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Abstract

Purpose. The research is aimed at evaluating the petrophysical characteristics of the Late Cretaceous Matulla Formation in
the central part of the Gulf of Suez in order to detect its hydrocarbon reservoir potential.

Methods. Well logs from five wells (Muzhil-1, -2, -4, -7, -8) were used to evaluate the Matulla reservoirs based on a com-
puterized approach. Petrophysical parameters and fluid types were calculated, verified using core data, and represented verti-
cally as lithosaturation cross plots and laterally as isoparametric variation maps.

Findings. Evaluation of total porosity (&), effective porosity (&.), shale content (Vs,), water saturation (Sy), permeability
(K), bulk volume of water (BVW), and net pay characteristics of Matulla Formation in the Muzhil wells showed the following
weighted average values: 18-23%, 15-19%, 21-40%, 20-100%, 1.1-281 mD, 3-21% and 0-83 ft, respectively. The Log-derived
lithology identification indicates that the major matrix component of the Matulla Formation is quartzose sandstone with minor
shale and carbonate contents. The upper zone is a poor reservoir, while the middle and lower zones are considered good reser-
voirs in all studied wells. It is expected that Muzhil-2 will produce oil without water; however, Muzhil-1 and Muzhil-4 will
produce oil with water; while Muzhil-7 and Muzhil-8 will produce water only.

Originality. Detailed log-derived petrophysical evaluation, verified by core analysis and well tests (DST and MDT), con-
struction of lithosaturation cross plots for each well and isoparametric petrophysical maps are performed for the first time for
Matulla Formation in the Muzhil field.

Practical implications. The obtained results on lithosaturation and petrophysics have expanded the knowledge about the
characteristics of the Matulla Formation sediments, hosting promising reservoir intervals, and should be taken into account in
future exploration and development of the Muzhil field.

Keywords: hydrocarbon potentiality, well logging, formation evaluation, petrophysical parameters, Matulla Formation,
Muzhil Field, Gulf of Suez

1. Introduction sedimentology, paleontology, depositional settings and struc-
The Gulf of Suez (GOS) is one of the most important pro-  tural settings [5], [9], [10], [17], [31]. _
ductive oil producing provinces in North Africa and the Mid- However, their petrophysical characteristics are still poorly

dle East. The Matulla Formation is of great interest due to its  Studied. The petrophysical characterization of reservoir rocks
contribution to the petroleum system in the GOS region. The 1S @ very challenging task in petroleum science, due to the
Matulla Formation in the southern, central and eastern parts of ~ Wide variability in the properties of the host rocks [32], [33].

the GOS and on the western side of Sinai can be considered as In this work the following are highlighted: _

a good reservoir consisting of ferruginous sandstone inter-beds 1) determining  different petrophysical properties from
with good to excellent porosity, very good to excellent perme-  Well logging data of the Matulla Formation; _
ability and poor to fair flow zone indicator [1]-[13]. The Coni- 2) distribution of ~ petrophysical properties  vertically

acian-Santonian deposits of the Matulla Formation are part of ~ through the investigated succession in each well and horizon-
the Nezzazat Group, and they are distinguished by various  tally through the Muzhil Field;

lithologies, lateral facies and thickness changes, as well as 3) defining reservoir potential zones of Matulla For-
reservoir heterogeneity throughout the GOS basin [9], [14]-  Mation for hydrocarbon production.
[16]. Several authors have studied these deposits in terms of The innovations of the present work are:
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1) to present detailed petrophysical characteristics of the
Matulla Formation in Muzhil Field, which is still poorly studied;

2) to distinguish shale types and distribution, which tend
to significantly influence the effective porosity and permea-
bility of reservoirs;

3) to define how the petrophysical parameters have
been greatly controlled the sedimentary lithofacies and
diagenetic process.

Consequently, a complete lithology and petrophysical
evaluation of the Matulla Formation in the eastern part of the
Muzhil Field at the central Gulf of Suez was carried out
using well log data from five wells (Muzhil-1, Muzhil-2,
Muzhil-4, Muzhil-7 and Muzhil-8) approved by the Egyptian
General Petroleum Corporation (EGPC) and South Abu
Zienima Company (SAZ) in order to examine promising
targets for the hydrocarbon reservoirs.

2. Study area

2.1. Location of the study area

The studied area is located in the offshore central part of
the GOS between longitudes: 33°7'24" E and 33°8'24" E and
latitudes: 28°53'12" N and 28°54'47" N comprising the
eastern part of Muzhil field concession which covers an area
of almost 150 km? (Fig. 1).
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Figure 1. Location map of the Gulf of Suez, Abu Zenima Conces-
sion and the studied wells in Muzhil field area

2.2. Stratigraphy of the Gulf of Suez

The GOS width ranges from 30 to 50 km in the central
part, and its length from the north tip at Suez City to the
south tip at the Sinai Peninsula is approximately350 km. The
water covers approximately25000 km? of the GOS rift basin
with 55 m average water depth [6], [10], [34], [35]. The GOS
started during the Late Oligocene, in synchronism with
rifting of the Red Sea basin to the south. However, many
studies have shown that extensional faulting commenced in
the southern part of the Gulf and the rift probably propagated
toward the north, intersecting with the east-west Suez city
structural boundary, in the late Eocene age [36]. Figure 2
presents a generalized stratigraphic column for the GOS from
the Pre-Cambrian to Recent [37].

Three depositional phases are generally assumed for the
GOS stratigraphy [4], [7], [38]:

1. Devonian to Eocene sediments, which are typically
limestone sand deposits, form the most important sand reser-
voirs in the GOS including Nubia sand, and other minor
source rocks.
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2. Lower Miocene sediments creating the GOS primary
source rocks, some reservoirs, and sealing rocks.

3. Upper Miocene and Pliocene sediments are characte-
rized by relatively younger deposits, which have a recent
depositional history of the GOS graben.

The sedimentary sequence in the GOS can be divided in-
to three stages according to the tectonic history of the Red
Sea rift: the pre-rift, the syn-rift, and the post-rift stages [39].

2.3. Structure of the GOS rift

The GOS is currently subdivided into three structural
provinces according to their structural setting and regional
dip direction [40], [41] (Fig. 1):

1-Northern Province: it represents the northern part of the
GOS restricted by Galalahinge zone that extends on a line
drawn from south Galala Plateau to the offshore of Asl QOil
Field. The regional dip of strata is southwest; the main fault
trends (the clysmic and the Agaba) throw toward the north-
east, and southeast, respectively [42].

2-Central Province: this province occupies the central
part of the GOS. The regional dip is northeast. The main
Clysmic and Agaba trending throw towards the southeast and
northwest, respectively.

3-Southern Province: this province is bounded from the
north by the Morgan hinge zone bathing from the northern
end of Esh El Mellaha to Ras Shukheir to the north of Mu-
zhil. The regional dip of strata is towards southwest as the
Northern Province and the main Clysmic and cross faults
throw towards northeast and southeast, respectively [43].

2.4. Tectonic setting of the GOS

The extension of the GOS started at the early Oligocene;
however, the separation between the African and Arabian
plates did not begin until the early Miocene [10], [44] in
general, two models have been proposed to describe how
separation occurred [44]. The first model presumes that the
GOS initiation resulted from the anticlockwise rotation of the
Arabian plates relative to the African plate, with the center of
rotation located at the center of the Mediterranean Sea. This
model is widely used and agreed with the evident of magnetic
anomalies across the central and southern of the Red Sea. The
second model for the GOS initiation suggests that the initiation
resulted from strike slip faulting and pulling apart tectonic
across the axis of the rift. Although, many authors believe that
this assumption requires more detailed studies to match the
existing geometry, there is a slight match with the analysis of
stratigraphic and outcrop structures By the Miocene end, the
Arabian plate collided with the Eurasian plate, resulting in a
change in the plate shape and development of the Dead Sea
accompanied by suspension of the GOS rifting evolution [45].

