective
porosity and affected the reservoir quality.

Two main porosity types are identified in the studied successions, intergrain and vuggy
porosity. Interparticle porosity is divided into three classes: Class A (grainstone facie), Class B
(packstone facies), and Class C (mudstone facies). On the other hand, vuggy porosity can be
divided into two types based on the nature of its interconnection with each other: separate vug
pores, and touching vug pores. Vuggy porosity can significantly enhance the overall porosity
of the formation, allowing for improved fluid flow and storage capacity.

The petrophysical characteristics are determined through reservoir rocks subdivision into
four porosity zones in the Sinjar Formation. The Reservoir Zone C has poor porosity ranging
from (5%-12%), zones B and D have intermediate to good porosity ranging from (10%-25%),
and zone A has very good porosity ranging from (25%-35%).

Overall, the petrophysical properties and geological features identified in this study
indicate that the carbonate reservoir has intermediate-good potential; additionally, the upper
part of the formation in general has higher porosity compared to the lower part as a result of the
dolomite predominance and the presence of fractures and vugs; this indicates that the upper part
of the formation may have better fluid flow and storage capabilities making it more favorable
target for potential hydrocarbon exploration and production.
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