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Abstract

The Middle to Late Eocene Mangahewa Formation in the Taranaki Basin has been evaluated for
its petroleum system (source potential and reservoir qualities). The Mangahewa Formation is
generally interpreted as an alternating margin to shallow marine environment, with lithologies
consisting of sandstone, siltstone, mudstone, and bituminous coal. The Rock-Eval pyrolysis
results show very good source rock generative potential with a total organic carbon content of
0.8-90.02 wt. % and hydrogen index values in the range of 54-491 mg HC/g TOC, with a
predominance of oil- and/or gas-prone, mixed Type II-11l kerogen. Organic petrographical data
reveal that the coals are rich in perhydrous vitrinite, whereas the shales are rich in alginite and
bituminite, displaying frequent migrabitumens. Biomarker analysis suggests a predominantly
terrigenous origin, whereas the pyrolysis Tnax data (414-447°C) and other maturity indicators
such as biomarkers and vitrinite reflectance show immature and mature samples. Petrographic
analyses using optical microscopy and SEM of the reservoir sandstone samples show that the
occurrence of compaction and cementation is succeeded by the leaching of feldspars and
dissolution of calcite cement. The reservoir samples on the whole exhibit good reservoir quality,
with an average porosity of 15.7%, an average permeability of 1678.9mD and an average water
saturation of 21.4%. The source and reservoir units are part of a complete petroleum system of
the Mangahewa Formation, with the overlying Turi Formation as the seal rock. The petroleum
processes of maturation, generation and migration, which started in the Lower Miocene (18.8
Ma), have been recorded in many stratigraphic traps within the Mangahewa Formation and in
other faulted structural traps due to migration. The generation process is expected to be
continuing in the present day as the source approaches maturity, and it has not yet reached peak
generation.

Index Terms: source and reservoir rocks, Rock-Eval pyrolysis, biomarkers, Mangahewa Formation,

Taranaki Basin, petroleum systems

1. Introduction

The Taranaki Basin is considered to be the most
productive sedimentary basin in New Zealand. It
is located mainly offshore on the west coast of
New Zealand (see Figure 1), with an areal extent
of 100,000 km?. The petroleum generation of the
sole prolific basin of New Zealand has been
studied by many researchers.' In the Taranaki

Basin, the hydrocarbons are sourced from the
carbonaceous formations of the Late Cretaceous
to the Paleocene, and petroleum has been
discovered throughout its stratigraphic record,
with the most productive reservoirs in the
Paleogene age.!
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The variable lithological content of the Middle to
Late Mangahewa Formation contributes to the
potential of the formation, which is both a high-
quality source and a high-quality reservoir. Study
of the source rock characteristics is of great
importance for understanding the different types
of organic matter, level of maturity, migration
pathways and mechanisms, and productivity of
an oil-field.? The organic richness, volume and
maturity of a source rock are essential parameters
in determining its hydrocarbon potential.
Parameters like the type of organic matter,
depositional paleoenvironments, and burial
history are also very important.?*

Many studies have been conducted on the source
rocks of the Taranaki Basin,”® including in
particular the Mangahewa source rock.'%
Jumat*? included the Mangahewa Formation as
part of a source rock integrated study, combining
geochemical and well logging data on several
source rocks in the Taranaki Basin. Many studies
have previously been made of source rocks in
different oil basins all over the world.****

In this study, the Mangahewa Formation is
assessed for its oil generation potential, using
organic geochemical analyses and petrographical
examination. The methodological approach
includes the determination of the total organic
carbon (TOC) content, Rock-Eval pyrolysis,
organic  petrography, vitrinite  reflectance
measurements, and geochemical biomarkers.

An effective source rock will be unproductive
unless it is successfully contained by a good
reservoir interval, typically overlying the source.
A good reservoir fundamentally possesses good
porosity and permeability, so as to store
hydrocarbons that have migrated from the source
in quantities sufficient for commercial drilling.

Some studies of the characteristics and quality
evolution of other reservoirs in the Taranaki
Basin have previously been made, such as the
Farewell Formation®, the McKee Formation®
and many other fields.?"
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In this research paper, the reservoir quality of the
Mangahewa Formation is studied via the
integration of different datasets, which include
core analyses, petrographic descriptions and well
log data.

In general, many separate publications are
available on source rock or reservoir
characterization, but no such integrated study has
been made before for the Managahewa
Formation. This paper aims to analyze and
evaluate the availability of the petroleum system
of the Middle to Late Mangahewa Formation in
the Taranaki Basin, New Zealand. The types of
organic matter and the richness and associated oil
generation potential of the source rock samples
are discussed, as are the reservoir quality
evolution and the petrophysical characteristics of
the Mangahewa Formation. Moreover, the paper
includes a brief discussion of the subsurface
structural configuration and trapping mechanism.

The ultimate aim of the paper is to achieve a
comprehensive study of the petroleum system of
the Mangahewa Formation that takes into
account its source and reservoir characterization.
This is done using a suite of data, taken from
Rock-Eval  pyrolysis, organic  petrology,
geochemical biomarkers, petrographic and
petrophysical examinations, and well logs.

2. Geological background of the Taranaki
Basin

The Taranaki Basin remains the only
commercially producing basin in New Zealand,
with the largest hydrocarbon reserves. It is
located predominantly offshore, with the onshore
area mostly within the Taranaki Peninsula.
Numerous studies have covered the geological
evolution of Taranaki Basin.*** The Taranaki
Basin was formed as a result of the breakup of
the supercontinent Gondwana, which split
Australia and Zealandia. The Tasman Sea, along
with a number of extensional basins on the New
Zealand subcontinent, was produced as a result,
including an intra-plate rift that created the
Taranaki Rift. This rift would later become the
Taranaki Basin during the Late Cretaceous.**%*’
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The basin evolved in three phases: (1) A rifting
stage during the mid-Cretaceous to Paleocene,
when coal deposition occurred in restricted, fault-
controlled basins; (2) A passive margin, formed
by thermal contraction and regional subsidence
during the Eocene to Early Oligocene, when coal
deposition occurred in transgressive coastal
plains and marginal marine settings; and (3) An
active marginal marine during the Oligocene to
Recent, resulting from the convergence of the
Australia-Pacific plate boundary through what is
now New Zealand.™
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Two main structural blocks have been generated
in the Taranaki Basin: (1) the Western Stable
Platform and (2) the Eastern Mobile Belt*2%3®
(see Figure 1). The offshore western part of the
basin corresponds to the Western Stable Platform
and was affected by late Cretaceous to Eocene
normal block faulting. By contrast, the Eastern
Mobile Belt experienced numerous tectonic
processes and its evolution involved uplifting
with normal, reverse, and overthrust faulting.**
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Figure 1. Map showing the Taranaki Basin in New Zealand and the distribution of the wells under study."*
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The generalized stratigraphy of the Taranaki (2) A Paleocene to Eocene late-rift and post-
Basin is made up of terrigenous and marine rift transgressive sequence (the Kapuni
sedimentary and volcanic rocks of the Late and Moa groups)

