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Abstract

This work intends to delineate the petrophysical properties and the reservoir quality of the Albian sequence in the Meso-
potamian Basin which has been deposited as a siliciclastic sequence. The well log data (including the caliper, gamma-ray,
density, photoelectric factor 'PEF', neutron, sonic, and resistivity logs), derived from eight wells in the SWM (Southwest
Mesopotamian) Qilfield, was studied and interpreted using the appropriate software (IP3.6). These borehole data indicate
the necessity to divide the sequence into five reservoir rock units (U1, U2, M, L1, and L2 units). This enabled depicting the
porosity, shale volume, water saturation, and net-pay thickness in the vertical and horizontal directions. It is indicated that the
M and L1 units are the most promising units with good to very good porosity (&> 17.2%), low water saturation (Sw <28.0%),
and acceptable shale volume (Vsh <8.4%). The net-pay thickness varies between 32.8 and 77.4 m in the different wells
of the SWM Oilfield. The well log data were supported by more detailed conventional core data including porosity (Jy.)
and permeability (k), from which the reservoir quality parameters were estimated precisely. In the present study, reservoir
quality assessment based on conventional core data is considered for the first time for evaluating and discriminating the
Albian—Aptian sequence in the Southwest Mesopotamian field into reservoir zones and hydraulic flow units. The estimated
reservoir parameters include the Flow Zone Indicator (FZI), the Reservoir Quality Index (RQI), and the effective pore radius
(Rs5). Based on the available core data and the estimated reservoir quality parameters, the studied sequence was divided
into three reservoir rock types (RRT1-3). The best petrophysical properties have been assigned for the medium-grained
sandstone of the RRT1 that dominates in the L1 and the M units (av. @y, =23.0%, av. k=1581 mD, av. R;s=23.7 pm, av.
FZ1="7.368 pm, and av. RQI=2.304 pm). On the other side, the fine-grained sandstone of the RRT3 is characterized by the
lowest petrophysical properties and reservoir quality parameters (av. Gy, =17.1%, av. k=5.49 mD, av. R;5=0.92 pm, av.
FZ1=0.603 pm, and av. RQI=0.136 pm). The integration between the well log and core data of the studied Albian sequence
stated that the M and L1 units are the most promising reservoir units. They are predominated by medium-grained and fine
to medium-grained sandstones of the RRT1 and the RRT?2, respectively. This well log-core data integration is applicable to
the different oilfields in the different fields in the Mesopotamian Basin and other basins in south Iraq and elsewhere.

Keywords Mesopotamian basin - Well log - Core data - Reservoir quality - Petrophysical assessment - Rock typing - Clastic
sequence - South Iraq
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Or Total porosity, 0.0
FR Formation resistivity factor, 0.0
F71 Flow zone indicator, pm

GR Gamma-ray, API

k Permeability, millidarcy mD
L Plug length, cm

u Viscosity, centipoise cp

m Porosity exponent, 0.0

n Saturation exponent, 0.0

0 Flow rate, cm’/s

R;s Is the effective pore radius, pm?
PLog Density value from log, g/cc
Py Density of fluid, g/cc

Prma Density of matrix, g/cc

Ish Shale index, 0.0

\% Clay volume, 0.0

clay
VSH Shale volume, 0.0

Abbreviations

DRT Discrete rock type

1P Interactive petrophysics

LLD Deep latero log resistivity, ohmm
LLS Shallow latero log resistivity; ohmm
NPI Normalized Porosity Index, 0.0

NPHI  Neutron log, 0.0

PEF Photoelectric factor, b/e
RHOB Density log, g/cc

RQI Reservoir quality index, pm
RRT Reservoir rock type

Rw Water resistivity, ohmm

RT True resistivity, ohmm

SP Spontaneous potential log, mV

SW Water saturation, 0.0

SWM  Southwest Mesopotamian
Vi Bulk volume, cc

Vg Grain volume, cc
Introduction

The Mesopotamian Basin is among the most promising
hydrocarbon basins in south Iraq. It covers a vast area of
the central parts of Iraqi lands and extends to the south; it
extends in the area between the Euphrates and the Tigris
rivers (Fig. 1). Geology and lithostratigraphy of the Mesopo-
tamian basin were studied by many authors. It is situated on
the unstable shelf of the Arabian Peninsula and is composed
of a complex pattern of river channels, alluvial fans, deltas,
flood plains, marshes, and sabkha (Buday and Jassim 1984,
1987; Numan 2000; Fouad 2010; Handhal et al. 2019).

It produces hydrocarbons from many oil and gas fields.
Among these, the SWM (Southwest Mesopotamian) Oil-
field in the southwest of the Mesopotamian Basin constitutes
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an oil-bearing structure of conformed several reservoirs. It
produced oil from the first exploratory well by the Iraqi Oil
Company in 1948. The SWM Oilfield has located 70 km
from Basra city and 12 km from the Rumaila Oilfield (Alha-
keem et al. 2019). It produces from multi-reservoirs with
the main production obtained from the Albian sequence. It
has been firstly discovered by Glynn Jones in 1948 at the
Nahr Umr Oilfield with thicknesses reaching up to 360 and
400 m in south Iraq and Kuwait (Bellen et al. 1959; Khud-
hair and Al-Zaidy 2018). Its thickness in the SWM Field
attains 200-240 m. In its type section in southern Iraq, the
Albian sequence comprises black shales interbedded with
medium to fine-grained sandstone with some lignite, amber,
and pyrite content (Bellen et al. 1959).

