Journal of Petroleum Exploration and Production Technology (2020) 10:3263-3279
https://doi.org/10.1007/513202-020-01005-0

ORIGINAL PAPER-EXPLORATION GEOLOGY q

Check for
updates

Integrated reservoir characterization and fluid flow distribution
of the Kaimiro Formation, Taranaki Basin, New Zealand

Mohamed Ragab Shalaby'*® . Syamimi Hana Binti Sapri' - Md Aminul Islam’

Received: 25 July 2020 / Accepted: 11 September 2020 / Published online: 22 September 2020
© The Author(s) 2020

Abstract

An integrated reservoir characterization study is achieved on the Early to Middle Miocene Kaimiro Formation in the Taranaki
Basin, New Zealand, to identify the quality of the formation as a potential reservoir. The Kaimiro Formation is a section of
the Kapuni Group in the Taranaki Basin, consisting mainly of sandstone and a range of coastal plain through shallow marine
facies. Several methods were accomplished for this study: petrophysical evaluation, sedimentological and petrographical
descriptions and well log analysis. Based on the petrophysical study, the Kaimiro Formation is interpreted to have several flow
units ranges up to 15 pm. Higher RQI and FZI reflect potential reservoir, while the pore size and pore throat diameters (r35)
are found to be within the range of macro- and megapores, on the contrary to macropores related to poor reservoir quality
concentrated in Tui-1 well. This is in good agreement with other measurements that show the formation is exhibited to be
a good promising reservoir as the formation comprises a good average porosity of 19.6% and a good average permeability
of 879.45 mD. The sedimentological and petrographical studies display that several diagenetic features have been affecting
the formation such as compaction, cementation, dissolution and the presence of authigenic clay minerals. Although these
features commonly occur, the impact on the reservoir properties and quality is minor as primary and secondary pores are
still observed within the Kaimiro sandstone. Moreover, well log analysis is also completed to further ensure the hydrocarbon
potential of the formation through a qualitative and quantitative analysis. It has been confirmed that the Kaimiro Formation
is a promising reservoir containing several flow units with higher possibility for storage capacity.
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Introduction

The Taranaki Basin is the largest sedimentary basin in New
Zealand, and it is situated on the North Island in the west
coast of the country (Fig. 1) (Palmer 1985). The Taranaki
Basin has a high quantity of commercial oil and gas reserves
in New Zealand, covering an area of 100,000 km? (King and
Thrasher 1996). Furthermore, the reservoirs of this basin
have been generating from the Paleocene to Pliocene ages,
with the main petroleum reserves mostly found along the
Paleocene shoreline with a broad northeast to southwest
trending fairway and within the coastal plain Paleocene
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to Eocene aged sandstone (Higgs et al. 2017; King and
Thrasher 1996; Ministry of Business, Innovation and
Employment, New Zealand 2014). Both oil and gas conden-
sate have been discovered within the Paleogene reservoirs;
however, the Neogene reservoirs primarily accumulated oil
(Ministry of Business, Innovation and Employment, New
Zealand 2014). In addition, stacked reservoirs are frequently
found within the Maui, Kapuni and Rimu/Kauri fields.

The Kaimiro Formation is a subdivision of the Kapuni
Group and of Paleocene to Eocene age. This formation is
the second lowermost part of the group and consists of older
sandstone, mudstone and siltstone sequences. The lithofa-
cies of this formation in the Taranaki Basin are shoreline
and lower coastal plain sandstones, similar to the lithofacies
present at the uppermost of the Kapuni Group, which are
the Mangahewa and McKee Formations (King and Thrasher
1996). According to the Ministry of Business, Innovation
and Employment (2014), Kaimiro Formation has a porosity
of over 20%, a permeability of submilli-Darcies (mD) to
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Fig. 1 Location of the Taranaki Basin and the studied wells, modified
after Ministry of Business, Innovation and Employment, New Zea-
land (2014) and Palmer (1985)

several Darcies and has a production rate of 11,000 barrels
of oil per day (bopd) to date. This production rate is acquired
from the Maui Field, which encompasses of both oil and gas
condensate (Ministry of Business, Innovation and Employ-
ment, New Zealand 2014).