2.5. Matulla Formation

Nezzaz Groups constituted of four formations namely
(from top to bottom); Matulla, Wata, Abu Qada, and Raha,
and made up of interbedded layers of shale, sandstone, silt-
stone, and limestone with a significant variation in mechani-
cal properties (Fig. 2). This study focused on the Lower
Senonian Matulla Formation. It is 140 m thick on average,
and its lithology is composed of marls, limestones, and
shales, with several sandstone units. The Matulla Formation
unconformably overlies the Wata Formation. The upper part
of the Matulla Formation is generally represented by sandy
shales that grade into shales only toward the top.
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Figure 2. Generalized stratigraphic column of the Gulf of Suez [37]

A sharp break marks the onset of a different depositional
environment of radioactive, dark brown, organic-rich lime-
stones of the overlying Brown Limestone Member of the
Sudr Formation [46].

The Coniacian-Santonian constitutes the wide range of
sandstone reservoir in Pre-Miocene sequence. There are two
main sub-units constituting Matulla Formation: the top is
thinly interbedded sandstone and shale, while the bottom is
clean sandstone with few inter-beds of shale and lime-
stone [47]. This sandstone is the best reservoir in the Muzhil
Field. This sandstone is white, medium to fine grained,
sub-angular to angular, moderately sorted with calcareous
cement, glauconitic and occasionally pyritic. The shale is
gray, dark gray, light gray, soft, moderately hard, massive
sub-flaky and highly calcareous. The limestone is dark
brown, occasionally earthy white cryptocrystalline, hard to
moderately hard, and argillaceous. The Matulla Formation
was deposited in shallow marine conditions [48].

The Matulla Formation is separated between the over-
lying brown limestone formation and the underlying Wata
Formation by two unconformity surfaces. All clastics of the
Matulla Formation were deposited throughout the Co-
niacian-Santonian time span. Diverse planktonic foraminife-
ral contents, including Dicarinellaconcavata and Dasymetrica
zones, revealing the Coniacian-Santonian age characterizes
the Matulla Formation [9]. The Matulla Formation is com-
posed of sandstone intercalated with shale, siltstones and
carbonates. The deposition environment of this unit ranges
from braided to meandering fluvial systems to shallow
marine environments [47].

The Muzhil oil field is located in the central province of
the GOS, with strata dip generally northeast, and is affected
by many dikes which have recently been proven to have a
high potential for hydrocarbon. The sandstone of the Matulla
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Formation, which is produced from the Nukhul and Matulla
reservoirs, is an essential target for oil production in the
Muzhil oil field.

Muzhil area is affected by regional Clysmic faults (Mu-
zhil trend) with NW-SE direction which creates the main oil
trap in the field on its up thrown. The termination of these oil
fields is due to the intersection of the clays mic faults with
the north oblique and/or northwest oblique faults. fault block
started through the rifting phase during the Early Miocene,
trap formation mainly occurred during the early rift rapid
subsidence rate, affecting the pre-rift units (pre-Miocene) and
early-rift units (Early Miocene) [49]. Faults formed during
the Early Miocene which occurred first, followed by expul-
sion of the hydrocarbon, which creates the main oil in the
field on its upthrown. The October field is located immedi-
ately to the west of the Muzhil block; it is a good analog to
the subsurface play concept in the GOS as a general and in
the SAZ block in particular.

3. Material and methods

3.1. Material

The available data are the complete set of open
hole logs including caliper, total gamma ray, shallow
and deep resistivity, density, neutron, sonic and photoelec-
tric (PEF) from five wells in the Muzhil Field (Muzhil-1,
Muzhil-2, Muzhil-4, Muzhil-7, and Muzhil-8) in addition to
core analysis, pressure, and subsurface geological data
supplied by the Egyptian General Petroleum Corporation
(EGPC) and the SAZ. The well log analysis depended on
equations, formulae, and pre-established charts and
cross plots to study the Matulla Formation reservoirs by
determining the petrophysical parameters using the
computer software Techlog [50].
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3.2. Vertical petrophysical evaluation methods

3.2.1. Lithological identification

The lithological identification of the Matulla Formation is
of particular importance in the formation evaluation process
because the physical and chemical properties of the rock that
contains hydrocarbons and/or water affect the response of
every tool used to measure the reservoir properties [51]. The
most useful logs as indicators of lithological characteristics
are gamma-ray, density, neutron, sonic, and photo-electric by
using dia-porosity cross plots, tri plots as well as estimating
the mineralogical components through least-squares models.
The details regarding the use of cross plots combinations are
discussed in [51]-[56].

3.2.1.1. Dia-porosity cross plots

Dia-porosity cross plots included the following:

1. Density (pp) — Neutron (@n) plots obtained using
Schlumberger charts.

2. Matrix identification (MID) plots.

Clavier and Rust (1976) [57] proposed a cross plot that
shows the separation of different matrix contents. The rea-
dings of the neutron, sonic, and density logs depend not only
on the porosity, but also on the formation lithology and fluid
content. When the appropriate matrix-lithology parameters
(Atma, pma, and Dnma) are known, correct porosity values can
be derived because accurate porosity determination becomes
more difficult when the matrix lithology is unknown. A
combination of the sonic, density, and neutron logs can es-
tablish more information about the formation and its contents
than can be obtained from a single log.MID plots showing
the relation between the apparent matrix densities, (p»ma) and
apparent matrix sonic travel time (4fma) values, which are
computed as follow [58], [59]:

For clean zones:

% |0g - (Dpf
=— - P . 1
Pma 1_o 1)
At -log — @At
=== ' 2
= o )
For shaly zones:
b = Po 109Dt —Vsppen @)
ma 1-@ -V, ’
At- |Og—@Atf -V, hAt h
tra = ==, @
1-@ -V,

3. pp-PEF plot in which bulk density (o) and the photoe-
lectric effect PEF are cross plotted to provide an estimate of
the mineral composition.

3.2.1.2. Tri plots

Tri plots include:

1. Plotting any two porosity log combinations in the
x- and y-axes by taking GR as a third component (z-axis).

2. M-N cross plots that combine the data of the three po-
rosity logs (pn, 4¢, and @y) to provide lithology-dependent
quantities, M and N, which are independent of the primary
porosity [60]. Therefore, the cross plots of these two quanti-
ties make the lithological characteristics more apparent. M
and N are defined as:
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Aty — At
=T 7ma 501 (5)
Pp — Pt
_ cz>Nf _@Nma (6)
Pb ~ Pt
where:

Ats — the transit time of fluid — 189;

Atma — the transit time of the matrix;

i - 1.0;

@Dnma — the neutron porosity of the matrix;

v — the density log reading;

o — density of the fluid equals 1.03.

These results are usually confirmed using core analysis
data and mud logs.

3.2.1.3. Mineralogical components
using least-squares model

An appropriate estimate for the zone composition can be
drawn from a least-squares model, in which the error is min-
imized between the log responses and their corresponding
values predicted by the solution, Thus the matrix solution of
the least-squares model becomes V = (CT-C)*-CT-L, where
each letter signifies an array of numbers or unknowns, rather
than a single number of unknowns, as in conventional alge-
bra. The “known” are C (vector of log readings), L (vector of
log response), and the symbol CT signifies the transpose of
the C matrix, which simply means a matrix in which the
rows and columns have been interchanged and the “un-
known” is V (vector of the volume of minerals), as shown
by [61]. On the other hand, if the log types (known data) are
less than the unknowns (mineral volumes), the case is called
underdetermined, and the matrix solution for the least-
squares model becomes V = CT-(C-CT)*-L.

Techlog software facilitated the complexities arising in
the solution of the simultaneous equations. In this way, the
correct values of the mineralogical constituents (quartz, cal-
cite, dolomite, illite, and montmorillonite) were derived for
the Matulla Formation in the studied wells (see the subse-
quent section of the lithosaturation cross plotting).