Cretaceous to recent (see Figure 2). The basin (3) An Oligocene to Miocene foredeep and

contains predominantly marine strata, with
significant terrestrial sedimentation occurring
between the Middle Cretaceous and Eocene. The
succession has been classified into four Group)

distal sediment starved shelf and slope
sequence (the Ngatoro Group) and a
Miocene regressive sequence (the Wai-iti

megasequences:> (4) A Plio-Pleistocene regressive sequence

(1) An Upper Cretaceous syn-rift sequence
(the Pakawau Group)
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Figure 2.The generalized chronostratigraphy succession, from Cretaceous to Cenozoic, of the Taranaki Basin.*#
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The Mangahewa Formation is part of the Kapuni
Group, which alongside the Moa Group, was
formed as part of the transgressive sequence
resulting from the regional post-rift subsidence.
The Kapuni Group encompasses three other
formations: the oldest Farewell Formation, the
Kaimiro Formation, and the youngest McKee
Formation. The Moa Group is the marine
equivalent and is made up of marine mudstones
of the Turi and Tangaroa formations. The Turi
Formation inter-fingers with other formations
from the Kapuni Group. As transgression
continued through the Eocene, there was an
increase in the sedimentation of the Moa Group
and, subsequently, there was a decline in the
deposition of the Kapuni Group. By the end of
the Eocene, the Taranaki Group was eventually
covered by fine-grained, terrigenous sediments of
the Moa Group.

Alternative episodes of transgression and
regression resulted in the deposition of the
Mangahewa Formation in marine, marginal
marine, shallow marine and terrestrial systems.
The Mangahewa Formation consists mostly of
sandstone, siltstone, mudstone, and bituminous
coal. Its variable lithology contributes to it being
both a good potential source and a high-quality
reservoir. The Mangahewa Formation source
rocks have been found to have very good
generation potential, with oil-prone Type-II, oil-
and/or gas-prone Type-II/lll, and gas condensate
Type-111 kerogen.™ This study improves upon the
previous study by the addition of organic
petrography and reservoir assessment.

3. Methodology

The dataset and samples used in this paper have
been obtained with permission for re-evaluation
and publication from the New Zealand Ministry
of Business, Innovation, and Employment
(MBIE). The rock samples were collected from
the National Core House, Wellington, New
Zealand during September-October 2016.

The Mangahewa Formation dataset used in this
study for source rock characterization includes
Rock-Eval pyrolysis data (88 samples), organic
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petrography and vitrinite reflectance data (37
samples), and biomarker data, represented here
by 46 analyzed samples. The dataset for reservoir
rock characterization are represented in this study
by the petrophysical parameters measured for 16
core samples, petrography data (12 thin sections
prepared from rock samples collected from the
Maui-5, Maui-6 and Maui-7 wells, from which
some samples have been used for SEM analyses
as well), well log data and well completion
reports from 22 wells scattered across the basin.
The locations of these wells are shown in Figure
1.

3.1 Source rock characterization

The Rock-Eval pyrolysis data (Si1, Sz, Ss, Tmax
and TOC) and the calculated parameters (HI, Ol
and PI) for the Mangahewa Formation samples
have been listed in Table 1. The data used were
taken from 15 wells, as shown in Figure 1
(Cardiff-1, Kapuni-2, Kaimiro-1, Inglewood-1,
Maui-4, Maui-5, Maui-6, Ngatoro-1, North
Tasman-1, Ohanga-2, Okoki-1, Pukeko-1,
Urenui-1, Waihappa-1, and Waihappa-1A).

The organic petrographical data, including the
maceral analysis and vitrinite reflectance
measurements of the coal samples, were obtained
from the MBIE dataset. Additional shale samples
from the Maui-5 and Maui-6 wells were
examined at the University of Patras, Greece.
This analysis was applied only to some of the
shale samples selected from the Maui-5 and
Maui-6 wells, due to the unavailability of coal
and shaly coal rock samples. The polished blocks
were prepared from crushed samples (& <1 mm)
according to International Standards®* and
examined under oil immersion using a LEICA
DMRX microscope®, and the nomenclature of
the ICCP System for the macerals*™** and the
solid bitumen.” The reflectance measurements
were taken using the standard procedure for
dispersed organic matter.”> The reflectance
measurements obtained for the solid bitumens
were converted to equivalent vitrinite reflectance
values®® (VR%), for use as a thermal maturity
indicator (see Table 2). It should be noted that
the organic petrographical results presented here
are only for the shale samples, which are not
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representative of the coal and shaly coal
lithologies present in the Mangahewa Formation.
A quantitative analysis of the maceral
composition of the coal and shaly coal samples,
obtained from the MBIE dataset, is listed in
Table 3.

Tables 4, 5 and 6 list the biomarker
characteristics of the selected samples. The
dataset comprises GC-MS results for n-alkanes
and isoprenoids, hopanes and terpanes, and
steranes. The dataset was selected from six wells
(Kaimiro-1, Maui-4, Ohanga-2, Okoki-1,
Waihapa-1, and Waihapa-1A).

3.2 Reservoir rock characterization

The Maui-5, Maui-6, Maui-7, MB-P(8), and
Moki-1 wells were selected for reservoir
characterization (see Figure 1). An integrated
reservoir rock characterization was made using a
combination ~ of  petrophysical  analysis,
sedimentological and petrographic studies, and
well-log interpretation.