There have been a few similar analyses conducted on the
Kaimiro Formation and other formations within the Kapuni
Group with different approaches. On the other hand, Higgs
et al. (2017) accomplished a reservoir characterization on
the same formation of interest utilizing an interdisciplinary
method, which include biostratigraphy, log facies and strati-
graphic correlation of the formation. Additionally, similar
integrated reservoir characterization studies in the Taranaki
Basin have previously been made such as Jumat et al. (2018),
Dong et al. (2018), Qadri et al. (2019a) and in many other
fields such as Shalaby et al. (2014a, b, 2016, 2018), Shalaby
and Islam (2017), Osli et al. (2018) and Qadri et al. (2019b).
According to Cade et al. (1994), the performance and pres-
entation of sandstone reservoir are mainly influenced by
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various factors, such as the textural and diagenetic properties
like grain size, sorting type, compaction, cementation and
dissolution. Hence, this study will investigate the param-
eters and processes to give the reservoir production of the
Kaimiro Formation.

The concept of the hydraulic flow unit, RQI, FZI, porosity
and permeability determination and relationships has been
applied in this research study for more detailed interpretation
of the reservoir. These methods have been previously studied
in several researches done by Timur (1968), Winland (1972,
1976), Kolodzie (1980), Amaefule et al. (1993), Tiab and
Donaldson (2012). Many other research studies have been
done to apply and test these models in different reservoirs
for example (Nabawy and Al-Azazi 2015; El Sharawy and
Nabawy 2019).

The main objectives of this study are to utilize a combi-
nation of different datasets to evaluate and understand the
reservoir quality evolution of the Kaimiro Formation. The
study comprises petrophysical parameters (porosity and per-
meability) and the interaction between them that affects the
reservoir potentiality. Sedimentological and petrographical
description can help to evaluate the textural and diagenetic
features controlling the reservoir development. Well log
interpretation is also another important method which can
help to evaluate the reservoir enhancement through some
important parameters such as volume of shale, porosity,
water and hydrocarbon saturation. Some derivative param-
eters from porosity and permeability such as Normalized
Porosity Index (NPI), reservoir quality index (RQI) and the
flow zone indicators (FZI) are used for better understand-
ing of the reservoir quality and the presence of fluid flow
units. The determination of pore throat diameters (r35) is
also considered for the first time in this formation. There-
fore, this kind of combination methods and analyses can be
considered as unique and outstanding application and very
helpful to evaluate reservoir heterogeneity, fluid flow and
potentiality.

Geological background
General geology

The Taranaki Basin, which is named after a large Pleis-
tocene volcano situated on the northern island of New
Zealand, Mount Taranaki, is a Late Cretaceous—Cenozoic
sedimentary basin positioned primarily offshore and rela-
tively onshore in the central western part of North Island
of New Zealand (Uruski et al. 2003). According to New
Zealand Petroleum and Minerals (2014), major tectonic
activities in the Cretaceous led to the development of the
Great South Basin. New Zealand was completely disjointed
from the east of the supercontinent Gondwana in the Late
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Cretaceous, which resulted in the separation between Aus-
tralia and Zealandia. This eventually led to the formation of
the Tasman Sea, in which this occurrence was signified by
widespread marine transgression that took place in Oligo-
cene. Numerous extensional basins of the New Zealand sub-
continent included the formation of an intra-plate rift called
the Taranaki Rift and ultimately developed into the Taranaki
Basin during the Late Cretaceous (Thrasher 1992; Laird and
Bradshaw 2004; Kroeger et al. 2013; Baur et al. 2014).

The Taranaki Basin is composed of two major structural
blocks: the Eastern Mobile Belt, also known as the Taranaki
Graben, and the Western Stable Platform (Fig. 1) (Pilaar and
Wakefield 1978; Knox 1982). The Western Stable Platform,
which is over 150 km, completely covers the offshore west-
ern part of the basin and is described to be a broad and sim-
ple structure consisting of 2000-5000 m of Late Cretaceous
to Recent sediments (Palmer 1985). This structural block has
remained stable throughout the remainder of the Tertiary,
even though it was affected by the normal block faulting
that occurred in the Late Cretaceous to Eocene (Jumat et al.
2018). The sedimentary sequence was not affected and left
undisturbed since the Late Eocene (Knox 1982).

On the other hand, the Eastern Mobile Belt, which
extends over 80 km of faulted depression situated on the
eastern side of the basin, contains several tectonic processes
and evolution. Additionally, it has a complex structure and
consists of sediments up to 11,000 m (King and Thrasher
1996).

The general stratigraphy of the Taranaki Basin consists
of several groups, with each group comprising of several
petroleum-bearing formations of different ages (Fig. 2). The
groups from the Late Cretaceous to the Pleistocene include
the Pakawau Group, Kapuni Group, Moa Group, Ngatoro
Group, Wai-titi Group and Rotokare Group, arranged from
the oldest to the youngest. (King and Thrasher 1996; Minis-
try of Business, Innovation and Employment, New Zealand
2014).