3.2.2. Shale evaluation

Shale evaluation is the next step in interpreting well log-
ging. This includes three important processes: Vs, calcula-
tion, clay minerals identification, and shale distribution.

3.2.2.1. Shale volume calculation (Vsn)

Reservoirs are usually differentiated into clean or shaly
reservoirs based on the shale volume (Vi) [62], [63] Increas-
ing Vs reduces both the reservoir quality and capacity. The
most popular model used to calculate Vs, depends on the
gamma ray (GR) log. This volume is the Shale Index (lsn) as
follows [62]:

_ GRIog _GRmin

o GRmax _GRmin
where:

GRiog — gamma ray log reading for the zone of interest;

GRmin — minimum gamma-ray reading (clean sand or
carbonate);

GRmax — maximum  gamma-ray
100% shale.

(7)

reading opposite to
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It is customary to assume that lsh = Vsn. However, this as-
sumption tends to overstate the calculated Vs [63]. Different
empirical models have been developed to relate the shale
index to Vg, according to the geological ages. The Matulla
Formation is related to Cretaceous age; thus, two common
models may be applied for older rocks in this study. After Is
is considered, Vs is calculated using any of the following
equations suitable for consolidated and older rocks [64]:

Larionov (1969) [64]:

Vg, = 0.33(22'sh —1). ®)
Clavier et. al. (1971) [57]:
Ve :1.7—\/3.38—(Ish +0.7) . ©)

It was observed that the two models provided very simi-
lar values. Clavier et.al. (1971) [57] model offers slightly
lower values, and therefore, will be used here.

3.2.2.2. Shale types (clay mineralogy) identifications

The shale must be identified because of its significant
effect on hydrocarbon reservoir evaluation. The clay mine-
rals present in the reservoir can play the most important
role, affecting both the reservoir capacity and production.
The Archie water saturation equation assumes that the for-
mation water is an electrically conductive material in for-
mation. The presence of shale is another conductive materi-
al that complicates the definition or the concept of rock
porosity. Thus, shaly formations may exhibit high &; with a
low @&, as a potential hydrocarbon reservoir. Clay minerals
can be identified from spectral GR measurements (Thorium
(Th), Potassium(K), and Uranium (U)) and Photoelectric
log (PEF) using cross plots such as Thorium (Th) versus
Potassium (K), PEF versus Potassium (K), and PEF versus
Thorium over Potassium (Th/K) [65].

3.2.2.3. Shale distribution

The shaliness effect on log reading depends on the
amount of shale and its physical properties. It may also de-
pend on the way of the shale distribution in the formation.
The shale can be distributed in the formation in three
ways [65] (Fig. 3).

Laminar shale Structural shale

Clean sand Dispersed shale

Figure 3. Distribution of shales in the reservoir [61], [63]

1. Laminar shale: shale can exist in the form of laminas
between layers of sand. The laminar shale does not affect the
@ or the permeability of the sand streaks. However, when the
amount of laminar shale is increased and the amount of po-
rous medium correspondingly decreases, the overall average
@ is proportionally reduced.
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2. Structural shale: shale can exist as grains or nodules in
the formation matrix. This shale matrix is termed the struc-
tural shale. It is usually considered to have properties similar
to those of the laminar shale and nearby the massive shale.

3. Dispersed shale: the shaly materials can be dispersed
throughout the sand, partially if it fill the intergranular inter-
stices. The dispersed shale may be in accumulations adhering
to or coating the sand grains or it may partially fill the small-
er pore channels. Dispersed shale in the pores markedly
reduces the permeability of the formation.

These forms of shale can occur simultaneously in the
same formation. Clay distribution was identified using the
Techlog program and was confirmed by the GR versus DEN
plot after [66], [67].

3.2.3. Determination of formation porosity (&)

Reservoir porosity is very important in calculating fluid
saturation, which can be determined from density, neutron or
sonic logs, and even their combination. The neutron-
compensated, bulk density, and sonic logs were directly
influenced by the matrix composition. Using two or three
porosity log readings, it is possible to determine the porosity
(@), and calculate the amount and type of each lithologic
component: sandstone, limestone, and dolomite [58]. The
total porosity (@r) and effective porosity (@.) were calculated
for clean and shaly zones using the equations of [36] and [68].

3.2.3.1. Total porosity (&)

The total porosities derived using the density (@p) and
neutron (@y) logs were calculated [36], [68]. The porosity
derived from the bulk density log (®p) is as follows:
@p = Pma =P ,

Pma ~ Pt
where:

pma — the matrix density (sandstone = 2.65 g/cc);

o — the formation bulk density;

px— the fluid density (equal to 1.0 for fresh mud).

The porosity derived from the neutron logs (@) is ex-
pressed as follows:

D\ = ¢N~Iog _(Vsh ‘¢Nsh) )

where:
@y — the corrected porosity for clean rock from shale;
@nog — the reading of the neutron porosity from the log;
@nsh — the neutron porosity value for shale.
The total porosity can be obtained by combining the neu-
tron and density porosity.
So, the total porosity equation in the absence of gas in the
rock is as follows [62]:

_ @D +¢N
= > ,
3.2.3.2. Effective porosity (@)

This type of porosity depends largely on the degree of
connection between the rock pores with each other forming
channels, to facilitate the path of fluids (permeability)
through the lithologic contents. The &, was estimated using
the following Equation 13 [51]:

Dy =Dy -(1-Vy) -

(10)

1)

D, (12)

(13)
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The average porosity values (¢) used in the qualitative
description of reservoir rocks [52] are as follows: negligible
(4 <0.05), poor (0.05<¢<0.1), fair (0.1<¢<0.15),
good (0.15 < ¢ <0.25), very good (0.25< ¢ <0.30), and
excellent (¢ > 0.30).

3.2.4. Determination of formation water resistivity (Rw)

Precise knowledge of the formation water resistivity (Rw)
is essential for correctly determining the Sy in the reservoir.
Several methods can be used to determine formation water
resistivity (Rw). Therefore, it is important to determine the
value by matching and comparing the results with those
obtained using various methods. In this study, Ry was deter-
mined using the formation water analysis method and ac-
cordingly, the Ry, value of 0.13423 ohm-m at 22.3°C was
given for the Matulla formation (Table 1). The Ry, was ob-
tained using Equations 14 and 15 [69]:

36475

Ry75 =0.0123+ NSTER 14)
81.77
R. = —_— 15
WS 6,77 (15)
where:

Rw — formation water resistivity at the formation temperature;
Rw7s — formation water resistivity at 75°;

F: — is the formation temperature;

NaCl concentration in ppm (part per million).

Table 1. Laboratory water analyses are collected from DST or
produced fluids in Matulla Formation at Muzhil-7 well

Total dissolved

solids 53900 mg/I pH 7.87 at 25°C
- 7.45-102 mohs/cm . 1.03700 g/ml
Conductivity at 22.3°C Density at 60 F
. 0.13423 ohm-m Specific
Resistivity Rw at 22 3°C gravity 1.03804
Salinity 51480 mg/l Hardness 2408 mg/l

3.2.5. Fluids saturation estimation

3.2.5.1. Formation water saturation (Sw)

The determination of Sy is very important for determining
the petrophysical parameters of the studied reservoir rocks.
There are many equations for calculating Sy such as Archie,
Dual Water, Indonesia, etc. The Sy for the examined zone
was estimated by the Indonesia Equation which gives accu-
rate results with shaly formation (Equation 16) [70][69]:

-1/n
v 2Ven 1/2 o
Sy =1|| —n +| = ||R, , (16)
RSh a.RW
where:

Sw — formation water saturation;

Rw — formation water resistivity (Qm);

Rt — the true formation resistivity (Qm);

a — the tortuosity factor;

m — the cementation factor;

n — saturation exponent.