A reservoir quality investigation was carried out
through analyses of the principal petrophysical
parameters of porosity and permeability. Two
data points from both the Maui-5 and MB-P(8)
wells, 3 data points from the Maui-6 well, and 9
data points from the Moki-1 well were assessed
(see Table 7). A statistical analysis was
performed, and the petrophysical parameters used
to determine whether the formation has
promising reservoir quality, based on the
standard classification.*’

The petrography data consists of two datasets:
photomicrographs for the Maui-5, Maui-6, and
Maui-7 wells provided by MBIE, and core
samples from the same wells which were used to
prepare new thin sections in the laboratory at
Universiti Brunei Darussalam (UBD). The thin
sections were prepared by vacuum impregnation
with blue-eyed resin before being cut and ground
to a standard 30 um thickness. The blue-eyed
resin helps to distinguish the porosity types. The
thin sections were examined using a standard
Zeiss polarizing microscope. The
sedimentological features of the Mangahewa
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Formation have been examined, including the
pore spaces and the diagenetic attributes of
compaction, cementation, dissolution, and
recrystallization.

In addition, a scanning electron microscope
(SEM) analysis was applied to selected core
samples from three wells (Maui-5, Maui-6, and
Maui-7) to identify features not visible under the
polarizing microscope/photomicrographs, and
hence to further support the findings of the earlier
petrography dataset. The samples were coated
with carbon and platinum before the analysis,
which was performed with an accelerating
voltage of 10 kV to 20 kV and a beam current of
90 pA to 30 nA.

Interactive Petrophysics (IP) software was used
to carry out log-based petrophysical analyses of
the aforementioned wells in the Mangahewa
Formation. The formation is found in the sections
at 2804-3075 m (80 m thick) for the Maui-5 well,
at 2785-3002 m (217 m thick) for the Maui-6
well, 2695-2990 m (295 m thick) for Maui-6
well, and at 2073-2410 m (337 m thick) for the
Moki-1 well. The log data includes conventional
measurements, such as resistivity logs (a
microspherical focused log, deep lateralog, and
deep induction log), and neutron, density, sonic,
and gamma ray logs.

The PetroMod software developed by
Schlumberger was used to generate a one-
dimensional model, for the analysis of the burial
and thermal maturity histories of the Mangahewa
Formation in the Cardiff-1 Well. The input data
for the model includes the names, top, bottom,
and thickness of the formations penetrated by the
well, the formation age (in Ma), the measured
borehole temperature (in Celsius), and the
measured vitrinite reflectance (% R,). A constant
heat flow of 60 mW/m? and a kinetic model type
T Il were selected.”®*® The latter was chosen
because of its suitability for terrigenous, non-
marine, and waxy source rocks, such as comprise
the Mangahewa Formation. The bottom hole
temperature values were corrected prior to model
calibration, because the bottom hole temperature
is typically measured before the formation and
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drilling mud temperature equilibrium is reached
during logging operations.>®>*

4. Results and Discussion
4.1 Source rock characteristics

4.1.1 Organic matter richness

The total organic carbon (TOC) content and the
pyrolysis S, yields are the primary parameters
that determine the effectiveness of the source
rock in hydrocarbon generation and expulsion.
The results indicate that the Mangahewa samples
have a high TOC content of 0.68-90.02 wt. %
(see Table 1), with most samples falling in the
excellent source rock potential zone, as expected
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since the sequence is rich in coal layers. The
values of S, are 0.37-280.16 mg HC/g rock, and
the (S1+S;) values range between 1.68 and
303.30 mg HC/g rock (see Table 1); these data
indicate that the majority of the samples fall in
the good to excellent zone, with excellent
potential yield. These classifications are based on
the system in Peters and Cassa.® The hydrocarbon
potentiality of the Mangahewa Formation has
been evaluated using a TOC vs. S; cross-plot (see
Figure 3). The diagram confirms that most of the
assessed samples have excellent hydrocarbon
quantity and production potential, with a clear
distinction among the various lithologies.
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Figure 3. Cross-plot of total organic carbon (TOC) content versus pyrolysis S, yields,
used to determine the source rock generation potential of selected samples from the Mangahewa Formation.

4.1.2 Types of organic matter

The hydrogen index (HI) is an essential
parameter in the determination of the types of
organic matter present in the source rock.? This
can be attributed to the expulsion of
hydrocarbons and subsequent decline in
hydrogen content as the organic matter matures.

The HI values for the Mangahewa samples under
study are between 54 and 491 mg/g TOC.
According to the classification proposed by
Peters and Cassa,® most source rock samples are
mixed Type II-111 kerogen (oil and gas-prone)
(44 samples), followed by Type Il kerogen (oil-
prone) (25 samples) and Type 11l kerogen (gas-
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prone) (17 samples). The results obtained from
this research study indicate that the presence of
vitrinite-dominated coal with higher HI values is
common not only in the Mangahewa Formation
source rock samples, but also throughout the
Taranaki Basin in New Zealand. This vitrinite is
of a perhydrous nature, which can present a
higher HI than expected and so be considered as
a major source for the generation of liquid
hydrocarbons. It has previously been concluded
that not only liptinites, but also perhydrous
vitrinites have the potential to generate
hydrocarbon liquids in the course of natural
coalification.” It is also known that oil-prone
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coals are mostly of Jurassic—Tertiary age in
Australia, New Zealand, and Indonesia,” which is
in good agreement with the findings of this
research.

The cross-plot of HI (S,/TOC) versus Ol (S3
/TOC) developed by Espitalié et al.>* (see Figure
4), which is modified from the van Krevelen
diagram in Tissot and Welte?, was applied to
identify the types of organic matter. The kerogen
Type 1I-11l mixed oil-/gas-prone is the most
abundant type in the Mangahewa source rock
samples.
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Figure 4. Van Krevlen diagram of oxygen index (Ol) versus hydrogen index (HI),
showing the generative type of selected samples from the Mangahewa Formation.
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4.1.3 Palaeodepositional environment

4.1.3.1 Maceral composition

The petrographic description and quantitative
maceral analysis for coal and shaly coal samples
have been performed using MBIE and are
summarized in Table 3. The quantification
analysis of the coal and shaly coal Mangahewa
source rock samples is predominantly composed
of macerals of the vitrinite group, contributing
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65% to 92.3% of the organic matter, with an
average value of 85% (see Table 3). The ternary
diagram (see Figure 5) for the maceral
composition of selected coal and shaly coal
samples indicates the prevalence of the vitrinite
maceral group. Alginite and other liptinite
maceral groups are observed in lower amounts
(<20%) in the coal and shaly coal samples.

AMORPHOUS + ALGINITE + LIPTINITE

BARREN

WET GAS
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PRONE
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VITRINITE

Figure 5. Ternary diagram showing the maceral composition of selected samples from the Mangahewa source rock.