The Kapuni Group and the Kaimiro Formation

Within the basin, most of the hydrocarbon reserves have
been collected and discovered in the northeast to southwest
trending sandstones of the Paleogene strata and this strata
is segmented into two groups: the fully marine Moa group
and the continental to shallow marine Kapuni Group (King
and Thrasher 1996).

The formation of interest for this study, the Kaimiro For-
mation, is a subdivision of the Kapuni Group. The Kapuni
Group consists of a measure sequence of sandstone, mud-
stone and coal of Paleocene to Early Oligocene age (Palmer
1985). This group is sectioned into four formations accord-
ing to their age and lithology (Fig. 2). The lower parts of the
group consist of the Paleocene to Earliest Eocene Farewell
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Fig.2 The generalized stratigraphy of the Taranaki Basin, modified
after Jumat et al. (2018)

Formation and the Early to Middle Eocene Kaimiro Forma-
tion, whereas the upper part of the Kapuni Group comprises
the Middle to Late Eocene Mangahewa Formation and the
Uppermost Eocene McKee Formation (King and Thrasher
1996; Palmer 1985).

The upper part of the Kapuni Group is signified by a
major sedimentation change where the lithology changes
from a sandstone to a massive silty mudstone to an under-
lying unit of coal measure sequence (Palmer 1985). How-
ever, the distribution and lateral changes within the lower
part of the Kapuni Group are not as well recognized as the
allocations as those at the upper part of the group, due to
the lower part of the Kapuni Group comprising a sequence
of marine siltstone and mudstone to an older sandstone to
mudstone sequence (Palmer 1985). Eventually, this then cre-
ated the Kaimiro Formation. Kaimiro Formation, termed
after the North Taranaki township of Kaimiro, is one of the
lower formations of the Kapuni Group, and it comprises
primarily sandstone with interbedded mudstone and silt-
stone (Palmer 1985). It has an age of Early to Middle Eocene
(45-55 Ma) and is distributed across the Taranaki shelf and
onshore of Taranaki Basin (Ministry of Business, Innova-
tion and Employment, New Zealand 2014). Kaimiro Forma-
tion, alongside the Farewell and Mangahewa Formations,
contains a consistent extent of laterally equivalent facies
deposited across a broadly defined synchronous, shoreline
belt trending at northeast to southwest and coastal plain
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(Ministry of Business, Innovation and Employment, New
Zealand 2014).

Data and methodology

Data from five wells Toru-1, Tui-1, Maui-A1G, Maui-7 and
MB-P (8) within the basin have been chosen for this study.
Petrophysical datasets from core analyses, photomicrographs
and well log data were acquired from the Ministry of Busi-
ness, Innovation and Employment of New Zealand (2014).
The integrated study using all available methods and tech-
niques aids in verifying an overall overview and evaluating
the Kaimiro Formation as a potential reservoir. The methods
applied in this study consist of a variety of interpreted meth-
ods and techniques. Full interpretation of the petrophysical
parameters porosity and permeability and their derivatives
NPI, RQI and FZI have been applied on the Kaimiro For-
mation. Sedimentological and petrographic description of
some selected thin section from the studied wells is also used
for further explanation of the factors affecting the reservoir
quality. Moreover, well log interpretation using interactive
petrophysics has been applied on selected dataset of the
Kaimiro Formation in two different wells.

Petrophysical analysis

This method has been carried out to examine the reservoir
quality based on the two important petrophysical param-
eters of the selected samples. Five wells within the basin
have been chosen for this approach: Maui-7, Maui-A1G,
MB-P(8), Toru-1 and Tui-1. A porosity—permeability
relationship graphs and some other histograms have been
produced to study the correlation between the two param-
eters on the selected samples. Additionally, some important
parameters have been calculated based on the porosity and
permeability for more discover the reservoir quality evo-
lution in the Kaimiro Formation. Reservoir Quality Index
(RQI), Normalized Porosity Index (NPI) and Flow Zone
Indicator (FZI) have been counted to explain the fluid flow
properties within the Kaimiro sandstone.

The percentage of pore volume to matrix volume param-
eter is known as the Normalized Porosity Index (NPI) and
can be obtained simply by this formula:

NPl =®/(1 — D) ()

The porosity and permeability have been related to each
other in the form of the reservoir quality index (RQI):

K
RQI = 0.0314\/; 2
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where permeability, &, is measured in mD and @ is porosity
in percentage (%).
The Flow Zone Indicator (FZI) is found as:

FZI = RQI/NPI 3

The pore throat radius (r35) proposed by Winland (1972,
1976) accounts for the interrelationship of porosity and
permeability making them effective methods for comparing
rock quality (Kolodzie 1980)

log r35 = 0.732 + 0.588 log K,;,— 0.864 log®core 4)

ir
where 135 is the pore throat radius at 35% mercury satura-
tion, K is air permeability (mD), ® is porosity (%).