The equation requires the resistivity log (Ry), ®@e-log, Vs,
and formation water resistivity Ry. The inputs for the Sy
model parameters (Rw, a, m, and n) were based on infor-
mation from the fluid samples, logs, and special core analy-
sis measurements (Table 2).
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Table 2. The applied parameters for the applied saturation model
(the Indonesia equation)

Parameter Value Source
Rw 0'1?;?2:;%?&” -m Laboratory water analysis
a 1 From the special and routine
m 1.81 core analysis of the wells
Muzil-4, Muzhil-7
n 1.83

and Muzhil-8

After converting a water analysis to an equivalent NaCl
concentration, several water samples were analyzed at a
depth of 11100 ft within the Matulla formation in the Muzhil-7
well, and the Ry was found to be 0.055 Q.m at 22.3°C (sur-
face temperature) (Table 1).

The formation water resistivity can be corrected from its
value at laboratory temperature to the formation temperature
either by using a chart found in most logging manuals or by
Arp’s empirical formula [71].
3.2.5.2. Bulk volume of water (BVW)

The bulk volume of water was estimated using the fol-
lowing equation of [72]:

BVW =@, -S,,,
where:
BVW — the bulk volume of water;

@, — the effective porosity;
Sw — water saturation.

17)

3.2.5.3. Hydrocarbon saturation (Sh)

The fraction of pore space containing water is termed wa-
ter saturation (Sw). The remaining fraction, containing oil or
gas, is termed hydrocarbon saturation (Sy). The total hydro-
carbon saturation (Sn) was calculated using the following
Formula (18):

Sy =1-S,,- (18)

Sh is usually differentiated into its residual (Sk) and mo-
vable (Snm) fractions, which can be calculated from water
saturations in the uninvaded and flushed zones (Sw and Sxo),
as follows:

Shr =1-Syo; (19)
Shm = Sh —Shr » (20)
where:

Shr — the residual hydrocarbon saturation in the invaded zone;

Sxo — Sw in the invaded zone;

Sw — the water saturation in the uninvaded zone;

Shm — the movable hydrocarbon saturation.

Net reservoir, Net Pay and Reservoir Cutoffs

“Net reservoir” is defined as the thickness of rocks
having high porosity and low shale content. “Net Pay” is
defined as the thickness of rock that contributes to economi-
cally viable production with today's technology, prices, and
costs. Net pay is obviously a moving target, because techno-
logy, prices, and costs vary almost daily. We determine net
pay by applying appropriate cutoffs to reservoir properties,
so that unproductive or uneconomic layers are not counted.
This can be done with both log and core data, and it is nor-
mal to apply cutoffs to each calculated result to eliminate
poor-quality or unproductive zones. Cutoffs are usually ap-
plied to Vs, ¢ and Sy. The following cutoff parameters were
used in this study: Vs < 0.5, @, <0.10 and S < 0.5.
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3.2.5.4. Fluid type determination

The Modular Formation Dynamics Tester Tool (MDT)

The MDT tool provides the capability to conduct fluid
sampling, controlled local production, standard transient and
vertical interference tests. Such interval tests usually com-
prise a drawdown and buildup-typically, the tool is stationed
in the borehole, and two packers are set to hydraulically
isolate a section of the formation. Observation probes or
multiple probes mounted above the packers provide the ca-
pability for vertical interference testing within the near-
wellbore formation.

The methodology used to analyze the MDT transient data
is similar to that conventional pressure transient tests. How-
ever, specialized mathematical models are used to match the
pressure and flow rate measurements. Conventionally, analy-
tical models have been used to analyze these tests. Although
computations of analytical models are fast, they may be too
simplistic or inadequate for many test configurations. On the
other hand, numerical models are more realistic and flexible.
However, their use is complex. Therefore, we propose an
integrated approach in our interpretation methodology.

Gradient based techniques have been used in reservoir
simulation for history matching of the pressure and produc-
tion performance of reservoirs for some time. In current
study we focused on their application to MDT interval pres-
sure transient tests in combination with numerical well tes-
ting methods [73], [74].

Integrated MDT analysis

The objective was to present the analysis that was per-
formed for all the pressure data points recorded in Muzhil field
reservoirs (Matulla Formation) [75]. In each well to determine
the fluid type and fluid contacts. Then to integrate and investi-
gate the communication between the wells “if any” consider-
ing, all the available data with the study team to confirm these
results. The pressure point was plotted against true vertical
depth and based on the pressure gradient on the plot.

3.3. Horizontal petrophysical evaluation methods

3.3.1. Isoparametric maps

Lateral variation of petrophysical characteristics could be
studied from constructed isoparametric maps. The study of
these petrophysical parameters maps is very important in
judging their lateral variation and the factors that control
them, which may be either stratigraphic, structural, or both.

3.3.2. Hydrocarbon volume estimation

In this study the hydrocarbon volumes for the Matulla
reservoir were estimated by Equation (21) and (22) that pro-
posed for hydrocarbon calculations [76]. Hydrocarbon vo-
lumes are computed using parameters inputted into the static
reservoir model and accuracy of the volumetric depends on
the integrity of porosity (&), saturation, net thickness, areal
extent, and formation volume factor values.

Equation (21) can be applied to calculate Stock Tank Oil
Initially in Place (STOIIP):

N _ [758AND - (1-Sy)
Boi

Equation (22) can be applied to calculate free gas (GIIP)
in a gas reservoir as given below:

(STB). (21)
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_ 43560Ah® - (1-Sy)

MM SCF),
5 ( )

(22)

9

where:

N — STOIIP [barrels];

G — GIIP [MM SCFT;

A —area [acres];

h — net pay thickness [feet];

7758 — conversion factor (acre-ft-7758 = barrels);

@ — porosity of this net reservoir rock (decimal);

Sw — irreducible water saturation — water-filled portion of
this porosity (decimal);

Boi — formation volume factor for oil (decimal), expresses
the change in oil volume between reservoir and standard
conditions at the surface (reservoir barrels/stock tank barrels);

Sy — gas saturation (1 — Sy;) is traditionally omitted from
equation (22).

Oil formation volume factor (Boi) can be defined as the
ratio of volume at reservoir condition to volume at the sur-
face condition (at 60°F and 14.7 psi). It usually varies from
1.0 to 1.7. A formation volume factor of 1.4 is characteristic
of high-shrinkage oil and 1.2 of low-shrinkage oil, in the
case of gas calculation the (By;) is replaced by (By).

4. Results and discussions
4.1. Lithological identification of Matulla Formation

4.1.1. Neutron-density cross plots

Figure 4 represents the relation between pb and @y with
taking the GR as a third component. The first glance reveals
that the majority of the presented points in these plots lie
between the limestone, dolomite, and the sand line with high
and medium GR intensity for the Matulla Formation in Mu-
zhil-1, -2, -4 and -7 wells, indicating the presence of shale.

Neutron-density cross plot for of Matulla Formation in
Muzhil-1 well (Fig. 4a) shows that the major lithology is
tight limestone with some stricks of shale, and sandstone
with some effect of the presence of shale shifted the points
Whereas the Neutron-density cross plot (Fig. 4b) in Muzhil-2
well, shows that the major lithology is sandstone with an
amount of limestone and there is a trend of points toward
shale. In Muzhil-4 and Muzhil-7 wells the neutron-density
cross plot (Fig. 4), show that the major lithology is calcare-
ous sandstone, and there is a trend of points toward shale.
The @ values range from 10 to 25% in all the studied wells
(Fig. 4).

4.1.2. M-N cross plots

Tri-porosity (M-N) cross plots are used to generally de-
termine the lithology of the Matulla Formation in the studied
area, which showed that the main lithology type is sandstone
with cementation of limestone intercalated with shale (Fig. 5).