In the SWM Field, the Albian sequence is considered
among its most prolific sequences. It is unconformably
underlain by the Shuaiba Formation. It is a siliciclastic
sequence with a few limestone and dolostone interbeds. It
is dominated by a varicolored, fine to medium-grained sand
composition with a few organic materials-rich shale streaks
that are dominated in the upper and middle parts of the stud-
ied sequence. The shale intercalations act as a source and
sealing rocks for the oil accumulations in the lower parts
of the sequence. This Albian sequence is subdivided into
three main units. The lower unit (L) is further subdivided
into two subunits (L1, and L2 units). The lower subunit L.2
primarily consists of shales, while the subunit L1 consists
of thick sandstone beds intercalated with a few shale streaks
that vary in thickness from well to well as disappear in oth-
ers. The middle unit (M) consists of sand and shale inter-
beds. Upward, the upper unit is further subdivided into two
subunits (Ul and U2). The subunit (U2) is composed of
non-clastic carbonate rocks, while the subunit (U1) consists
of sand and shale intercalations.

The structural regime of the SWM field is simple with
no dominant faults affecting its compartments JOGEMEC
2010). Among more 50 wells were drilled in the SWM Oil-
field, and only 19 wells penetrated the Albian sequence. So,
due to its oil prospectivity, the reservoir characterization of
the Albian clastics in the SWM Oilfield is the main target
of this study.

To achieve this target, the available well log data of eight
wells that penetrated the Albian sequence, were studied to
define its lithology and petrophysical parameters including
the net-pay thickness, porosity, shale volume, and hydrocar-
bon saturation.

Geologic setting

During the last decades, the lithostratigraphy and the
structural setting of the Mesopotamian Basin were studied
by many authors (e.g., Qaradaghi 2001; Qaradaghi et al.
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Fig. 1 Location map of the studied SWM Oil Field indicating a main oil fields in south Iraq, b the tectonic map of Iraq, and ¢ the location map
of the studied wells in the Albian sequence and the studied A—A' and B-B' profiles

2008; Sissakian et al. 2020). It extends between the Tigris
and the Euphrates in Iraq and Syria; therefore, it almost
covers most of the Iraq lands and many parts of Syria
and south-eastern Turkey. It is further discriminated into
northern and southern Mesopotamian basins (Wilkinson

2000; Foster and Foster 2009; Canard 2011; Sissakian
et al. 2020). The northern basin covers the area from
Tigris in the north to Baghdad, while the southern basin
extends from Baghdad to the Arabian Gulf in the south
(Foster and Foster 2009; Canard 2011).
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Lithostratigraphy

The Albian sequence was firstly described by Owen and
Nasr (1958) at its type section at NU-2 well in the Nahr
Umr Oilfield in the southern province of Iraq lands. Its stra-
tigraphy and geologic setting were studied and described
in detail by many authors (Bellen et al. 1959; Buday 1980;
Jassim et al. 1984; Qaradaghi 2001; Qaradaghi et al. 2008;
Khudhair and Al-Zaidy 2018). An Albian age is suggested
for this sequence and applied for the present work.

It is primarily composed of friable to medium-hard, and
fine to coarse-grained varicolored cross-bedded sandstone
intercalated with dark to reddish cross-laminated brown
shale interbeds. These shales are occasionally fissile with
some pyrite and lignite content and rich in organic matter.
It is locally encountered in the studied wells and regionally
in the different parts of the Mesopotamian Basin with a vari-
able thickness. In the west and southwest of the basin, it is
a siliciclastic sequence dominated by sand content, while
it is dominated by shale interbeds to the east of the basin
(Jassim and Goff 2006; Qaradaghi 2001; Qaradaghi et al.
2008). Some non-clastic limestone and dolostone interbeds
are encountered in the section s intercalations with siltstone
and shale beds throughout the different levels of the section.

The Albian sequence is overlain conformably by the
regionally extended Mauddud Formation, sometimes with
a gradational contact. Its upper contact is assigned between
the basal dolostone and limestone beds of the Mauddud For-
mation and the uppermost sandstone and shale beds of the
Albian sequence. Also, it is unconformably underlain by the
Shuaiba Formation. This unconformable contact is assigned
between the yellow to pale grey dolostones of the Shuaiba
Formation and the basal dark fissile shales of the Albian
sequence (Fig. 2) (Qaradaghi 2001; Qaradaghi et al. 2008).

Structural outlines

The study area is located in the Stable Arabian Shelf tec-
tonic regime. The alignment of most fields in the study area
along the N-S direction is due to the interplay of the Pre-
Cambrian N-S aligned basement faults and the Infra-Cam-
brian salt-associated tectonics (Alhakeem et al. 2019). The
Albian—Aptian rifting is formed due to the tension forces
between the Bitlis/Sirjan and the northern borders of the
Arabian plate (Arfania and Shahriari 2009).

The Albian—Aptian structure features were mostly inher-
ited from the Jurassic Gotnia Basin and were activated dur-
ing the Berriasian time. This indicated that the tectonic
history of the Arabian plate was governed by all tectonic
movements that happened along its margins due to the Mes-
ozoic—Cenozoic rifting and collision between the Gondwa-
naland and Asia (Audley-Charles et al. 1988; Powell et al.
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1988; Sadooni 1993, 1997). The main structural elements of
the Mesopotamian Basin are shown in Fig. 3.

Methods and available data

The petrophysical analysis of a given sequence is the base
of the hydrocarbon-bearing reservoir potential evalua-
tion (Shehata et al. 2021; Nabawy et al. 2022; Haque et al.
2022; Fallah-Bagtash et al. 2022; Kassem et al. 2022). This
includes lithologic interpretation from the XY cross-plots of
some petrophysical parameters, the net-pay zones and their
parameters from the litho-saturation vertical plot, and the
contour maps of the petrophysical parameters in the differ-
ent wells (Baouche and Nabawy 2021; Abdeen et al. 2021;
Kassem et al. 2022).