Sedimentological and petrographical descriptions

Photomicrographs of thin sections from wells Maui-7, Maui-
A1G, MB-P(8), Toru-1 and Tui-1 at specific depths were
utilized for better understanding of the important features
that may or may not affect the Kaimiro reservoir. Diagenetic
features such as compaction, cementation, dissolution and
the presence of clay minerals are examined, which aid to
determine the impact of these features to the reservoir prop-
erties and the reservoir quality of the formation.

Well log analysis

Log-based petrophysical analysis from wells Maui-7,
MB-P(8) has been accomplished by Neuralog and Interac-
tive Petrophysics (IP) software. Neuralog was utilized to
convert the printed log format into LAS format prior to load-
ing into Interactive Petrophysics. Subsequently, IP was then
utilized for complete well log interpretation of the uploaded
data. It is mostly can help to determine the lithology types,
fluid types, porosity and the hydrocarbon potential of the
Kaimiro Formation. The conventional well log dataset avail-
able for this analysis includes Gamma Ray (GR), Caliper
(CALI), Neutron (NPHI), Density (RHOB), Sonic (DT),
Deep Laterolog Resistivity (LLD), Shallow Laterolog Resis-
tivity (LLS) and Microspherical Focused Log (MSFL). Two
interpretations methods have been completed for this study:
qualitative and quantitative analysis. Several cut-off values
have been applied such as shale volume cut-off, porosity cut-
off and water saturation cut-off in order to find the promising
net pay zones at every well and their certain specific depths.
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Fig.3 A cross-plot of porosity—permeability relationship for the
Kaimiro Formation in the studied wells

Results and discussion
Porosity permeability relationships

Petrophysical analysis of the Kaimiro Formation has been
achieved to study the relationship between the two important
petrophysical parameters: porosity and permeability. Based
on the majority of the porosity and permeability percentages
within the studied wells (Fig. 3), the values are classified to
have a fairly good to very good porosity (Levorsen 1967;
Tiab and Donaldson 2012) and a good to very good perme-
ability (Levorsen 1967). The overall porosity ranges from
14.2 to 25.48%, with a mean of 19.8%, while the perme-
ability values range between 16 and 6200 mD, with a mean
of 879.45 mD. Figure 3 shows the porosity—permeability
cross-plot that shows a good positive correlation, in which
the permeability increases with increasing porosity.

Two trend lines are deduced, in which both lines show a
positive correlation (Fig. 3). In the first trend zone (a), most
of the plotted data points are involved in the plot excluding
data from Tui-1 well and some other scattering. It shows
that the permeability increases immensely with porosity, in
which the permeability values reach up to 6200 mD which
can be interpreted as samples representing clean sandstones
(Fig. 3). It also most probably indicates that samples are
affected by good porosity with more and wide routes for
migration and fluid flow.

In the other trend zone (b), data from Tui-1 well and some
other scattering from other wells are involved. It demon-
strates that the permeability values between 10 and 110 mD
still have high porosity values reaching more than 25%. The
samples in zone (b) are interpreted as clay-cemented sand-
stones which may be affected by some cemented materials
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Fig.4 Porosity and permeability histograms to show the petrophysi-
cal variation in the Kaimiro Formation

most probably of clay type which may reduce the permeable
zones (Fig. 3).

Figure 4 shows the porosity and permeability histograms
for the Kaimiro Formation. It is observed that porosity histo-
gram (Fig. 4a) shows wide range of porosity (> 10-25). 50%
of the samples have porosity more than 15% (® = 15-20),
35% (®=20-25%), while only 5% of the samples contain
porosity higher than 25% (Fig. 4a). This indicates that most
of the samples from the Kaimiro Formation indicating
good reservoir quality. Figure 4b shows the permeability
histogram indicating god permeability ranging from 16 to
6200 mD. It shows that 30% of the samples have perme-
ability from 10 to 100 mD, while 45% of the samples have
permeability from 100 and up to 1000 mD (Fig. 4b). It is
also observed that 25% contains permeability higher than
1000 and reaches 6200 mD.