4.1.3. MID cross plots

The matrix identification plots (MID) for the Matulla
Formation in the Muzhil-1land Muzhil-7 wells are presented
in Figure 6 showing that the majority of the data points are
concentrated around the calcite points, illustrating and
confirming that the major lithology is sandstone with lime-
stone, and the remaining points suggest the existence of
shale and heavy minerals.
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Figure 4. Neutron-Density cross plot for Matulla Formation: (a) Muzhil-1 well; (b) Muzhil-2; (c) Muzhil-4 well; (d) Muzhil-7 well
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Figure 5. M-N cross plot for Matulla Formation: (a) Muzhil-1 well; (b) Muzhil-7 well

In MID Cross plots (Fig. 6), a few points are found
around the dolomite point. This is with a remarkable lack of

4.1.4 pv-PEF cross plots

The py-PEF cross plot are plotted for the Matulla for-
mation in Muzhil-1 and Muzhil-7 wells (Figs. 7, 8), reveling
that the Matulla formation in all studied wells is mainly
composed of dolomitic sandstone, shale, and dolomite.

secondary porosity and gas effects.
The most striking feature observed is that the quartz area
is completely barren.
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Figure 6. MID Cross plots of the Matulla Formation: (a) Muzhil-1 well; (b) Muzhil-7 well
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Figure 7. RHOB-PEF cross plot for Matulla Formation: (a) Muzhil-1 well; (b) Muzhil-7 well

Where the dolomite and the dolomitic sand show low
clay content (yellow points) and the shale (dark green points)
reflect the high clay content.

4.2. Shale evaluation of Matulla Formation

4.2.1. Shale volume (Vsh)

Precise estimation of the Vs, is essential in the petrophy-
sical evaluation of clastic reservoir rocks since it is vital in
discrimination between non-reservoir and reservoir rocks.
GR logs were used to calculate the Vg, in Matulla Formation
for the five wells scattered in the Muzhil Oil Field (Table 3).
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4.2.2. Shale types (clay mineralogy)

To evaluate the type of shale, whether effective
(montmorillonite and illite) or non-effective (kaolinite
and chlorite), a number of cross plots (Th-K, PEF-K, and
PEF-Th/K ratio) (Figs. 9-11) are established in Muzhil-2,
and Muzhil-8 wells (for example), to identify clay minerals
in Matulla Formation, reflecting a mixed nature of
minerals such as montmorillonite, mixed layer clays, chlo-
rite, and kaolinite.

Therefore, the major type that existed is montmorillonite,
which has a high effect on the @ of the reservoir.
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Figure 9. Cross plot analysis for clay minerals identification, Thorium vs. Potassium for Matulla Sandstone: (a) Muzhil-2 well; (b) Muzhil-8 well

PEF (ble)

Figure 10. Cross plot analysis for clay minerals identification Potassium vs. PEF, for of Matulla Sandstone: (a) Muzhil-2 well; (b) Muzhil-8 well
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Figure 11. Cross plot analysis for clay minerals identification, Thorium to Potassium ratio log vs. PEF of Matulla Sandstone:

(a) Muzhil-2 well; (b) Muzhil-8 well

Table 3. Summary of the average petrophysical parameters of Matulla Formation in the studied wells

Well Muzhil-1 Muzhil-2 Muzhil-4 Muzhil-7 Muzhil-8

Top (ft) 11107 11629 11280 12144 11135

Bottom (ft) 11499 12023 11672 12596 11539
Gross Thickness (ft) 392 394 392 452 404
Net reseroir thickness (ft) 86 62 68 13 106
Net pay thickness (ft) 83 60 0.0 0.0 0.0
N/G, viv 0.21 0.15 0.00 0.00 0.00

BVW, viv 0.06 0.03 0.15 0.21 0.18
@y, VIV 0.18 0.18 0.18 0.23 0.20

De, VIV 0.15 0.15 0.16 0.19 0.18

Vsh, VIV 0.21 0.26 0.37 0.35 0.40
Weighted Sw, VIV 0.38 0.20 0.82 0.92 0.7
Average She, VIV 0.62 0.80 0.18 0.09 0.00
Shmov, VIV 0.47 0.65 0.03 0.07 0.00

Shirr, VIV 0.15 0.15 0.15 0.02 0.00

K, md 44.62 94 232.21 0.17 281.07

Dy, ViV 0-0.25 0-0.30 0-0.47 0-0.47 0-0.28

De, VIV 0-0.23 0-0.28 0-0.47 0-0.35 0-0.27

Vsh, VIV 0-1 0.03-1 0.17-1 0.08-1 0.09-0.98

Variation Sw, VIV 0-1 0-1 0-1.0 0.32-1 0.3-1
Range She, VIV 0-1 0-1 0-1 0- 0.68 0-0.7
Shmov, VIV 0.05-0.23 0-0.19 0- 0.20 0-0.0 0-0.0

Shirr, VIV 0-0.23 0-0.25 0-0.26 0-0.0 0-0.0

K, md 0-639 0-184.6 0-3637 0-0.75 0-606

In addition, the photoelectric effect (PEF) has a wide
range of values, reflecting a mixed nature of minerals. The
radioactivity level of uranium is high especially in the low-
est part of this well, revealing shales and carbonates of
organic affinity (source rocks).

4.2.3. Shale distribution and impact on reservoir quality

According to the model of Thomas and Steiber [67],
the cross plots of GR-p, have been plotted using the
Techlog program and used as a tool for clay distribution
identification (Fig. 12a, b). For example, GR-py plots of
Muzhil-1 well show that clays are mostly distributed
within the sandstone of Matulla Formation in laminated
and dispersed forms with slight effect (Fig. 12a), where
as the GR-p, cross plot of Muzhil-2 shows variations
from clean to laminated and dispersed clay distribution
in (Fig. 12b).
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4.3. Petrophysical parameters and hydrocarbon
potentiality of the Matulla Formation

The average and limits of all petrophysical parameters
(shale volume, total and effective porosities, fluid saturation
(water and hydrocarbons), permeability, gross thickness, net
reservoir thickness, net pay, N/G, and BVW) of the Matulla
Formation zone in the five wells (Muzhil-1, Muzhil-2, Muzhil-4,
Muzhil-7, and Muzhil-8) are listed with the estimated gross
thickness, net thickness, N/G and BVW values in Table 3.

On the other hand, all petrophysical characteristics and the
corresponding hydrocarbon potentiality of the Matulla For-
mation deduced from the well-log analysis are presented and
studied through two main stages. The first stage is the vertical
distribution of petrophysical parameters, which has been
performed in the course of the litho-saturation cross plots
constructed for Matulla Formation in the 5 studied wells in
Muzhil Field using the Techlog software (Fig. 13a-¢).
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Matulla Formation in: (a) Muzhil-1 well; (b) Muzhil-2 well; (¢) Muzhil-4 well; (d) Muzhil-7 well; (e) Muzhil-8 well

The second stage is the lateral variation of petrophysical
parameters in the course of the constructed isoparametric
contour maps, including shale content (Vsn), effective porosi-
ty (Pe, %), net pay thicknesses, hydrocarbon saturation

(Sh, %), as well as the hydrocarbon volume, to complete the
vision of hydrocarbon potentialities of Matulla reservoir in
the studied area (Fig. 18a-f).
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4.3.1. Vertical distribution of petrophysical characteristics

The litho-saturation cross plots are constructed for the
Matulla Formation in all studied wells in Muzhil Field using
the Techlog software (Fig. 13a-e). In each cross plot, the
calliper (CAL) log is displayed in Track 1. GR, shale content
(Vsh), and bad hole flags are displayed in Track 2. Tracks 3
and 4 exhibit the measured reference depth and true vertical
depth (TVDSS). Track 5 shows deep, medium, and shallow
resistivity logs (LLD, LLM, and LLS). Track 6 displays
density (DEN), neutron (CNL), and photoelectric (PEF) logs.
Track 7 presents the sonic (AT) log. Track 8 demonstrates
the estimated true and effective porosity (&: and @) predic-
ted from logs in all wells that are close to those obtained
from core data (red dots, only in Muzhil-4, Muzhil-7, and
Muzhil-8wells). Track 9 compares the log-derived water and
hydrocarbon saturations (Sw and Sn). Track 10 presents the
bulk volume of water (BVW), movable hydrocarbon satura-
tions (Shmov), and residual hydrocarbon saturations (Shirr).
Track 11 displays the results of mineralogical and fluid com-
ponents in volume percentage (decimal) estimated by using
the least-squares model with core data. Track 12 presents the
permeability results predicted from logs in all wells close to
that obtained from core data (red dots, only in Muzhil-4,
Muzhil-7, and Muzhil-8 wells). Track 13 demonstrates the
flags of the net reservoir and net pay zones. Track 14 exhibits
the measured pressure data (only in Muzhil-1, Muzhil-2,
Muzhil-4, and Muzhil-8wells).