In this concern, the hydrocarbon prospectivity of the clas-
tic Albian sequence in the SWM OQilfield has been evaluated
using the available well log data of 8 wells (A-4, A-14, A-17,
A-20, A-23, A-25, A-30, and A-32, Fig. 1). The LAS files
format of these borehole logs was processed and studied
using the Senergy IP3.6 following a systematic workflow
procedure as shown in Fig. 4. The type of the drilling fluid,
the borehole temperature, and the borehole properties were
considered during the processing and interpretation of the
petrophysical data (Nabawy and Shehata 2015; Abuamarah
et al. 2019; Radwan et al. 2021; Abdelwahhab et al. 2022;
Shehata and Sarhan 2022). Before processing the well log
data, it was required to correct the available data to the envi-
ronmental conditions. This was achieved using the Schlum-
berger charts (Schlumberger 1984, 1991, 1995) to rectify
logs and modify them to the standard condition using the
IP3.6 software.

Available data

The available logging data of the Albian sequence include
the gamma-ray (GR), bulk density (RHOB), neutron poros-
ity (NPHI), sonic (A7), and the shallow and deep resistivity
logs (LLS, LLD, respectively). Also, the temperature log,
the mud filtrate resistivity, and the mud resistivity values
were all available and applied for correcting the resistiv-
ity logs. The gamma-ray curve was used for discriminating
the reservoir zones from the non-reservoir units, while the
neutron-density logs were used to identify the main reservoir
units (El Sharawy and Nabawy 2018). In addition to the
litho-saturation plots, lithology was investigated in all wells
using a set of logging cross-plots including the density-neu-
tron and the gamma-ray-neutron cross-plots. Increasing the
shale content shifts the data points away from the pure sand
baseline due to the presence of secondary porosity and/or
gas content (Schlumberger 1984, 1991, 1995).
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Lithology estimation

To estimate lithology types, different methods were applied
using the IP software V3.6, such as density-neutron, neu-
tron-sonic, and M—N mineralogy identification cross-plots,
where Eqgs. (1) and (2) can be used to estimate the M and N

values (Radwan and Nabawy 2022). The matrix identifica-
tion (MID) involves estimating the apparent matrix density

M = (AT, — AT,,)/(p1oe — pf) % 0.01

(Ama) and the apparent transit time of rock matrix (Arma)
as in Egs. (3 and 4).

ey
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ATy, is the transit time log reading, AT} is the transit time
for fluid, @, , is the porosity log reading, AT, is the transit
time for matrix, @ is the total porosity, and p,, is the matrix
density.

ATma = (ATlog - ATf'ﬂT)/<1 - ﬂT) (3)

Pma = (P = Br-pp)/ (1 - Br) )
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Shale volume estimation

The shale volume (Vsh) is among the governing parameters
of the reservoir rocks, where its increase causes a decrease
in the effective porosity and permeability of the reservoir
rocks. Also, the conductive clay minerals reduce the forma-
tion resistivity factor (FR), so the shaly sand reservoirs need a
specific petrophysical workflow to estimate the implementa-
tion of the bound water on their petrophysical properties and
quality (David et al. 2015; Elgendy et al. 2020). To perform
the well log data corrections and the shale volume correc-
tion, the impact of the bound water should be considered to

the Albian sequence in the studied wells was estimated using
single and double indicators following six procedures includ-
ing gamma-ray, spontaneous potential (SP), density-neutron,
sonic-neutron, and sonic-density. Based on these procedures,
it is indicated that the gamma-ray log reveals the most actual
value (Fig. 5). Then, the shale volume was corrected using the
following equation (Larionov's 1969).

Vsh = 0.083 x (237" — 1) (3)

where Ish is the gamma-ray index value that can be esti-
mated as follows (Asquith and Gibson 1982).

estimate the effective porosity and hydrocarbon saturation  Ish =(GR,,, — GR,,;,)/(GR 0 — GR,;,) (6)
(Heslop and Heslop 2003; Ezz El-Din et al. 2013; Teama and
Nabawy 2016). For the present study, the shale volume of
Scale : 1: 1000 A-14
DEPTH (2576M - 2810M) VIIVXC: 2B
1 2 3 4 S 6 7 8
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Fig.5 Determining the shale volume of the Albian sequence in A-14 well using different techniques
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Porosity estimation

The total porosity value (J) was estimated using the den-
sity-neutron porosity model of Asquith (1982) (Schlum-
berger 1984).

Br =@y +90p)/2 @)

where @ is the total porosity, @, is the density porosity,
and @ is the neutron porosity.

The density porosity can be estimated as follows (Schlum-
berger 1984).

Bp = Pua = Pu)] P — Pf) (8)

where p, . is the matrix density, p, is the bulk density log
reading, and p,is the matrix density.

The effective porosity was then calculated after correcting
the total porosity value by removing the pores contributed
due to the shale content (Schlumberger 1984).

Pe =07 (1 = V) ©)

Water saturation (Sw)

Many equations have been introduced to determine the water
saturation. Archie's equation is the most common equation
that can be applied for clean sandstone reservoirs. Archie's
Eq. (1942) can be applied to calculate the water saturation in
the un-invaded clean reservoir zones where the shale content
is less than 10% (Archie 1942).

Sw" = FR.Rw/R; = a.Rw/Ry.0" (10)

where FR is the formation resistivity factor, Rw is the forma-
tion water resistivity, RT is the true resistivity values meas-
ured in the un-invaded zone, a is the lithology factor, and m
is the porosity exponent. The Archie's parameters including
the lithology factor (a), the porosity exponent (m), and the
saturation exponent (n) are required to assess the water satu-
ration of the studied reservoir, i.e., its hydrocarbon content
to differentiate between the potential and non-potential oil-
bearing zones. The Picket plot is the most common tech-
nique that can be utilized to achieve this target. It is based
on plotting the deep resistivity as a function of porosity at
different points and assuming a=1, n=2, then the m value
can be determined as the slope of the obtained line by know-
ing the Rw values (Fig. 6) (El Sharawy and Nabawy 2018).
For the Albian sequence, the porosity exponent fluctuates
between 1.72 and 2.0.

Besides, there are many equations like Simandoux and
the Indonesian equations that can be applied to the argil-
laceous sandstone reservoirs (Vsh> 10%), where the water
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saturation was determined using the Simandoux equation
(Asquith and Krygowski 2004) (Simandoux 1963).