Organic petrographic examination of selected
shale samples reveals an abundance of alginite
(see Figures 6b, d and e), followed by bituminite
and solid hydrocarbon. The alginite assemblage
recognized is telalginite, which retains the shape
and morphology of the original algae.> These are
macerals belonging to the liptinite group, which
is believed to be produced from decayed leaf

matter, spores, pollen, and algal material, as well
as from resins and plant waxes. Vitrinite
macerals are rare (see Figure 6a); however, they
seem to be indigenous, with smooth and clean
surfaces ideal for reflectance measurements,
whereas inertinite  was not encountered.
However, the predominant optically recognizable
organic particles are solid hydrocarbons in the
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form of migrabitumens mixed with clays (see
Figures 6¢ and f), indicating the expulsion of oil.
Pyrite occurs in both a massive form and
frequently as framboidal (see Figure 6e). Traces
of oil drops were also observed (see Figures 6¢
and d).

In general, the maceral distribution (see Figure
5) shows that vitrinite, most probably perhydrous
in nature, is the predominant maceral group in
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the coals and shaly coals, whereas alginite and
bituminite are predominant in the more shaly
strata. These findings suggest that the
palaeodepositional ~ environment  of  the
Mangahewa Formation was a terrestrial one, with
a minor marine influence. This is in good
agreement with the geochemical and biomarker
data, which shows kerogen Type II-1ll as the
most abundant kerogen type. This can generate
oil and/or gas at peak maturity.?
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Figure 6. Photomicrographs of selected shale samples from the Mangahewa Formation, showing the presence of
(a) vitrinite maceral (rare), (b,d,e,f) alginite maceral (common), (c,f) migrabitumen (abundant), (c,f) oil drop, and () pyrite.
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The biomarker analyses and the distribution of n-
alkanes indicate a mixed algal and terrigenous
organic matter contribution, which is in good
agreement with the RE and organic petrological
results.”®*” The isoprenoid alkanes pristane (Pr)
and phytane (Ph) are common biomarkers for
fossil fuels.® They typically originate from
phytyl side-chains in chlorophyll either under
reducing conditions (phytane) or oxidizing
conditions (pristane), and they function as good
biomarkers due to their high resistance to
degradation. It has already been established that

2020

the Pr/Ph ratio can provide information about the
degradation level of the petroleum residues, as
well as the depositional environment. Values of
Pr/Ph above 3 point to terrestrial sources.”® The
Pr/Ph values of the samples studied here are 2.68
to 13.35 (see Table 4), suggesting that terrestrial
sources are dominant. The relationship between
high Pr/Cy; (0.46-14.11) and low Ph/Cyg (0.14-
3.4) values (see Table 4) is plotted in Figure 7,
which shows an apparent predominance of land
input to the organic matter.
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Figure 7. Phytane to n-Cyg alkane (Ph/n-Cyg) versus Pristane to n-C,; alkane (Pr/n-Cy)
of selected samples from the Mangahewa Formation.

The degree of waxiness can be expressed by the
ratio (sum of n-Cy; to n-Csy)/(sum of n-Cys to n-
Cy). Oils characterized by a high abundance of
n-Ci5 to n-Cyo n-alkanes in the saturate fractions
have low waxiness and are typical of marine

organic sources, mainly higher plants deposited
under reducing condition.>® The samples studied
here have waxiness values ranging from 0.46 to
9.06, with most samples above 1.0 (see Table 4);
this high waxiness is characteristic of a terrestrial
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origin. A cross-plot of Pr/Ph versus waxiness is
shown in Figure 8, which reaffirms that the
Mangahewa samples have a terrigenous origin
with an oxidizing deposition environment, with
few shifted samples as evidence of a marine
reducing effect.

The terrigenous to aquatic ratio (TAR) is defined
as the ratio of the contributions of terrigenous
and aquatic plants. It is based on the relative
abundances of long-chain (vascular plant) and
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short-chain (algal) n-alkanes. In view of this, the
ratio of the concentrations of (n-C7+ n-Cyo+ n-
Ca1) to (N-Cys5+ n-Cy7+ n-Cyg) was examined and
evaluated. Table 4 shows that the TAR values of
the samples are 0.09 to 11.55. There is a
predominance of the long-chain n-alkanes C,,
Cao and Cgzy, Which is characteristic of a higher
contribution from the plants in a terrestrial
environment.®® However, the TAR values may be
misleading, as algal materials are susceptible to
degradation.®
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Figure 8. Pr/Ph versus waxiness cross-plot, used to determine the origin of the organic matter
in selected samples from the Mangahewa Formation.

Results for tricyclic terpanes showed that the
concentrations of C,; tricyclic terpanes are
generally low, as demonstrated by the high
values for the ratio C19/C,3 (0.1-98.31) and the
low values for the ratio C,4/Cy3 (0.0-1.30). This
may also indicate that the samples are mainly of
terrestrial origin® (see Table 5).

Peters, Walters and Moldowan®® have concluded
that gammacerane abundance is a good indicator
of source sediments deposited in hypersaline
lakes. The presence of gammacerane is a unique
characteristic of hypersalinity-induced water-
column stratification during deposition. An
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oxidizing, non-marine origin can therefore be
inferred from the wvery low levels of
gammacerane (0.0-0.06) (see Table 5).

A predominance of C,; steranes over Cyg and Cyg
steranes typically indicates marine-sourced
organic matter, which is not observed in the
samples from the Mangahewa Formation
analyzed here. The samples show that Cyg
steranes are dominant, which suggests the input
of advanced plants®® (see Table 6 and Figure 9).

As most of the samples examined were coals,
which represent the deposits of terrestrial plants,
the laboratory results are in accordance with the
lithological nature of the samples. The overall

c27

Lacustrine
algae

Plankton

Paralic

Terrestrial
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results from both the organic petrography and the
biomarker assessments indicate that the
Mangahewa Formation samples contain organic
matter of terrigenous origin deposited in a
terrestrial environment, with only limited marine
influence. This is characteristic of “paralic
coals”, which originate in a body of water once
linked with the open sea. Furthermore,
combining the detected biomarkers with the
relatively high HI, obtained from the Rock-Eval
data, and the predominance of vitrinite, as shown
from the petrographic data, it can be inferred that
the coals under examination have a perhydrous
character, which has contributed to the release of
liquid hydrocarbons.
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Figure 9. The depositional environment of the Mangahewa samples,
as inferred from the ternary diagram for C,7, C,s and C,q steranes, showing the dominance of Cyg steranes.™

414 Thermal maturation and
generation

The data for the maximum temperature Ty« and
vitrinite reflectance (VR%) have been assessed to
determine thermal maturity. The values of Tpmax
vary according to the maturity of the different
types of organic matter.®® Following earlier
studies by Sykes and Snowden® and Barker,” a

minimum Tpa Vvalue of 430°C has been

hydrocarbon

considered necessary for the thermal maturation
of source rocks. The Mangahewa samples have
Tmax Values in the range 414-447°C, indicating
an immature to early mature stage.’