Litho-saturation cross plot of Muzhil-1 well (Fig. 13a and
Table 3) represents the different petrophysical parameters in
the Matulla Formation which extends from 11107 to 11499 ft
with a thickness of 387 ft and a reservoir thickness of 86 ft
the Matulla Formation in this well has 83 ft Net pay, @, of
15% and Sy of 38%. Lithologically it is composed of mixed
clastic rocks (sand and shale) with some limestone. The
Matulla formation has an average Vs, of 21%. The @. mean
value of 15%, Sy of 38%, and S of 62% (the average value
Of Shmov IS 47%, and Shirr is 15%). The Matulla Formation in
Muzhil-1 has a good reservoir possibility.

Fig. 13b and Table 3 represent the vertical distribution of
the different petrophysical parameters in the sediments of
Matulla Formation in Muzhil-2 well. The rock units in this
interval are composed of clastic (sandstone and shale) with
feldspar, in addition to little calcareous cement and shale
content. Within Matulla Formation, feldspar has a little dif-
ferent distribution which decreases in the lower part. The
average of Vs is 26%, @, is 15%, Sy is 20%, Sy is 80% and
Shmov 1S 65% indicating that the Matulla Formation in Mu-
zhil-2 has good reservoir possibility.

In Muzhil-4 well, the studied Matulla Formation extends
from 11280 to 11672 ft, with a gross thickness of 392 ft and
a reservoir thickness of 68 ft (Fig. 13c and Table 3). It con-
sists mainly of carbonate with sandstone and shale. The Vs is
37% and this is accompanied by decreasing the volumes of
sandstone, and carbonate. Whereas the average @. is 16%
and it ranges from O to 47% S, range is 0-100% with an
average reaches 82%, whereas the Sy increases t018%. Shmov
is 3%. Matulla formation in Muzhil-4 well has not fair condi-
tions for reservoir possibility (Fig. 13c and Table 3).

The processed interval of Matulla Formation sediments in
Muzhil-7 well extends from 12144 to 12596 ft (Fig. 13d and
Table 3) and consists of mixed lithology from sandstone,
siltstone, shale, and some streaks of limestone. The Vs, is
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35%, ®e varies from 0 to 47% , with mean value of 19%. Sy,
increases in Matulla formation (32 to 100%) with weight
average is 92%. The sandstone is very low in Matulla For-
mation in this well. Whereas Sy is absent. Matulla Formation
in Muzhil-7 well produces water only.

Litho-saturation cross plot of Muzhil-8 Well extends
from 11135 to 11539 ft, with a gross thickness 404 ft, and a
reservoir thickness of 106 ft. Litho-saturation cross plot illus-
trates lithology mixed from sandstone, siltstone, shale, and
limestone (Fig. 13e and Table 3). The value of Vs, from 9 to
98%, with an average 40 and this is accompanied by decrea-
sing volumes of sandstone and carbonate The &, varies from
0 to 27%, with a weight average of 18%. S, ranges from 30
to 100%, with an average of 70%, whereas Sy is absent in
Matulla formation. Accordingly, Matulla Formation in Mu-
zhil-7 well produces water only.

Generally, the total Matulla Formation in the 5 wells has
relatively low Vg values with an average of 31.8%, a
maximum value of 40%, and minimum value of 21%. The
high GR readings in the main Matulla reservoir are related
to the feldspar content. Good @. values of the Matulla
Formation are observed with a maximum value of 19% and
a minimum value of 15% and average value of 16.6%. The
Sw reflects an average value of 66%, with a maximum value
of 100% in Muzhil-8 well and a minimum value of 20% in
Muzhil-2 well. The hydrocarbon saturation (Sn) shows high
values in Muzhil-1 and Muzhil-2 wells. The average Sy in
the Matulla reservoir is 31%, with a minimum value of 0%
in Muzhil-8 and a maximum value of 62% in Muzhil-1
well. The estima-ted permeability (K) in Matulla reservoir
shows an average value of 281 mD, with a maximum of
281 mD in Muzhil-8 well and a minimum one of 0.3 mD in
Muzhil-7 well (Table 3). Primarily, the petrophysical eva-
luation indicates the occurrence of a good sand reservoir of
low resistivity logs and relatively different petrophysical
characteristics (Table3). Qil bearing zones in Muzhil-1 and
Muzhil-2 and 100% water zone in Muzhil-8 well reservoirs
could be detected.

The @ of Matulla Formation sediments ranges from 0 to
47% with average values of 18, 17.5, 19, 23, and 20% for
Muzhil-1, Muzhil-2, Muzhil-4, Muzhil-7 and Muzhil-8,
respectively, while the &, ranges from 0 to 47% with an
average @, of 15, 15, 16, 19, and 18%, respectively. The
vertical distribution of @ shows the upward increase in the
values, and the highest values often coincide with minimal
content of clays (Fig.13a-e¢). The @& type is commonly
determined by plotting neutron-density @ versus sonic @.
The plot reveals the abundance of inter-granular @ particu-
larly in the quartzose sandstones and secondary @ in the
calcareous sands. Vsy ranges from 0 to 100% with the ave-
rage values of 21, 26, 37, 35, and 40% for Muzhil-1, Mu-
zhil-2, Muzhil-4, Muzhil-7, and Muzhil-8, respectively.
Shale is distributed mainly in a laminated and dispersed
form, and which reduces the pore space. Matulla Formation
exhibits higher S,, values compared to hydrocarbon satura-
tion with average values of 38, 20, 82, 92, and 100% for
Muzhil-1, Muzhil-2, Muzhil-4, Muzhil-7 and Muzhil-8,
respectively. The highest values of Sy are often associated
with the sandstones containing clays, while the lower
values mainly correlate with shale. Cutoffs of 10, 50, and
50% for &, Sw, and Vs, are applied to differentiate between
pay and non-pay zone intervals (Table 3).
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4.3.2. Verification of estimated results

In the Matulla formation of Muzhil Field, the sandstone
represents the only reservoir where carbonates have no op-
portunity to produce hydrocarbon because of the reservoir
characters represent very low porosity and permeability.
Porosity can be restored and enhanced at depth.

Tracks 8 in Figure 13c-e demonstrate the estimated
porosity estimated from well logs in wells Muzhil-4, Mu-
zhil-7, and Muzhil-8 that are close to those obtained from
core data (red dots). Also, Tracks 12 in Figures 14, 15, and
16 present the permeability results predicted from well logs
in wells Muzhil-4, Muzhil-7 and Muzhil-8 close to that
obtained from core data. The correlations between the
measured porosity and permeability from core samples
with those calculated from well log interpretation, respec-
tively, show a fair to good degree of agreement, which
assures those calculated in the other wells where no core
samples are available.
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Figure 14. Measured core porosity and calculated log porosity
(®e) validation for Matulla: (a) Muzhil-4 well (11541-
11579); (b) Muzhil-7 well (12390-12434); (c) Muzhil-8
well (11396-11451)
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The neutron-density log combination and resistivity log
were used for the identification and characterization of
various fluids in the reservoir zones. Based on visual obser-
vation of these logs, some selected reservoir zones were
identified as hydrocarbon (oil) bearing zones. This is due to
the detected neutron-density crossover and high resistivity
values observed in some intervals and marked by yellow
color, as shown in (Fig. 13a-e). Resistivity logs are common-
ly used to differentiate types of hydrocarbon fluids in the
sense that liquid hydrocarbon normally displays higher resis-
tivity values compared to gas zones. Based on these observa-
tions, the type of hydrocarbon fluid that could be found in
these reservoirs is oil.