Sw =(a.Rw)/(2.9™).{SORT[(Vsh/Rsh)*

+((4 = @™/ (a.Rw.Ry))] = (Vsh/Rsh)} (an

For the present study, we have applied Archie's equation
for the clean reservoir zones, while the applied Simandoux
equation was applied for the argillaceous zones.

Net-pay thickness determination

To divide the reservoir sequence into zones potential and
non-potential zones and to define the net-pay thickness, a
porosity cutoff equal to 10%, water saturation of 40%, and
a shale volume equal to 40% were applied. Thereby, the
net-pay thickness was estimated based on considering all
intervals in which the effective porosity values exceed 10%,
and their water saturation and shale volume values are less
than 40%. The reservoir properties and the static model of
the Albian reservoir are discussed in the following sections
and tabulated in Table 1.

Measured core data

A total of 148 plug samples, representatively cored from
the Albian sequence, were drilled out of the cored inter-
vals of three wells (A-02, A-14, and A-17 wells) in SWM
Oilfield. They are selected representatively for the different
sedimentary facies. Then porosity and permeability of these
samples were measured. The bulk volume (v, in cm?) and
weight of the plugged samples were measured after drying
for two days at 60 °C. The grain volume (vg, in cm?®) was
then measured by a helium pycnometer (14.5 psi) and the
helium porosity () was estimated as follows.

Bre = 100 X (v, = v,) /v, (12)

Permeability (k) of the plug samples was measured in mD
using a nitrogen permeameter using the following equation.

k=(Q@X uxL)/(DPx A) 13)

where Q =flow rate in cm’/s, U= air viscosity in centipoise,
L=plug length in cm, A = cross-sectional area in cm?, and
AP =the differential pressure in atm/cm.

The reservoir quality concept was applied to evaluate the
reservoir quality, where the flow zone indicator (FZI in pm),
the reservoir quality index (RQI in pm), and the normal-
ized porosity index (NPI in decimals) were calculated using
porosity (&, in decimals) and permeability (k, in md) as
follows.

NPI =@/(1 — @) (14)
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Fig.6 Pickett plot for estimating the porosity exponent value (m) by knowing the formation water resistivity value (Rw), A-13 well. GR is the

gamma-ray values

RQI =0.0314 X SQRT (k/ %) (15)

FZI = RQI/NPI (16)

Amaefule et al. (1993).

Rock typing was performed using the porosity—per-
meability plot supported by the discrete rock type values
(DRT, Shenawi et al. 2007) which can be estimated using
the following model (Nabawy and El Sharawy 2018).

DRT = Round(2 X Ln(FZI) + 10.6;1) (17)

The average effective pore throat radius (R3s, in pm) of
Winland (1972) is considered a measuring reservoir qual-
ity parameter, so it was estimated for each plug sample
using the following model (Winland 1972).

Log(Rys) = 0.732 + 0.588log (k) — 0.864l0g(@,,)  (18)

More details on the applied measuring techniques
are described in many publications (e.g., Nabawy 2013;
Nabawy et al. 2015, 2020a, b, c; Elgendy et al. 2020; E1l
Sawy et al. 2020; Abuamarah and Nabawy 2021; Shehata
et al. 2021; Abdelmaksoud and Radwan 2022; Radwan

and Nabawy 2022; etc.) The measured core data of the
different petrophysical rock types are tabulated in Table 2.

Results
Petrophysical evaluation

For the Albian sequence in the SWM Oilfield, a gross
thickness was estimated as 191.6-243.0 m in the differ-
ent wells (Table 1). Based on the estimated shale volume
and resistivity values along this gross thickness, the Albian
reservoir has been subdivided into five reservoir zones
(Fig. 5); from top to bottom it is U1l (2577.5-2639 m), U2
(2639-2654 m), M (2654-2713.5 m), L1 (2713.5-2794 m),
and L2 (2794-2804 m) units. A sixth shaley zone (SH) was
added at depth interval 2804-2810 m which was excluded
from the gross thickness. From this zonation, it is indicated
that the lower shale volume is assigned to the L1 unit, while
the higher one was assigned to both Ul and L2 (Fig. 5).
The petrophysical properties of the estimated gross thick-
ness, in particular, the shale volume and porosity percent-
age vary from level to level in the studied wells in SWM
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Table 1 The petrophysical parameters, based on the borehole data, of the Albian reservoir in the SWM Oil Field

@ Springer

Phi*So*H 0.00

Phie 0.00 Sw 0.00 S0 0.00 Vsh 0.00 Phi*H 0.00

N/G 0.00

Net-pay (H) (m)

Gross thick-
ness (m)

Bottom (m)

Top (m)

Well No

6.63
13.34
13.50

6.32

8.62
10.96
13.69

4.59

8.12
14.87

0.816 0.072
14.51

0.194
0.113

0.201

0.184
0.291

4
76
33

40
6
7

3023.0 220.1

2613.9

A-02

A-14

0.034

0.897
0.93

0.220
0.198
0.199
0.191
0.192
0.199
0.172

226.3

2810.0

2577.7

0.011

0.070

0.302
0.216

243.0

2581.5 2827.0

A-17
A-20
A-23
A-25
A-30
A-32

8.22
11.82
14.69
15.40

5.64

0.769 0.023

0.241

413

191.6
205.6

2824.0

2607.1

0.729 0.032

0.281

0.301

61.9
7
7

2801.4

2595.8

0.746 0.084

0.889

0.264
0.121
0.196

0.343
0.360
0.143

6.5
7.4

223.1

2812.7

2589.6

0.049

2149
229.1

2791.4

2576.5

0.029

0.814

32.8

2821.3

2592.1

N/G is the net-pay to gross ratio, Phie is the average effective porosity, Sw is the average water saturation, So is the average oil saturation, and Vsh is the average shale volume

Oilfield (Fig. 7a, b). The average shale volume (Vsh) varies
between 1.1 and 8.4% indicating the predominance of clean
sandstone (Vsh < 10%), while the effective porosity was
estimated to vary between 17.2 and 22.0% for the different
wells (Table 1). The water saturation of the Albian reser-
voir is less than 30% (7.2-28.1%), while the oil saturation
varies between 72.3 and 92.9% (Table 1), i.e., it is a highly
potential reservoir. These prospective petrophysical values
resulted in a good Phi*H and Phi*So*H vary from 5.64 to
15.4 and from 4.59 to 13.69, respectively.