Figure 10 shows the cross-plot of HI versus

Tmax, Which allows the thermal maturity of the
Mangahewa Formation to be evaluated. For the
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majority of source rock samples the value of Tax
lies above 430°C, indicating the oil window and
a source rock that is thermally mature. The VR%
of 35 well samples ranges from 0.51 to 0.87%,
with most samples above 0.55% (see Table 2).

2020

This also suggests that the selected samples are
thermally mature. The distribution of Tyax Versus
VR% is plotted in Figure 11, which indicates
that the samples are immature to mature, in good
agreement with Figure 10.
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Figure 10. Plot of Pyrolysis T as a maturity parameter versus Hl,
indicating the relationship of the maturity level to the kerogen type in selected samples from the Mangahewa Formation.

The types of hydrocarbon generated can be
inferred from a cross-plot of the production index
(PI) and Tnax (see Figure 12). Many of the data
points indicate that the hydrocarbon generation is
of indigenous origin, while others appear along
the margins of the indigenous hydrocarbon
generation zone. This suggests pre- to early

maturity. Data points with Ty below 430°C
indicate an immature stage, and are plotted
outside the indigenous hydrocarbon generation
zone. The identification of solid migrabitumens
within the matrix of the shale samples, but not in
the cracks (see Figure 6), provides further proof
of indigenous hydrocarbon generation.
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In addition, the biomarker parameter Cj;
homohopane can be used as a maturity indicator.
The sample value is 0.33 (see Table 5), which
suggests immaturity of the organic matter
contained in the sample studied. This is
supported by the C,g sterane biomarkers, which
are also used as maturity indices in this study.
The ratio of Cyy 20S/(20S + 20R) steranes
increases from 0 to 0.5 with increasing thermal
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maturity, which in turn causes an increase in the
ratio Cao PP/(ao+ BP) steranes to ~0.7.°4%° At
higher levels of maturity, this ratio remains
constant as it is independent of the input of
organic source matter.>® Figure 13 shows the
relationship between the two parameters, which
confirms that the samples belong to the immature
to mature stage.

480 . y
| !
H L
470 pm=——— d e ——— s
| '
460 ' '
: Thermally mature :
x ! (Oil window) '
= [ 1
| '
440 [ |
I |
i :
1) po---- T r
I
|
420 1
0.3 0.5 0.7 0.9 1.1 1.3 1.5
VR%

Figure 11. Plot of the organic maturity parameters vitrinite reflectance versus T,
confirming the maturity levels of selected samples from the Mangahewa Formation.

4.2 Reservoir characteristics

4.2.1 Petrophysical analysis and reservoir quality

The porosity and permeability values of the
selected core samples from the Maui-5, Maui-6,
MB-P(8), and Moki-1 wells in the Mangahewa
Formation are listed in Table 7. The results show
a good positive relationship between the porosity
and permeability values, suggesting that
migration pathways increase with an increasing
amount of pore space (see Figure 14). The
overall porosity range is from 9.5% to 24.9%
(with a mean of 18.2%). The permeability values
range from 1.2 mD to 6900 mD (with a mean of
1678.9 mD). A histogram has been plotted
showing the permeability and porosity values in
the Mangahewa reservoir samples (see Figure

15). Most samples have more than 15% porosity
and 100 mD permeability. According to
Levorsen,” samples with these porosity and
permeability values are classified as very good.
Hence, the petrophysical data shows that the
Mangahewa Formation has promising reservoir
quality.

4.2.2 Sedimentological study and petrography of the
reservoir rock

The thin sections selected from the Maui-5,
Maui-6, and Maui-7 wells collectively show a
number of characteristics when examined under
the petrographic microscope. Various features
have been observed, from good pore spaces to
defective diagenetic features.
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Figure 12.Cross-plot of T . Versus production index (PI),
showing the nature of the hydrocarbons in selected samples from the Mangahewa Formation.
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Figure 14. Relationship of the porosity to the permeability for selected Mangahewa reservoirs samples,
showing a positive trend.
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Figure 15. Porosity and permeability histograms for the Mangahewa reservoir rock in the wells under study.

A good reservoir should possess abundant
porosity. This is the case for the Mangahewa
samples studied here. The grains are loosely
packed and at least moderately well sorted, while
the pore spaces are found in large quantities (see
Figures 16A-F). Both primary intergranular and
secondary dissolution pores have been observed

in abundance in the selected samples. It is vital
for these pore spaces to be well connected for a
reservoir to be efficient. The absence of potential
migration pathways, even in the presence of
pores, would inhibit the production potential.
Well-connected porosities enhance the effective
porosity and permeability.?”*®® Effective pores
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result in good permeability. This is shown by the
ubiquitous hybrid pores observed in the
photomicrographs in Figures 16A-F. This hybrid
porosity is formed when the dissolution merges
with the intergranular pores forming an effective
porosity. This effective porosity supports the
previous  results concluded from  the

)
1

A

Maui-5: 2806 m

Grain
dissolution

Maui-5: 2788.7 m

2020

petrophysical analysis of the core dataset, where
a positive relationship was observed between
porosity and permeability (see Figure 14). In
additional, good permeability values have been
observed in selected core samples (see Figure
15).