The measured porosity, permeability, and water satura-
tion from core samples are plotted against the log-calculated
porosity, permeability, and water saturation respectively
Figures 14-16 and Table 4 in the cored intervals in Muzhil-4,
Muzhil-7, and Muzhil-8 wells.
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Figure 16. Measured core water saturation and calculated water
saturation (Sw) validation for Matulla Formation:
(a) Muzhil-4 well (11541-11579); (b) Muzhil-4 well
(11580-11611)

The correlations show a fair to good degree of validation
to be used for calculating similar petrophysical parameters in
the other wells where no core samples are available.

4.3.3. Fluid contacts in Matulla Formation

One of the most important applications of petrophysical
evaluations is the determination of hydrocarbon-water con-
tacts. The measured pressure points were recorded in
4 wells only through the Matulla reservoir and have been
plotted vs. depth (Fig. 17). The measured pressure quality,
type of fluid and the calculated hydrostatic gradient are
shown. The contacts for the Matulla reservoir in all wells
were investigated individually.
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Figure 17. The measured pressure vs. depth in the Matulla reser-
voir, in all studied wells

Table 4. Correlation results between measured and calculated porosity, permeability and water saturation in cored intervals at Muzhil-4,

Muzhil-7 and Muzhil-8 wells

Well _ Equa_ti_on _
Porosity (@) Permeability (K) Water saturation (Sw)

Muzhil-4 Deore = 1.6997 Dcaic — 10.569 Keore = 1.372 Kcaic — 11.856 SWeore = 1.6183 Sweaic — 40.201
R2=0.63 R2=0.82 R?=0.6548

Muzhil-7 Dcore = 1.0508 Dcarc + 4.7579 Keore = 1.116 Kecarc + 0.0105 SWeore = 0.4212 Swealc + 39.696
R?=0.75 R?=0.84 R?=0.68

Muzhil-8 @core =0.7902 @calc + 4.2809 Kcore =0.3912 Kcalc +5.5033 SWcore =2.9532 SWcaIc —217.62
R2=0.83 R?=0.66 2=1

The Free Water Level (FWL) was considered and
compared against the Sws on the logs. The fluid analysis
results (oil-water contact (OWC), oil down to (ODT), and
water up to (WUT)) of all the wells, Oil down to (ODT) is
-11095, water up to (WUT) is -11233, and Oil-water
contact (OWC) is non.

An initial oil down to the Matulla reservoir was assigned
at -10955 ft, where as an initial up to Matulla reservoir was
assigned at -11233 ft which could be identified from the well
log analysis of Muzhil-1 and Muzhil-8 wells. While the other
studied wells in the same level varied from water hole to Oil
down to. Matulla Formation does not show a definite gas
water or oil water contact based on the petrophysical evalua-
tion of the studied wells.

The Matulla Formation is the most promising oil reser-
voir in the Muzhil field. Different pressure regimes were
reported. Figure 17 shows that the pressure gradients in the
Matulla Formation in Muzhil-1 and Muzhil-2 represent oil
type, whereas those in Muzhil-7 and Muzhil-8 represent
water production from the Matulla Formation.
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4.3.4. Lateral variations of petrophysical characteristics

Lateral variation of petrophysical characteristics could
be studied using constructed isoparametric maps. The
study of these petrophysical parameter maps is very
important in judging their lateral variation and the factors
that control them, which may be either stratigraphic, struc-
tural, or both (Fig. 18a-f).

4.3.4.1. Shale content distribution

Shale content is an important quantitative function of log
analysis. It is an important indicator of reservoir quality, in a
lower Vs, usually reveals a better reservoir. Figure 18a repre-
sents the distribution of the shale content of the Matulla
reservoir. It ranges from (21 and 40%). The shale content
increases relatively towards the north part of theMuzhil-8
well and decreases towards the southeastern direction in
Muzhil-1 well. In general, the Matulla reservoir facies have a
high shale content, and the Vs, calculations suggested that the
Matulla reservoir is shaly sandstone.
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4.3.4.2. Effective porosity distribution

The @ is the most important petrophysical parameter in
the evaluation of hydrocarbon potentiality. The structural
element may affect the @ development, which has a great
influence on the @ [77]. Figure 18c represents the distribution
of the @, of Matulla reservoir. It ranges from 15 and 19%. It
increases in the northwestern direction at the Muzhil-7 well
and decreases in the southwestern direction at Muzhil-1 and
Muzhil-2 wells. The @, has the maximum value in the north-
western part and the minimum value in the western part in
Muzhil-1 and Muzhil-2 wells.

4.3.4.3. Water saturation distribution

Figure 18c represents the distribution of the water satura-
tion of Matulla. It ranges from 20% as in both Muzhil-1 and
Muzhil-2 to 100% as in both Muzhil-7 and Muzhil-8. It de-
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creases in the southeastern direction at Muzhil-1 and Muzhil-2
wells and increases in the northeastern direction at the Mu-
zhil-7 and Muzhil-8 wells. Generally, The Sy, increases from
southwest to northeast and east directions and decreases from
east to west and southwest directions.

4.3.4.4. Hydrocarbon saturation distribution

The determination of hydrocarbon saturation is the main
target of the current study. All maps show regional matching
for hydrocarbon with Sy. Figure 18d represents distribution
of the Sy of Matulla. It ranges from 0% as in both Muzhil-8
and Muzhil-7 to 80% as in Muzhil-2. It increases in the
southeastern direction at Muzhil-1 and Muzhil-2 wells and
decreases in the west direction at the Muzhil-7 and Muzhil-8
wells. Generally, it increases toward the southeastern part
and decreases toward the northwestern part of the field.
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4.3.4.5. Net sand distribution

The distribution of the net pay thickness is constructed to
show the lateral variation of thickening and thinning of the
effective thickness of the studied rock units. Figure 18e illus-
trates the effective thickness distribution of the Matulla
reservoir zone. The sandstone effective thickness varies
between 0 and 83 ft. The thickness increases toward the
southeastern part in Muzhil-1, and Muzhil-2 wells and de-
creases toward the northwest part in Muzhil-7 well. This
variation indicated that the sedimentation lope in Matulla
starts from the southeast to the northwest direction.

The net sand map for the Matulla Reservoir (Fig. 18¢e)
shows an overall decrease towards the west and north west
while increasing towards the southeastern part of the study
area. The minimum value is 16.5 ft at Muzhil-7 Well, while
the maximum value attains (83 ft) at Muzhil-1 Well. The
sand distribution map shows the extension of the sand to the
East & South-East direction.

4.3.4.6. Net pay distribution

The distribution of the net pay thickness is constructed to
show the lateral variation of thickening and thinning of the
effective thickness of the studied rock units. Figure 18f illus-
trates the effective thickness distribution of the Matulla
reservoir zone. The sandstone effective thickness varies
between 0 and 83 ft. The thickness increases towards the
southeastern part in Muzhil-1, and Muzhil-2 wells and de-
creases toward the northwest part in Muzhil-7 well. This
variation indicated that the sedimentation slope in Matulla
starts from the southeast to the northwest direction.

4.3.5. Hydrocarbon volume estimation
in Matulla Formation

Hydrocarbon volumes are computed using parameters im-
puted into the static reservoir model, and the accuracy of
volumetric depends on the integrity of &, saturation, net
thickness, areal extent. and formation volume factor values.
This estimation is very critical as the value determines whe-
ther or not the company proceeds with further exploration,
and production activities in the field. Stock Tank Oil Initially
in Place (STOIIP) is estimated using Formulas (21) and (22).