The litho-saturation plot of the A-14 well (Fig. 7a) states
that the Ul, U2, and M units have the highest GR value
(track 1) and shale volume (track 8). Increasing the shale
volume of these units caused some washing out in these
units as indicated from the caliper in track 1 (Fig. 7a, b). A
cross-over is indicated between the density and neutron logs
in track 6 for A-14 and A17 wells (Fig. 7a, b) which is well
developed, particularly through the L1 unit and the lower
part of the M unit. Thereby, the L1 and M units represent
the main prospective reservoir units in the Albian sequence.
Also, plotting the water saturation, the movable and non-
movable hydrocarbon saturations in track 7, for both A-14
and A-17 wells, states the presence of good amounts of mov-
able hydrocarbon in the lower parts of the M unit and the
upper parts of the L1 unit extending for about 57 m depth
interval in A-14 well (2700-2757 m, Fig. 7a), and 83 m
depth interval in A-17 well (2673-2756 m, Fig. 7b).

Net-pay thickness

Plotting the effective porosity as a function of the shale vol-
ume for the A-14 well (as an example for the studied wells)
indicates that most of the assigned reservoir readings are
characterized by gamma-ray values less than 37.5 API and
sometimes up to 75 API. This is probably due to a rela-
tively high feldspathic content (Fig. 8a). Besides, plotting
the water saturation as a function of the effective porosity
indicates that most readings have GR values less than 60 API
(Fig. 8b). So to estimate the net-pay thickness of the Albian
reservoir sequence, a porosity cutoff value was applied as
10%, while the applied cutoff values for the shale volume
and the water saturation were 40% (Fig. 8a, b).

Also, to define the net-pay thickness, it is needed to define
accurately the water—oil contact (OWC) in the different wells
based on the deep resistivity values. The vertical plotting of
the water saturation of the Albian reservoir zones indicates
that the OWC surface has been determined at depth interval
2760-2765 m for the different wells (Fig. 9). The OWC is
assigned within the L1 unit; therefore, the lower parts of
the L1 unit and the full thickness of the L2 unit are fully
saturated with water and should not be considered during
estimating the net-pay thickness. The upper parts of the L1
unit are considered oil-bearing zones, while many streaks of
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and rescrvos quily puarnciays | FRT N DRT @y k Ry NPL RQI 2
of the cored Albian intervals in 0.0 % md pm 0.0 pm pm

the SWM Oil Field RRTI Min 13.0 9.2 15.4 395 0.101 0.406 3368

106 Max 15.5 30.6 4800 434 0.441 4.047 11.70

Avg 14.5 23.0 1581 23.7 0.303 2.304 7.368

Min 10.5 6.00 0.23 0.48 0.06 0.061 0.961

RRT2 30 Max 12.9 30.1 488 10.8 0.43 1.264 3.220

Avg 11.8 19.2 97.0 4.37 0.25 0.525 1.940

Min 8.0 12.0 0.16 0.22 0.136 0.036 0.268

RRT3 12 Max 10.5 26.2 25.3 2.15 0.355 0.309 0.952

Avg 94 17.1 5.49 0.92 0.211 0.136 0.603

where N is the number of samples; DRT is the discrete rock type values;, &y, is the effective porosity; k is
the nitrogen permeability; R;s is the effective pore radius of Winland (1972); NPI is the normalized poros-
ity index; RQI and FZI are the reservoir quality and the flow zone indicator, respectively

the overlying middle unit (M), the lower parts of the upper
unit (U1), and the full sequence of U2 are fully saturated
with water (Sw=100%, Fig. 9). This may indicate two or
more compartments which are partially isolated within the
Albian reservoir. Therefore, the total net-pay thickness was
estimated as 32.8-77.4 m in the different wells (Table 1).

Lithology determination

To determine the lithology of the Albian reservoir units,
the litho-saturation plot (Fig. 7a, b) was applied in addi-
tion to a set of cross sections/profiles including the density-
neutron, M—N, and density-sonic cross-plots (Fig. 10a, b, ¢).
The gamma-ray readings in the litho-saturation plot indicate
that the high intensity of shale streaks is assigned to the U2,
in particular at its lower part (2645-2654 m, Fig. 7, tracks
2, 6), which is mostly composed of argillaceous limestone.
Plotting the density as a function of the neutron indicates
that most points are slightly affected by the shale and the
calcareous content of the studied samples (30-60 API,
Fig. 10a). The implication of the shale and calcareous con-
tent causes scattering and shifting of most samples toward
higher density (limestone and dolomite lines) and porosity
value (0.15 <NPHI <0.60, Fig. 10a). Besides, estimating the
M and N values and plotting them on the M—N cross-plot
for each rock unit indicates that readings of the L1 unit of
the Albian sequence are shifted toward high M and N values
which may be attributed to the presence of some salts and/
or hydrocarbons content with relatively high porosity val-
ues (Fig. 10b). The measured points of the Ul unit and the
upper parts of the M unit are shifted toward relatively low
M and N values due to their shaly content which is primarily
calcareous as indicated from the cuttings description. On
the other side, the lithology of the U2 unit is typically lime-
stone despite shifting some readings away from the typical

argillaceous limestone composition due to its argillaceous
content.

The matrix density-transit time indicates the calcareous
sandstone composition of the L1 readings, where they are
located on the quartz-calcite line, while readings of the other
units are shifted toward higher matrix density values due to
their shale content (Fig. 10c).