The relationships of porosity and permeability versus
depth are illustrated in Fig. 5. Samples from Maui-7, Maui-
A1G, MB-P (8) and Tui-1 wells are found to be within simi-
lar depth interval, while data from Toru-1 well are more
deeper. Excluding Toru-1 samples (which is far deeper), all
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other data show homogenous relationship with depth. Fig-
ure 5 displays the increase in porosity with depth (positive
correlation) while permeability decreases (negative correla-
tion) (Fig. 5). The decrease in permeability with depth in
contradiction of porosity can be attributed to the presence of
some cementing and authigenic clayey materials which may
affect the permeability not the porosity (Shalaby et al. 2014a,
b, 2016; Jumat et al. 2018; Dong et al. 2018; Osli et al.
2018). Therefore, the petrographic description is important
to explain and validate the reasons behind the features.

Sedimentological and petrographical studies

Sedimentological and petrographical descriptions have been
accomplished for the Kaimiro Formation as distinct features
and rock textures are observed. This approach is essential as
diagenetic events aid to determine how much the network
had changed the original pore throughout and following the
burial of the sediments (Jumat et al. 2018). The primary
or intergranular pores are visible in all of the samples and
are expected largely made up of macropores or megapores.
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Diagenesis, such as the cementation of carbonate, silica and
iron oxide, and the presence of clay minerals such as kaolin-
ite, occupied some of the pores, thus affecting the permeabil-
ity. Secondary pores (SP) produced by diagenetic events of
compaction and dissolution (Schmidt et al. 1979; Ehrenberg
1990) are also dominant, thus enhancing the porosity and
the reservoir quality of the Kaimiro Formation. However,
the effect of diagenetic features will be minimized in case of
coarse grain sandstone, while the petrophysical parameters
remain as a good quality.

Diagenetic control

Compaction is one of the main diagenetic processes that
occurred in the studied samples of the Kaimiro sandstone.
Compaction is recognized in the studied samples by the
existence of crushed grains (Fig. 6a—d) and the presence of
contacts such as long contacts (Fig. 6¢) and concavo-convex
contacts (Figs. 6d—f, 7a, e) and fractures (Fig. 6d—f). The
crushed quartz and feldspar and the presence of fractures
produce secondary pores, thus enhancing the porosity of
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the samples. Compaction was mostly detected especially in
deep basins, and compaction with various contacts reduces
the petrophysical parameters (Fig. 6a—d). This corresponds
to the study by Higgs et al. (2017) as they also mentioned
that compaction has reduced intergranular pore volume in
all the samples of the Kaimiro Formation, affecting mostly
the deeply buried wells. Additionally, the presence of sev-
eral long and concavo-convex indicated that the formation
of interest may have undergone through a moderate or high
degree of compaction (Al Areeq et al. 2014; Shalaby et al.
2014a, b, 2016). However, secondary pores were also pro-
duced as a result of intense compaction; thus, this feature
also led to the increase in the petrophysical parameters of
the samples as well. As the grains are subjected to deep
burial depths and high pressure, the crushing of grains
may be extensive, producing secondary pores and enhanc-
ing the porosity (Fig. 6a—d). Furthermore, microfractures
may sometimes be produced by intense compaction of the
grains (Fig. 6d-f), which increases the porosity as fluids
such as hydrocarbons may occupy the fissure (Worden and
Morad 2000). However, the fractures within the sample may
be inhabited by other minerals such as iron oxide and clay
(Fig. 6d), which reduces the porosity instead.

Cementation is another major diagenetic feature in the
studied samples of the Kaimiro sandstone and has a damag-
ing effect on the reservoir quality as this process reduces
the porosity and permeability of the samples. The types
of cements that are established are carbonate, silica, iron
oxide and clay minerals. Carbonate or calcite cementation is
observed occupying the pore spaces (Figs. 6f, 7a, b). Silica
cement was formed early in the initial diagenetic stage and in
a shallow marine diagenetic setting (Baiyegunhi et al. 2017).
The dissolution of feldspar grains frequently produces the
precipitation of quartz around the existing detrital grains.
This is commonly known as quartz overgrowth (Worden
and Morad 2000; Rossi et al. 2001), and they appear as
syntaxial overgrowth within the samples (Fig. 6¢c, d). Other
cement minerals such as iron oxide (Figs. 6a, 7a, c, f) and
clay (Fig. 7e) are observed to occur occasionally within the
studied samples of the Kaimiro sandstone (Rossi et al. 2001;
Worden and Morad 2003; Shalaby et al. 2014a). Both clay
minerals and iron oxide occupy pore and fracture spaces
which further decrease the storage capacity and migration
pathways for fluids. The presence of clay minerals in the
Kaimiro sandstone occurs commonly as kaolinite crystals
and were observed between the grains (Figs. 6a, 7c, f). Occa-
sionally, kaolinite is observed to be surrounded by quartz
overgrowth (Fig. 7c, d). (Worden and Morad 2003; Rossi
et al. 2001; Jumat et al. 2018).