1mm

Maui-6: 2867.4 m

Figure 16. Photomicrographs showing features observed in selected Mangahewa Formation samples: (A)-(F) Abundant
primary intergranular porosity (stained blue), secondary dissolution in feldspar and quartz, and hybrid porosity.
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The process of compaction typically contributes
to poor reservoir performance. This is because
the associated features of compaction and
diagenesis generally reduce porosity and
permeability. In the selected thin sections,
cementation has been observed at various points.
The main cementing agents are calcite and clay.
Calcite cementation can be observed occluding
the pore spaces between grains in Figures 17 B-
E.® In the thin sections studied here, clay
minerals occlude the pore spaces, act as pore

Iron oxide &
Clay banding

2020

lining and replace minerals. In Figures 17C-E,
clay minerals are observed to fill in what likely
were originally pore spaces between mineral
grains and act as a strong cementing agent. Clay
minerals have also been observed to replace
minerals, as in Figures 17D-E. In addition, clay
minerals such as chlorite and muscovite can be
seen in Figures 17C-D. Due to the ductile nature
of these clay minerals, they are successful pore-
blocking features where they are present in large
quantities.

~ contacts caused by J
compaction

Calcite
cementation
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3 N -
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Figure 17. Photomicrographs showing features observed in selected Mangahewa Formation samples:
(A-F) Extreme compaction depleting pore spaces and abundant cementation by clay, calcite and rock fragments.
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Examination of the petrographic thin sections
also indicates that the samples have been
subjected to severe mechanical compaction. This
is particularly evident where diagenetic features
have been observed, such as long and point grain
contacts and sutured contacts between grains, as
well as dissolution and fractures of the quartz
grains. These features have all been observed in
some parts of the thin sections under study.®®"
Figures 17A-D show the great extent of
compaction,  where  the  aforementioned
diagenetic features have been identified. Banding
of iron oxide and clay has also been observed in
Figure 17A, as a result of compaction.

Although various diagenetic features have been
observed, they have been eclipsed by the
abundance of effective pores in most parts of the
thin sections studied. The results of the thin

2020

section  examinations  agree  with  the
petrophysical data analysis discussed above,
which suggested good reservoir qualities, with
good porosity and permeability values.

The selected core samples from the Maui-5,
Maui-6, and Maui-7 wells have been found to
further support the conclusions drawn previously
from the thin section examination. The scanning
electron microscope analysis shows consistency,
with abundant porosity observed from the thin
sections (see Figure 18D). The clay mineral
kaolinite was also observed to be present
between mineral grains and exhibits a booklet-
like texture (see Figures 18A-C). The kaolinite
particles infill pore spaces and hence negatively
affect the effective porosity and permeability,
and the reservoir performance as a whole.

Figure 18. SEM images at different magnifications showing features observed in selected Mangahewa Formation samples:
(A-D) Kaolinite clay particles forming booklet-like texture between Quartz grains, (D) Pore spaces between grains.
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4.2.3. Well log interpretation

The principal aim of well log analysis is to
examine the hydrocarbon potentiality of the
reservoir units. Each well was first examined to
identify potential reservoir zones within the
section of the Mangahewa Formation penetrated
by the wells. In a clastic reservoir, the expected
reservoir lithology is sandstone, which has low
radioactivity due to low clay mineral content.
Hence, reservoir zones can be identified based on
these  characteristics, via a combined
interpretation of the Gamma-ray and Neutron-
Density logging curves. Low Gamma-ray values
are indicative of low organic matter content, and
negative separation between the neutron and
density log curves is characteristic of a sandstone

2020

Lithology identification is aided by the use of
Neutron-Density cross-plots (see Figure 19). The
cross-plots confirm that the reservoir zones for
all wells have mostly sandstone lithology, but the
Maui-7 well in particular shows a hint of other
lithologies besides sandstone. In this well, the
lithology of the Mangahewa formation may be
attributed to the presence of calcareous
sandstones, due to the ubiquity of calcite
cementation. In addition, the variant lithology
may also be a result of a large amount of fine-
grained sediments and clay cementation. Their
presence can be seen in the photomicrographs in
Figure 17.

H 71.72
lithology.
18 MAUI-5 Sandstone 18 MAUI-6 Sandstone
Limestone Limestone
40 40
40 Dolomite 40 Dolomite
2.1 2.1
40 40
H
z 2.4 24
2
a
2.7 s 2.7 Q
Sand zone 1 2808.0-2819.3m
A Sand zone 2 2861.0-2888.3m Sand zone 1 2789.2-2793.1m
Sand zone 3 2911.6-29189m A Sand zone 2 2870.0-2908.4 m
A Sand zone 4 2936.8-2947.0m 0 A Sand zone 3 2926.0-2954.2m
0 A Sandzone 5 2984.8-2993.1m A Sand zone4 2982.1-2988.0m
Sand zone 6 3034.3-3040.0 m
3.0 — 3.0 - -
0.05 0.10 0.25 0.40 0. 0.05 0.10 0.25 0.40 0.55
1.8 1.8
MAUI-7 Sandstone MOKI-1 Sandstone
Limestone Limestone
40 polomite
2.1 241
0
B
z 24 24
z
)
2.7 27
sandzonel 2714.0-2735.1m Sand senel, S8020 s10aam
ASandzone2 2763.1-2791.1m Adancaoned el-Sa eioom
0 A sandzone3 2791.1-2904.1m 0 A Sandzoned 2320.9-2325.4m
A Sand zone4 2938.1-2951.1m A Sandzone5 2374.1-2380.0m
3.0 3.0 - -
0.05 0.10 0.25 0.40 0.55 0.05 0.10 0.25 0.40 0.55

NEUTRON (dec)

NEUTRON (dec)

Figure 19.Neutron-Density crossplot showing the lithology and porosity analyses of four wells
in the reservoir zones in the Mangahewa Formation.
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Once the reservoir zones have been identified,
the clay volume and type within the zones are
evaluated. The clay volume is calculated using
single-clay indicators of gamma-ray and
resistivity logs and double-clay indicators of
neutron-density logs. The clay volume used is the
lowest volume produced by the indicators.” For
the four wells selected, the clay volume
quantified by the gamma-ray logs has the lowest
and most stable values. Clay type determination
is important because different clay structures

within a unit (dispersed, laminated, and
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structural) have varying effects on the formation
fluid pressure, and therefore affect the effective
porosity and water content significantly.”
Depending on the clay type present, the wells are
then analyzed using either a dual water saturation
model (dispersed clay) or simandoux saturation
model (laminated clay). The clay type identified
in this paper, as dictated by the neutron porosity
against density porosity cross-plot in Figure 20,
is dispersed clay for all four wells. Hence, they
have been treated using the dual water porosity-
saturation model.
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Figure 20. Diaporosity crossplots showing the clay type analyses for four wells in the Mangahewa Formation.