Iso-parametric maps for the petrophysical
properties

To check the lateral variation of the petrophysical properties,
and the net-pay thickness, a set of iso-parametric maps were
constructed to follow up on these parameters through the
SWM Oilfield to help in designing future exploration and
development plans. Plotting the water and oil saturations for
the studied wells as contour maps indicates that the lower
water saturation and in turn the higher hydrocarbon content
is assigned for A-14, A-17, and A-30 wells (Table 1). Plot-
ting the water and oil saturations as iso-parametric maps
indicates decreasing the water saturation (Sw) toward the
central parts at the A-14 well and to the north at the A-17
well (Fig. 11a) which shows the lowest water saturation at
the A-14 and A-17 wells (Fig. 11b). The highest water satu-
ration and the lowest oil saturation are assigned at A-25 and
A-23 wells in a saddle form (Fig. 11a, b).

To follow the lateral change in the storage capacity of
the Albian sequence, the effective porosity values were
presented as an iso-parametric map indicating the highest
values at the A-14 well and also at the A-17 and A-30 wells
but with fewer values (Fig. 11c). Values of the shale volume
(V) as an indication of the reservoir ability to deliver its
oil content were presented as a 2D map showing the high-
est shale volume at A-25 and A-2 wells, i.e., the shale vol-
ume increases to the west and southeast of the study area
(Fig. 11d).
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Fig.7 Litho-saturation vertical
plot indicating the different
petrophysical values for the
Albian sequence reservoir zones
in A-014 well (a) and A-017
well (b)

Considering the aforementioned iso-parametric maps and
the cutoff values (10% for porosity, and 40% for both the
water saturation and the shale volume), it is indicated that
the best net-pay thickness was estimated in the northeast
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direction at the A-17 and in the central parts at the A-14,
A-17, A-25, and A-30 wells (Fig. 12). The relatively

high net-pay thickness of the studied reservoir sequence
at A-25 well to the west is accompanied by a prospective
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range of reservoir parameters (Sw=26.0%, Vg, =8.4%,
and Je=19.2%, Fig. 12, Table 1). The deterioration of
the petrophysical properties to the west of the SWM Field
may be attributed to increasing the implementation of the
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retained water content.

diagenetic processes which caused a slight increase in the
shale volume and the water saturation due to increasing the
complexity of pore throat distribution, i.e., increasing the
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Fig.9 The oil-water contact (OWC) determination based on estimating the water saturation (SW) based on the deep resistivity values, the SWM

Oil Field

Lateral distribution

To follow up on the lateral variation of the Albian thick-
ness in the SWM Qilfield, the GR and lithology were cor-
related through two profiles crossing the field in the N-S
and the NE-SW directions (Fig. 13 a, b). Based on these
profiles, it is indicated that the thickness of the Albian
sequence increases in the central parts of the SWM Field
and its N-S direction reaching 409.1 m at the A-02 well
and 245.5 m at the A-17 well. Also, it is stated that the
lower parts of the upper unit (U2), which is composed
of limestone, show consistency in thickness distribution
through the different parts of the field. On the other side,
the L1 unit is dominantly composed of sandstone with a
few shale streaks and is well represented in A-14, A-25,
A-30, and A-32 wells in the middle parts of the field
(Fig. 13a), while its thickness is slightly reduced to the
west at A-20 well (Fig. 13b).

Following up the structural setting and depth inter-
val for the different wells indicates a doubly plunging
anticline oriented along the north—south direction with
a slight change in thicknesses of the different reservoir
units (Fig. 14).

@ Springer

Conventional core data
Reservoir rock typing

In SWM OQilfield, the studied samples were discriminated
into three reservoir rock types (RRTs) considering that
the porosity contribution to permeability for all samples
of the same rock type is equal. Among these, the RRT1
samples (71.6% of the studied samples) are representative
of the top parts of the L1 unit, and the upper and lowers
parts of the M unit of the Albian sequence, whereas the
RRT2 and RRT3 samples (28.4%) are intercalated with
each other representing the main body of the M unit. Plot-
ting the permeability as a function of porosity is presented
by a best-fit line of each rock type with high reliability
(R*>>0.80, Fig. 15). Dividing the samples into rock types
using this plot should be done based on the discrete rock
type values (DRT) of the different samples (Radwan et al.
2022a, b). The higher the porosity contribution to the per-
meability is always accompanied by higher DRT values
and higher reservoir quality, where the DRT values of the
RRT1 samples that have the best reservoir quality vary
from 13.0 to 15.5, whereas for the RRT3 samples that have
the lowest reservoir quality, is the DRT values are located
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Fig. 11 Iso-parametric maps
for the studied Albian sequence
showing a the water saturation
(Sw in 0.0), b oil saturation (So
in 0.0), ¢ effective porosity (Je
in 0.0), and d the shale volume
(Vsh in 0.0). Arrows refer to the
direction of increasing values

in between 8.0 and 10.5. The RRT2 group is considered  RR7T1 : k= 1 % 10—4@89 (R2 = 0.825) (19)
a transitional group between these RRTs. It is indicated

that the porosity and permeability of almost samples are
higher than the porosity cutoff (10%) and the permeability
cutoff value (1.0 mD). Based on this plot and the present
study, the permeability can be estimated using the follow-  RRT3 - k=9 x 10—7@{-20 ( R? = 0.808)
ing mathematical model.

RRT2 : k=2x107¢;2* (R*=0.873)
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Fig. 12 Iso-parametric map representing the net-pay thickness (in
feet) of the Albian sequence in the SWM Oil Field. Arrows refer to
the direction of increasing thickness

Discussion

In this section, the implementation of the different petro-
physical parameters on each other and their mutual relation-
ships will be established and interpreted.