Dissolution is an extremely important diagenetic fea-
ture for the reservoir rock characterization and leads to the
augmentation of porosity and permeability (Shalaby et al.
2014a, b, 2016). The dissolution of the minerals that occur

within the samples were quartz dissolution (Figs. 6a, e, 7b,
d, f) and dissolution of unstable minerals such as feldspar
(Fig. 7¢) and calcite (Fig. 6f). Secondary pores by dissolu-
tion commonly produce two types of dissolution porosity:
isolated voids (Fig. 6a—f) and voids that are well connected
to the intergranular pore network (Figs. 6, 7). The well-
connected voids are mostly evident, where the dissolution
of quartz enhanced the primary porosity, and the latter is
referred to as hybrid porosity (Figs. 6b, e, f, 7c, d, f). Hybrid
porosity is the co-occurrence of the primary pores and sec-
ondary pores, and this increases the permeability and thus
the reservoir quality of the sandstone.

On the other hand, dissolution is observed to enhance
the permeability of the Kaimiro sandstone. The dissolution
of quartz may be triggered by the presence of clay minerals
(Fig. 7d, f) as dissolution may be augmented by the dehy-
dration of clay minerals (Jinliang et al. 2007). Moreover,
the dissolution of feldspars may precede to the discharge
of silica, hence establishing quartz cement including quartz
overgrowth (Fig. 6¢) (Baiyegunhi et al. 2017). Permeability
is also enhanced by dissolution as this feature occasionally
generates hybrid porosity (Figs. 6b, e, f, 7c, d, f).

Impact of diagenesis on the reservoir quality

The impacts of the different diagenetic properties are clearly
observed affecting the reservoir quality of the Kaimiro For-
mation in the study area. The dissolution of quartz, felds-
pare and other clay minerals acts for enhancing the reservoir
quality, while, on the other hand, different types of cements
are strongly destroying it. Therefore, the interaction and
relationships of the different diagenetic features versus the
petrophysical parameters (porosity and permeability) should
be considered in more detail. The impacts of total cement,
quartz overgrowth and authigenic clay on the petrophysical
parameters are shown in Fig. 8. The presence of total cement
(Fig. 8a, b), quartz overgrowth (Fig. 8c, d) and authigenic
clay (Fig. 8e, f strongly decreases the petrophysical param-
eters (porosity and permeability), thus destroying the reser-
voir quality of the formation. It is observed that the plotted
data points from all wells (Fig. 8), all displaying negative
relationships between the diagenetic features and the petro-
physical parameters.

Reservoir zonation and flow units

Important petrophysical parameters (Normalized Porosity
Index (NPI), Reservoir Quality Index (RQI), Flow Zone
Indicator (FZI) and the winland pore throat diameter r35)
have been calculated to evaluate the sandstone reservoir
of the Kaimiro Formation. Figure 9 shows the relationship
between RQI and NPI which reveals different flow zone
units. The plot shows that samples are characterized by
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Fig.8 Porosity and permeability graphs in relation to total cement, total quartz overgrowth and total authigenic clay for the selected Kaimiro

Formation wells

wide range of flow units reaching up to 15 pm. Based on the
fluid flow units that are available (Fig. 9), most of the plot-
ted samples having FZI higher than 5 pm are interpreted as
good reservoir quality (Nabawy and Al-Azazi 2015). Sam-
ples with FZI in the range of 2.5-5 pm are interpreted as fair
reservoir quality. Samples with lower flow units less than
2.5 pm are found mostly for data from Tui-1 well which indi-
cate poor reservoir quality (Fig. 9). The relationship of RQI
/
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and FZI (Fig. 10) indicates that good-to-excellent reservoir
properties (RQI higher than 1 pm and FZI more than 5 pm)
are expected from most of the samples from Kaimiro For-
mation based on the classification by Nabawy and Al-Azazi
(2015). Some scattered data point mostly from Tui-1 Well,
and some other samples can indicate poor-to-fair reservoir
quality in good agreement with the interpretation in Fig. 9.
The cross-plots of the Winland pore throat radius (r35)
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versus permeability and flow zone indicator (El Sharawy
and Nabawy 2019) are presented in Figs. 11 and 12, respec-
tively. Very good positive correlation is observed between
r35 and the two parameters. Moreover, R35 parameter can
be calculated from both permeability and FZI with very
high accuracy and confidence (R>=0.969-1.0). This indi-
cates that permeability and FZI can be used with a higher
degree of confidence to calculate the pore throat diameter
r35 in the case of the absence of pressure data. r35 values
higher than 10 pm are obtained for samples from all wells
except Tui-1 well which show poor-to-fair reservoir qual-
ity. Figure 13 shows the histogram to show the pore throat
diameter and pore-type identification in the studied wells. It
has been noticed that the data collected from all wells except
Tui-1 show macro- and megapores with almost similar range
(Fig. 13). Megapores constitute higher percentages (60% and
above), while macropores have less percentages (40% or
below). 100% of the data from Tui-1 well show macropores
in good agreement with the cross-plots in Figs. 11 and 12.
Hence, higher reservoir quality was observed clearly in all
wells while slightly less in Tui-1 well.