The calculation of the Original Qil in Place (OOIP) has
been done only for the development segment of Muzhil
Field. A B, factor of 1.28 rb/stb was used, the pay thickness
is 72, hydrocarbon saturation of 35, the porosity is 17, the
area of 524 acres, and oil volume factors of 1.28, and there-
fore the result of the STOIIP in the Matulla reservoir is
13.609 MMBBL.

4.3.6. Recommendations

The deduced petrophysical characteristics results of the
Late Cretaceous Matulla Formation reflect the ability of its
sediments to host more promising reservoir intervals for
storing and producing hydrocarbons, which should be con-
sidered during future exploration and development. Hydro-
carbon production from the Muzhil oil field is expected from
drilling wells, especially in the southeastern part of the stud-
ied area in the vicinity of Muzhil-1and Muzhil-2 wells due to
the more favourable economic conditions. Avoiding drilling
in areas of high Sw around Muzhil-7 and Muzhil-8 wells is
also recommended.
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5. Conclusions

The lithology of Matulla reservoir rock in all studied
wells is composed mainly of sandstone with intercalations of
shale and some limestone stricks. In general, structural and
stratigraphic parameters control the lateral variation of the
Matulla reservoir. The average volume of shale varies from
(20-40%).The major type of clay mineral that existed in the
Matulla Formation, as identified from Th-K, PEF-Th/K ratio,
and PEF-K cross plots, is the montmorillonite which highly
affects the porosity of the reservoir. Besides, the PEF has a
wide range of values, reflecting a mixed nature of minerals.
Clays are distributed in the sand, mainly in laminated and
dispersed forms. Laminated clays induce a minimal effect on
the pore volume; whereas dispersed shale significantly re-
duces the pore volume, but increases the S, probably due to
their elevated contents of irreducible Sy.

The determined reservoir characterization shows that the
Matulla reservoir has an effective porosity value from 15 to
19% and the porosity type is mainly intergranular, particular-
ly in the quartzose sandstones. The average Vs is 21-40%,
the average Sy of about 20 to 100%, the average Sk is about
0 to 80%, and the net pay gets thicknesses from zero to
83 ft.The obtained S, suggests that the Matulla sandstone in
the study area contains hydrocarbon (oil) with commercial
quantities. The total reservoir characterization shows an
average @, of about 16.6%, an average Vs, about 31.8%, an
average Sy of about 66.4%, and an average Spc of about
33.8%. The Sy distribution of Matulla reservoir increases to
the southern direction towards Muzhil-1 and Muzhil-2 wells
and decreases to the north direction towards the Muzhil-7
and Muzhil-8 wells. The Sy has the maximum value of 80%
in Muzhil-2 well. The net pay thickness of Matulla reservoirs
varies from 0 and 83 ft. It increases towards the south direc-
tion of the Muzhil-1 and Muzhil-2 wells and decreases to the
western part towards Muzhil-7 and Muzhil-8 wells. The
Matulla streaky sandstone facies increased towards the south
part in Muzhil-1 and Muzhil-2 wells and decreases to the
northern part, while it changed to blocky sandstone facies in
Muzhil-1 well. There is a good quantity of oil in the Matulla
reservoir; the calculated oil initially in place within the Ma-
tulla sandstone is equal to 1154963 stock tank barrels
(13.609 MMBBL) in all the studied wells.
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IeTpodizuunuii anasis Ta noTeHwiajg ByrjeBoaHiB mjaacta MaTyJ/jia Ha pogoBHIILi
My:kui, neHTpajibHa yactTuHa Cyenbkoi 3aToku, €runer

A.C. Moxamen, A.A. Ompan, M.T. Moxamen, b.C. Habasu

Mera. [locnipkeHHs Ta OIiHKa NeTpodi3nYHUX XapaKTEepUCTHK Mi3HBOKPEHITHOro BiKy Iutacta MaTyiuia B LieHTpaibHiil yactuHi Cye-
I[bKOT 3aTOKH ISl BUSIBIICHHS TIOTEHLiaTy 11 ByTJIEBOHEBOTO MTOKJIAY .

Metoauka. [{71s OIiHKY MOKJIaAiB MaTyJulaHa OCHOBI KOMIT IOTEPH30BAaHOTO MiX0Ay OyJI0 BAKOPHCTAHO KapOTaXHI TOCIIKEHHS 11 SITH
ceepaioBud (Myxmi-1, -2, -4, -7, -8). Ilerpodiznuni napamerpu ta tHu GIr0iAiB Oy po3paxoBaHi, MepeBipeHi 3a KEPHOBUMH TAHHMH Ta
TIPECTaBICH]I BEPTUKANBHO Y BUTIISII KPOC-IIJIMH JIITO3aCHUEHOCTI Ta TIO JIATepajll y BUTIISAL KapT 130MapaMeTpUIHUX Bapialiii.

PesyabTaTn. HagaHo owinky 3aranbHoi nopucrocti (@), edextrBHOI mopuctocti (Pe), BMICTy rMHUCTUX ciaHliB (Vsh), BoJoHAcHYe-
Hocri (Sw), nponuknocTi (K), 3aranpHoro 06’emy Boau (BVW) i uncTHX MpOXyKTHBHHX XapaKTEPHCTHK IIacta Maryiia B CBEpAJIOBHHAX
MyKui, o MoKa3ye HACTYIIHI cepeiHbo3BaxeHi 3uauenns: 18-23%, 15-19%, 21-40%, 20-100%, 1.1-281 mD, 3-21% Tta 0-83 ft BiamoBigHo.
BusnaaveHo Ha OCHOBI ieHTH KA JTITOJIOTI], OTPIMAaHOI 3a JaHINMHU KapOTaxy, II0 OCHOBHIM MaTpHYHUM KOMIIOHEHTOM IUTacTa Maryiia
€ KBapLOBUH MICKOBHK 3 HE3HAYHUM BMICTOM CIIAHI[IO Ta KapOOHATy. 3a3HAuCHO, 110 BEPXHs 30Ha € MOTaHUM ITOKJIAaJIOM, TOJI SIK CepeHs Ta
HIDKHSI 30HU BBKAIOTBCS JOCHTh XOPOIIMMH MOKJIAJaMHU y BCIX JOCHIIKYBaHUX cBepIuioBuHaX. OdikyeThes, o Myxui-2 BUnoOyBaTHMeE
Ha(Ty Ge3 BUKOpHcTaHHS Boay; ane Myxui-1 i Mysxkun-4 BunoOyBatuMyTh HadTy 3 BOJOIO; B TOH uac Kk Myxuin-7 i Mysxui-8 BupoOs-
THMYTb TiIbKH BOJLY.

HayxoBa HoBu3Ha. HajgaHo neranpHy netpogi3uyHy OILIHKY 3a JIOMOMOTOK0 KapoTaKy, MiATBEp/DKEHY aHali30M KepHa Ta BUIPOOyBaH-
Hsamu cBepaioBrH (DST 1 MDT), a mo6ynoBa Kpoc-IIUTHH JIITO3aCHYSHOCTI A KOXKHOI CBEPAJIOBHHH Ta i30MapaMeTPUIHUX MeTpodizud-
HHX KapT BUKOHaHi Briepiie /uis iacta Maryiuia pogosuina Myxui.

IIpakTnyna 3HaunMicTb. OTpUMaHi pe3yabTaTH 3 JITO3aCHUCHOCTI Ta METPOQI3UKN PO3IMIUPHIIN 3HAHHS PO XapaKTEePUCTHKU BiJKia-
JIeHb M1acTa MaTyIia, BMIIIyIOYMX MEPCIIeKTHBHI IHTEPBa IOKJIAAIB, i MalOTh OyTH BpaxoBaHi MPH MOJAJTBIINX AOCTIHKEHHIX Ta PO3po-
oui ponosuia Myxuir.

Knwuogi cnosa: nomenyian 6yenesoomie, Kapomasxc ceeponosur, oyinka niacma, nempo@izuuni napamempu, niacm Mamynna,
pooosuwe Myacun, Cyeyvka 3amoka
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