Permeability (k) dependence on the pore throat size
(R35)

The dependence of the permeability on the pore throat con-
nections is higher than its dependence on the pore volume;
i.e., it is not only directly proportional to the porosity but also
the effective pore radius R;5 of Winland (1972) as stated in
literature (Liu et al. 2019; Lai et al. 2019, 2020; Abuhagaza
et al. 2021; Safa et al. 2021; Shehata et al. 2021). Therefore,
plotting the permeability as a function of both porosity and
R;5 (Fig. 16) indicates that the good to excellent permeability
values of the RRT1 samples are due to the predominance of

the macropore sizes (R35>5.0 pm). On contrary, the poor to
fair permeability values of the RRT3 samples are due to the
dominance of meso- to micropore sizes (0.22 <R35<2.15 pm,
Fig. 16, Table 2). The transitional RRT2 samples are primarily
represented by mesopore spaces.

The macropore sizes of the RRT1 samples are attributed
to their clastic composition and sedimentary structures as
described from the cutting samples, where they consist of
thick medium-grained sandstones intercalated with a few shale
streaks. On the other side, the RRT2 and RRT3 samples, which
represent the middle most parts of the M unit, are composed of
fine to medium-grained sandstone with frequent shale streaks.

The reservoir quality attributes

The reservoir quality index (RQI) is a direct measure of the
ratio between the flow and the storage capacities of the given
reservoir rock which is in turn dependent on both porosity
and permeability (Nabawy et al. 2018a, b). So, plotting the
RQI as a function of permeability indicates that the RQI is
exponentially related to the permeability as a measure of the
reservoir flow capacity for the different rock types (R*>0.989,
Fig. 17a). The RQI of the RRT1 samples is primarily charac-
terized by fair to very good quality (0.406 <RQI <4.047 pm of
average RQI=2.304 pm, Fig. 17a, Table 2), whereas the RRT2
samples are characterized by fair average reservoir quality (av.
RQI=0.525 pm, Fig. 17a, Table 2). The variation in the reser-
voir quality of the RRT1 and RRT2 samples may be attributed
to the differential implementation of the reducing and enhanc-
ing diagenetic factors that affected the reservoir quality.

As aforementioned, in addition to the dependence of the
RQI on permeability, plotting the RQI as a function of poros-
ity indicates also its subsidiary dependence on porosity as a
measure of the reservoir storage capacity (0.820>R>>0.733,
Fig. 17b). Scattering the data on the porosity-RQI plot may
be attributed to the complexity of the spatial pore fabric and
due to its main contribution to the permeability (Fig. 17a, b).
This explanation is supported by the fact that the studied RRTs
of the Albian samples are characterized by the same porosity
range (fair to excellent, 6.0-30.6%, Fig. 17b, Table 2). The
RQI of the Albian samples can be estimated using the follow-
ing mathematical models.

RRT1 : RQI =0.115k"* (R*=0.992)

20
RQI = 0.003507°  (R* =0.753) 0)

RRT2 : RQI = 0.099k"*"  (R* =0.994)
RQI = 0.0014; (R* = 0.820)

RRT3 : RQI = 0.082k"** (R*=0.992)
RQI = 0.0003¢7)" (R*=0.733)
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Fig. 13 Lateral variation of the Albian reservoir units in SWM Oil Field along a A-A' profile trending N-S, and b B-B' profile trending NE-SW
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The RQI-k model's exponents (0.41-0.42) and their
multiplication factors (0.082-0.115) of the different rock
types are similar to each other; therefore, the RQI of the
Albian RRTs can be estimated in terms of k using a gen-
eral model as follows.

@ Springer

AlIRRTs : RQI = 0.088%%% (R* = 0.995) @1

Also, presenting the RQI as a function of the FZI is a
widely applied procedure to evaluate the reservoir qual-
ity. Considering the classification of the reservoir ranks of
Nabawy et al. (2018a, b), the RRT1 samples of the Albian
sequence are characterized by fair to very good RQI values,
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Fig. 14 3D-structural contour
maps on top surfaces of the
Albian reservoir units (U1, U2,
M, and L1 units) in the SWM
field
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Fig. 17 Dependence of the reservoir quality index (RQI) of the core
samples on a permeability, and b porosity. P and T refer to poor and
tight qualities, respectively

the RRT2 samples are of tight to good reservoir quality,
while the RRT3 samples are considered tight (Fig. 18a). The
tightness of the RRT3 samples is also attributed to their low
FZI values, whereas the RRT1 samples have fair to good FZI
values. These fair to very good RQI and FZI values of the
RRT1 samples and the tightness of the RRT3 are primarily
attributed to their macropore spaces (3.95 <R;5<43.4 um,
of average 23.7 pm, Fig. 16, Table 2).
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Fig. 18 Presenting the reservoir quality index (RQI) versus a the
flow zone indicator (FZI), and b the normalized porosity index (NPI)
superimposed by the FZI values of the Albian sequence. P and T refer
to poor and tight qualities, respectively

Besides, presenting the RQI versus the normalized
porosity index NPI supports dividing the Albian samples
into three RRTs, with the RRT3 being characterized by
tight reservoir quality (FZ1<0.96 pm), while the RRT2
(0.96 <FZI<3.22 pm) and the RRT1 (3.30 pm <FZI) sam-
ples are considered of poor and fair to good reservoir quality,
respectively (Fig. 18b).
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Reservoir zonation based on the vertical plot
of the core data

The reservoir zonation based on the core data is a widely
applied procedure to divide the reservoir sequence into some
hydraulic flow units (HFUs) each with its diagnostic petro-
physical values (Nabawy et al. 2022). Plotting the porosity,
permeability, RQI, FZI, and the R;5 values as functions of
depth accompanied by their corresponding reservoir rock
types of the top L1 unit and the lower part of the M unit
indicates the dominance of the RRT1 samples through the
top of the L1 unit. The L1 and the lower parts of the M
units represent the HFU-3 and are composed of the RRT1
samples. They are characterized by inconsistent petrophysi-
cal behavior with two peaks of relatively high petrophysi-
cal values at 2715.5 m depth and the middle parts of the
L1 unit at 2763.5 m depth (Fig. 19). The second HFU-2
extends from depth 2688.8 to 2715.5 m. Though its prospec-
tive petrophysical values, its behavior is spiky, especially in
its middle parts with micro- to macropore spaces (R35) with
some non-prospective streaks. This can be attributed to its
alternative composition of the RRT2 and the RRT3 samples
with more dominance of the RRT2 samples.