The Mangahewa Formation shows promising
reservoir quality based on the overall results of
the well log analyses made on the four drilled
wells under study, following research previously
done by Shalaby et al.?® and Qadri, Islam and

Shalaby’®™.  The  computed  average
petrophysical values from the four wells
examined are listed in Table 8. The total average
porosity ranges from 17.9% to 21.8% (with a
mean of 21.3%), with effective pores making up
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13.0% to 17.57% (with a mean of 15.7%). The
types of pores present in the reservoir rock
samples are identified from the cross-plot
between the sonic and neutron-density porosities
(see Figure 21). It can be seen that the pores are
mostly of primary intergranular type. The
volumes of clay present in these pay zones range
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between 17.6% and 32.7%, averaging at 28.2%.
The Mangahewa Formation shows low water
saturation, with the lowest value 18.4% and
highest 44.7%, and an average value of 32.1%.
Thus, the average hydrocarbon saturation is high
with a mean value of 67.9% (see Table 8).
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Figure 21. Total porosity types for the Mangahewa Formation sandstones.

The best producing well is the Maui-7 well,
where three producing reservoir zones have been
interpreted (see Figure 22). This well has a total
of 19.5 m net pay thickness. The average clay
volume is 32.6% and the average effective
porosity is 16.3%. The average hydrocarbon
saturation is 81.6%. Oil-water contact (OWC) is
predicted to be found at 2807 m. This is
supported by the change in resistivity separation
above and below this contact. Big separations

indicate the presence of hydrocarbons, which are
typically non-conductive fluids and hence show
high resistivity values. The best pay zone is Zone
2, where the hydrocarbon saturation reaches
92.1%, with a good effective porosity (16%).

4.3. 1D basin modeling and timing of
hydrocarbon generation

A one-dimensional basin modeling diagram has
been constructed for the Cardiff-1 Well using the
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Petromod software provided by Schlumberger.
The model is used to examine the timing and
depth of hydrocarbon generation and expulsion
for the source rock of the Mangahewa Formation.
The Cardiff-1 Well penetrates several formations
from top to bottom. The burial history chart and
sedimentation rate indicate that the Mangahewa
Formation (the zone of interest) is encountered at
a depth of 4062m, as the deepest formation at the
bottom, with a great thickness reaching 1002m.
The formation was deposited in time intervals of
6my, with a rate of sedimentation of around
167m/my. The lowest sedimentation rate has
been recorded in the Turi Formation which is
estimated at 1m/my, while the maximum rate of
sedimentation is observed in the Matemateaonga
Formation to be about 460m/my. The top of the
oil window for the Mangahewa Formation in the
Cardiff-1 Well is detected at 18.8 Ma ago at a
depth of 2900m from the surface (see Figure 23).
The organic source rock has attained enough
maturity to generate gaseous hydrocarbon at a
depth of 3220 m at 16.2Ma ago. It is observed
that the postmature condensate zone is reached at
a depth of 4920 m at 3.7 Ma ago (see Figure 23).
Figure 24  reflects the  hydrocarbon
transformation ratio for the Mangahewa
Formation, which indicates that oil has been
generated in concentrations ranging from
22mgHC/gTOC at 18Ma ago to 49mgHC/gTOC
at 15Ma ago. The generated gas has a TR% of
from 4mgHC/gTOC at 18Ma ago to around
10mgHC/gTOC at 15Ma ago. From the results of
the expulsion ratio models, the ratio between the
oil and gas generated by the source rock may be
determined. This in turn indicates the kerogen
type present, as well as the state of thermal
maturity of the source rock. The expulsion ratio
model for the Cardiff-1 well shows that the
formation expelled both kerogen type Il-1ll and
type 11, which suggests a mixture of both oil and
gas in the hydrocarbon generation.

4.4. Petroleum system

The main outcomes of this research study have so
far established a good understanding of the
petroleum system of the Mangahewa Formation,
in terms of the source potential and reservoir
quality. The results have shown that the
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Mangahewa source rocks possess excellent
quantities of organic matter, and a portion of the
source rocks have attained enough maturity for
hydrocarbon expulsion. The reservoir rocks have
good porosity and permeability to host
hydrocarbons. In addition, the textural and
diagenetic properties indicate a high reservoir
quality. Nonetheless, without a good seal the
hydrocarbons would continue migrating upwards
from the reservoir rock to the surface.

In the Taranaki Basin, the mudstones are the
primary seal rocks, and they are found to be
widespread across the basin. The mudstones were
deposited during periodic marine incursions and
eventual transgression over the coastal plains
during the Late Cretaceous and Paleocene. The
main regional seal units are mudstones of the
Turi and Manganui formations,” which are
present as either (i) reservoir-seal pairs via
intercalation with sandstones in the Palaeocene
and Miocene, or (ii) stacked, thin intra-
formational mudstone seals in otherwise thick
sandstone reservoirs of Palaeocene and Eocene
age.” Field et al.” performed a seal quality study
in Taranaki Basin, which included the Maui-4
and Maui-3 wells, both in the area of the Maui
Field. The results of seismic studies covering
some parts of the study area indicate good seals
in the upper part of the Cretaceous (the North
Cape Formation) and in the Late Oligocene-Early
Miocene interval. They also indicate that good
seal characteristics have been observed in the
Upper Eocene, Oligocene and parts of the
Miocene units. These results support the
likelihood that the Turi Formation seals the
Mangahewa sandstone reservoir.

A hypothetical sketch diagram  showing
simplified subsurface structural configurations
and the petroleum system elements, taking into
account data from selected nearby wells, is
shown in Figure 25.° The hydrocarbon
migration generally follows the direction of least
pressure, which is usually but not necessarily
upward in the stratigraphic sequence. As a whole,
the movement of hydrocarbons within the
Taranaki Basin source-reservoir systems is
poorly known. Migration pathways are likely
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short and are generally assumed to involve
bedding plane or fault plane conduits, or
combinations of both.® Therefore, the migration

2020

stratigraphically across the bedding planes within
the Mangahewa Formation and/or structurally
through the faulted permeable zones (see Figure

pathways are expected to take place 25).
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Figure 22.The interpreted well log data shows three promising pay zones,
with Zone 2 being the most promising in the Maui 7 Well.
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1D basin modeling has been performed on the
data collected from the Cardiff-1 Well (see
Figure 23), and a simplified petroleum system
event chart has been built in Figure 26 to show
the general temporal relations among the
essential  petroleum system elements and
processes in this study. During the Lower
Miocene (18.8 Ma ago) the Mangahewa source
rocks started generating oil in at 2900m depth
with a TR% of 22mgHC/gTOC. Furthermore, a

2020

TR% of 10 mgHC/gTOC is predicted for gas
generation, which started during the Middle
Miocene (16.2 Ma ago at a depth approximately
of 3220 m). It appears also that the postmature
condensate zone has been reached at 4920m
depth at 3.7 Ma ago. In addition, it is observed
that the Mangahewa Formation has not yet
achieved peak generation, as hydrocarbons are
continually undergoing expulsion in the present
day.
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Figure 23.1D basin modeling and the timing of hydrocarbon generation in the Cardiff-1 Well in the Mangahewa Formation.