Reservoir quality using well log interpretation
Qualitative interpretation

From the studied wells, only two wells with promising
results were chosen, while thirteen producible sand zones
were distinguished, however (Figs. 14, 15). The two wells
consist primarily of sandstone, which is exhibited by the
low gamma ray values and a negative separation in the
neutron—density overlay. On the resistivity track, the wide
separation between the three resistivity logs displays the
presence of hydrocarbon, which can be further verified
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Fig. 14 Well log interpreta-
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by the quantitative interpretation. Additionally, a high  resistivity logs indicates the presence of water-bearing
separation of the three resistivity logs signifies the per-  zone. Oil-water contact (OWC) can be expected also in
meability of the formation (Shalaby et al. 2016, 2018). On ~ well MB-P(8) at depth approximately 3283 m, where all
the other hand, the narrow separation between the three  three resistivity logs start to intersect (Fig. 15). Overall,

Rielase ¢lloll ay .
e @) Springer



3276 Journal of Petroleum Exploration and Production Technology (2020) 10:3263-3279

the outcomes of the interpreted porosity track of both
wells displayed low water saturation, high hydrocarbon
saturation and good effective porosity.

Quantitative Interpretation

A quantitative analysis of the well log data consists of inter-
preted petrophysical results obtained by IP. These values
were calculated and averaged subsequent to applying cut-
offs; thus, these aid to verify the results that were attained
from the quick-look approach. The acquired petrophysical
parameters include the net reservoir, net pay, average effec-
tive porosity, average clay volume, average water saturation
and average hydrocarbon saturation (Table 1).

According to Table 1, the average effective porosity of the
studied wells comprises values ranging from 14.6 to 16.3%,
which signifies fairly good-to-good porosity values (Lev-
orsen 1967; Schlumberger 1989; Tiab and Donaldson 2012).
The average clay volume of the studied wells was also found
to be low (Table 1). These represent that the wells comprise
mainly sandstone and silt, as observed in the lithology track
(Figs. 14, 15).

Well Maui-7 consist of two pay zones: Zone 1 from 3009
to 3030.18 m (21.18 m thick) and Zone 2 from 3041.16 to
3067.37 m (26.21 m thick) (Fig. 14). In terms of the resistiv-
ity readings, Zone 1 is the most promising zone which has
a large separation, with a low water saturation of 23.4%.
Conversely, it is observed that the resistivity logs within
Zone 2 overlap each other, indicating water-bearing zone.
In general, well Maui-7 has a good average effective poros-
ity of 16.3% and a low average water saturation of 27.7%.
Hence, this well has a good average hydrocarbon saturation
of 72.3% with a net pay of 36.35 m.

Alternatively, well MB-P(8) has three pay zones: Zone
1 from 3192.83 to 3205.02 m (12.19 m thick), Zone 2 from
3231.08 to 3238.24 m (7.16 m thick) and Zone 3 from
3278.78 to 3292.5 m (13.72 m thick) (Fig. 15). The most
promising zone in this well is Zone 1 as it has the lowest
water saturation value (15.8%), the highest hydrocarbon sat-
uration value (84.2%) and a good effective porosity (15.0%).
The oil-water contact was also established within Zone 3
at around 3282.7 m, in which the water saturation value
(39.4%) is the highest among the three zones in this well.
Overall, the good average effective porosity and low water
saturation values for well MB-P(8) are 14.6% and 24.2%,
respectively. Therefore, this well has a very good hydrocar-
bon saturation of 75.8% and a net pay of 93.65 m.

Based on the well log results, the studied wells exhibit
good reservoir characteristics, with well MB-P(8) as the
most productive well based on the net pay, average effec-
tive porosity and average hydrocarbon saturation values
(Table 1). As a result, the positive relationship between the
qualitative and quantitative interpretation performed in IP
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Fig. 16 Neutron—density cross-plots of the studied wells indicating
different lithologies

established that the Kaimiro Formation has a good reservoir
quality and has higher ability to storage capacity.