Upward, the HFU-1 extends from a depth of
2675-2688.8 m and it is characterized by somewhat bet-
ter petrophysical values than the underlying HFU-2. The
spiky behavior of this flow unit is due to its differential

Porosity, . (%) Permeability, k (md)
0 10 20 30 001 1

100 10000 0 15 3 45 6 75 0.010.1 1 10 100 O

composition of the RRT1 and RRT2 samples with a few
RRT3 samples. It is characterized mostly by mesopore
spaces and it is considered entirely prospective (Fig. 19).
The dominance of the spiky petrophysical behavior of the
studied sequence states the high heterogeneity of the Albian
reservoir due to the intercalation between the fine to medium-
grained sandstones and the shale beds along the entire sequence.
These shale intercalations are more predominated in the M unit
(HFU-1 and HFU-2) than in the HFU-3 of the L1 unit.

Regional applications for the Albian reservoirs

The Albian reservoir sequence in the Mesopotamian Basin is
among the most prolific reservoirs in the Arabian Gulf from
Iraq in the north to the United Arab Emirates in the south
where it contains many promising reservoir and source rock
units (Bellen et al. 1959; Alsharhan 1991; Al-Ameri et al.
2001; Qaradaghi et al. 2008; Al-Khafaji 2015; Khudhair and
Al-Zaidy 2018; Handhal and Hussein 2020).
Consequently, studying the petrophysical properties and
the reservoir characteristics of the Albian sequence using
the available well log and core data in SWM Oilfield would
be beneficial for a successful hydrocarbons exploration and
development through the Albian sequences in their sub-
surface presence in south Iraq fields and their extensions
along the western and eastern shorelines of the Arabian Gulf

FZI (m) Rss (um) RRTs
1

N
w

2675 itk
JHFU-1 5
2678 3

S

2681 1

> ~ T

1L
III[

2684 3

—

2687 Jppy-1

/:/

U R —— - -

N\

2690 JHFU-2
2693 3

w

/
W\

N
~

2696 1

Depth (m)

Macro Pores j:

2702

v
2
B
i o
2699 §-&
12
] €
2705 -2

\J

=
=

\Io’\\ Prospective

Pr: [l/i-d"{'f"’ev \|

2708 3
2711 3

— N\Af/ |

2714 qHFu-2

Prospective
Meéso F(#

I
m
c
w

- g s s SRS (e P R

2717 3
2720 A

2761

JHFU-3

>

A

2764 1

\J

[
T

Fig. 19 Vertical presentation of the petrophysical data derived from the core data and their reservoir rock types (RRTs) for the M (depth interval

2675-2720 feet) and L1 (depth interval 2761-2766 feet) units

@ Springer



574 Journal of Petroleum Exploration and Production Technology (2023) 13:553-576

shorelines. It can be further applied to the other clastic res-
ervoirs in Iraq, Syria, and Jordan. Subdividing the Albian
sequence into five rock units states that future exploration
and development plans should be deviated to tracing and
following up its M and L1 units. Also, discriminating these
two units into three reservoir rock types (RRTs) and studying
their reservoir characteristics states that the medium-grained
sandstone RRT1 samples are characterized by the best res-
ervoir quality and should be considered during exploration.

The revealed petrophysical properties derived from the
well log data indicate the presence of two partially isolated
compartments separated by thick shale interbeds. The upper
compartment represents the lower parts of the M unit, while
the lower compartment represents the top parts of the L1 unit.

Conclusions

e The present study indicates that integrating the core and
well log data is a successful workflow procedure for
depicting the petrophysical and reservoir quality param-
eters of the Albian sequence in the SWM Oilfield.

e Based on the delineated data, the Albian sequence was
subdivided into five rock units (U1, U2, M, L1, and L2).

e Among these units, the M and L1 units are the most
promising zones in this sequence. The litho-saturation
plot of the available wells indicates that they are com-
posed of fine to medium-grained sandstone alternated
with some shale streaks which increase in abundance
upward through the M and the U1 units.

e The studied clastic sequences are composed of clean sand
with shale volume values less than 8.4%.

e Plotting the hydrocarbon saturation, shale volume, and
porosity values as iso-parametric maps indicates that the
porosity (17.2-22.0%), the oil saturation (72.0-93.0%),
and the net-pay thickness (32.8-77.4 m) increase to the
north and the central parts of the field, while the shale
volume decreases in the same directions.

e Based on the core data, the rock samples can be sub-
divided into three reservoir rock types (RRTs). Based
on the X-Y plots, the permeability is dependent on the
porosity and the effective pore radius (Rs35). Depicting
the reservoir quality index (RQI) of the different RRTs
indicates its main dependence on permeability and also
on porosity as a subsidiary parameter.

e The medium-grained sandstone of the RRT1 is character-
ized by the best petrophysical and reservoir values (av.
D1e=23.0%, av. k=1581 mD, av. FZ1=5.53 pm, av.
RQI=2.304 pm, and macropore spaces, i.e., it is char-
acterized by fair to very good reservoir quality).

e On contrary, the fine-grained sandstone samples of the
RRT3 have the lowest petrophysical and reservoir quality
(av. By =17.1%, av. k=5.49 mD, av. FZI=0.603 pm,

@ Springer

av. RQI=0.136 pm, and micro- to mesopore spaces, i.e.,
it is tight reservoir).

e This integrated study delineated that future explora-
tion and development plans in the study area should be
applied to the central and northern parts to explore the
extension of M unit and upper parts of the L1 unit.
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