The neutron—density cross-plots have been constructed
(Fig. 16). The cross-plots show that the Kaimiro Forma-
tion consist mainly of sandstone with interbedded siltstone,
mudstone and carbonates (calcite). Scattering of data points
along the graph indicates wide range of lithology (Jumat
et al. 2018) which may be due to the density of other mate-
rials present such as silt, clay and carbonate minerals. The
presence of other minerals such as clay minerals and calcite
is observed within the photomicrographs (Figs. 6, 7). Clay
minerals (kaolinite) and calcite cementation are observed
in the petrographic study (Figs. 6c, f, 7b, ¢). The Kaim-
iro Formation is of fluvial-estuarine depositional settings
with coarse-grained sediments, and good sorting supports a
good reservoir quality within a formation King and Thrasher
(1996). The results are in concurrence with the results
obtained from this research (Table 2).
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Table 1 Well log petrophysical parameters of the Kaimiro Formation

Well name Gross thick-  Net reservoir (m) Net pay (m) N/G Avg. poros- Avg. Vcl (%) Avg. Sw (%) Avg. SHe (%)
ness (m) ity (%)

Maui-7 130 36.35 36.35 0.28 16.3 36.5 27.7 72.3

MB-P(8) 199.95 93.65 93.65 0.468 14.6 28 242 75.8

Cut-offs used for net pay: porosity < 10%, Vcl <50%, Sw <50%

Avg. average porosity Vel volume of clay, Sw water saturation, SHc hydrocarbon saturation

Table 2 Textural figures of the

> Well name Depth (m) Texture
selected wells of the Kaimiro
Formation Grain size (phi) Grain size Sorting (phi) Sorting (class)
(class)
Maui-7 3011.44 Tr cU 0.938 MP
3031.54 2.151 fu 0.552 MG
Maui-A1G 3131.82 0.641 cL 0.634 MG
MB-(P)8 3195.35 1.53 mL 0.662 MG
3378.43 0.707 cL 0.642 MG
Toru-1 3776.71 0.72 cL 0.470 GO
3843.53 0.901 cL 0.496 GO
3844.15 0.846 cL 0.719 MT
Tui-1 3332.50 2.78 fL 0.512 MG
3338.00 2.629 fL 0.505 MG
3468.00 1.283 mU 0.687 MG
3473.50 3.784 viL 0.691 MG
Grain size—Tr: traces, grain size classes—cU: upper coarse-grained; cL: lower coarse-grained, mU: upper
medium-grained; mL: lower medium-grained; fU: upper fine-grained; fL: lower fine-grained; vfL: lower
very fine-grained, Sorting classes—GO: good sorting; MG: moderately good sorting; MT: moderate sort-
ing; MP: moderately poor sorting
Conclusions noticed to enhance petrophysical parameters; however, the

presence of various contacts, cementation and authigenic

The reservoir characteristics and the hydrocarbon potential
of the Kaimiro Formation in the Taranaki Basin have been
evaluated through petrophysical study, sedimentological
and petrographical descriptions and well log analysis. It
is established from the petrophysical examination that
the relationship between the porosity and permeability is
positive and several fluid flow units are expected from the
interval of interest. Excellent reservoir is expected from
Maui-7, Maui-AG, MB-P(8) and Toru-1 wells which dis-
plays higher RQI, FZI and r35 indicating macro- to meg-
apore spaces. Lower reservoir quality is obtained from
Tui-1 well of macropores. This correlation indicates that
the petrophysical parameters within the formation have a
major influence on the reservoir quality of the formation.
Based on the sedimentological and petrographical stud-
ies, the diagenetic features that are mostly observed are
compaction, cementation, the presence of clay minerals
and dissolution. Intense compaction and dissolution are

clay minerals is observed to reduce the reservoir proper-
ties of the formation. Nevertheless, primary and secondary
porosities are mainly available as the features are observed
to coexist together, thus inferring that the formation has a
good reservoir quality. Lastly, qualitative and quantitative
interpretations from the well log analysis indicate that the
formation is a promising reservoir as all the studied wells
comprise good average effective porosity values of more
than 14%, low average water saturation values of below
30%, high average hydrocarbon saturation values of above
70% and good net pay zones. Among the studied wells,
well MB-P(8) is the most productive well as this well has
the highest average hydrocarbon saturation of 75.8%, a
good net pay zone of 93.65 m and a good average effective
porosity of 14.6%. The integrated reservoir characteriza-
tion indicates that the Kaimiro Formation is a promising
reservoir with good reservoir attributes and flow units to
accommodate adequate fluid.
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