Therefore, hydrocarbon production began during
the Lower Miocene in the mature source rocks of
the Mangahewa Formation, which are organic-
rich coals, shaly coal, shale, and mudstones.
Once a sufficient quantity and maturity has been
attained, these hydrocarbons are expelled and
migrate into the more porous and permeable
reservoir zones of the same formation. The
mudstones of the Turi Formation act as the cap
rocks, whereas overburden rocks include all the
overlying strata. The hydrocarbons most likely
migrate upwards stratigraphically and structurally
through the beds. This generation, migration, and
accumulation are expected to be continuing to the

present day as more source rock units are
expected to achieve sufficient maturity.

5. Conclusion

A comprehensive study of characteristics of the
petroleum system in the Mangahewa Formation
has been conducted. The variable lithologies of
the Mangahewa Formation, ranging from
sandstone, siltstone and mudstone to bituminous
coal, contribute to the formation being both an
excellent potential source and reservoir rock.

The study was conducted by integrating
geochemical data, which encompasses Rock-Eval
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pyrolysis, organic petrographical data and
geochemical biomarkers, with petrophysical
assessment, thin section petrographic description,
well logging interpretation and 1D basin
modeling.

The results show that the Mangahewa Formation
has good source rock potential, with a TOC
content of up to 90 wt. % and pyrolysis S, yields
reaching 280 mg HC/g rock. The source rock
organic matter is classified mostly as kerogen

2020

type II-11l, type 1l and type Il which can
generate oil and/or gas. Coal and shaly coal
samples show the predominance of vitrinite
macerals, probably perhydrous, whereas the shale
samples are rich in liptinite, and /or
migrabitumens. The maturity of the samples
ranges between immature and mature, based
collectively on the pyrolysis parameter Tpmax, the
vitrinite reflectance, and biomarker maturity
indicators.
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Figure 24. Source rock transformation ratio in the Cardiff-1 Well in the Mangahewa Formation.

The Mangahewa Formation also possesses good
reservoir quality, based on petrographical,
sedimentological, and petrophysical analyses.
Diagenetic  features such as compaction,
cementation, clay authigenesis, and dissolution
are observed, with porosity being the most
dominant. As a result, abundant porosity has a
significant part in producing good reservoir
quality. As a whole, the porosity and
permeability values are classified as good, with a
positive correlation as permeability values
increase with increasing porosity. All of these
findings are further supported by promising well
log evaluation results, which indicate that the
Mangahewa Formation has an average effective
porosity of 15.7%, with 32.1% average water
saturation.

It is also proposed that the formation is sealed by
the mudstones of the overlying Turi Formation,

which acts as the caprock. The trapping
mechanism can be considered to include both
structural and stratigraphic traps. The expulsion
of hydrocarbons began during the Miocene and
this expulsion, migration, and accumulation are
expected to continue to the present day as the
source rock attains more maturity. The results
from this comprehensive study demonstrate that
the Middle to Late Eocene Mangahewa
Formation can be satisfactorily considered as a
complete petroleum system unit.

Highlights

e The Mangahewa Formation has excellent
organic matter and generation potential.

e The Mangahewa Formation has good porosity
and permeability as a reservoir rock.

e The Mangahewa Formation is considered to be
a complete petroleum system.
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o Stratigraphic and structural traps are common
features of the hydrocarbon accumulations.
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Table 1. Cutting samples from different wells in the Mangahewa Formation showing the bulk geochemical results of Rock-

Eval and total organic carbon (TOC).

_ S1 (mg (?nzg (?r?g TOC ('r_|nlg Ol (mg
Well Depth | Lithology | HC/g HC) CcO?/ (wt HC) HCl/g Pl | Tmax
rock) g 9 | o) 91 ToC)
rock) rock) TOC)
Cardiff-1 4070 Coal 10.5 225 5.86 71.1 317 824 | 0.04 | 420
Cardiff-1 4080 Coal 10.1 217 6.37 72.4 299 8.80 0.04 | 419
Cardiff-1 4095 Coal 7.60 193 7.33 72.6 265 10.1 0.04 | 422
Cardiff-1 4095 Scr;aal?/ 3.54 96.8 3.65 37.2 260 9.80 0.04 | 426
Cardiff-1 4095 | Mudstone | 0.64 20.6 1.06 8.3 248 12.7 0.03 | 431
Cardiff-1 4105 Coal 7.23 191 7.24 74.9 254 9.66 0.04 | 422
Cardiff-1 4145 Coal 6.24 185 7.22 76.3 242 9.46 0.03 | 427
Cardiff-1 4285 Coal 5.57 184 6.31 76.4 240 8.26 0.03 | 432
Cardiff-1 4660 Coal 15.7 208 3.42 79.4 262 4.31 0.07 | 443
Cardiff-1 4880 Coal 17.6 204 3.45 78.0 262 4.42 0.08 | 443
Cardiff-1 4880 Scr:%l?/ 9.34 119 1.29 42.3 281 3.05 0.07 | 441
Cardiff-1 4880 | Mudstone | 1.08 8.20 1.54 5.07 162 304 | 0.12 | 436
Inglewood-1 | 3725 Coal 11.7 112 6.31 40.7 274 15.5 0.09 | 430
Inglewood-1 | 3755 Coal 10.6 103 7.22 26.0 397 27.8 0.09 | 433
Inglewood-1 | 3908 Coal 10.7 128 6.71 26.0 491 25.8 0.08 | 433
Inglewood-1 | 3968 Coal 12.8 148 10.5 45.1 328 23.3 0.08 | 436
Inglewood-1 | 4395 Coal 16.1 101 1.21 22.4 450 5.41 0.14 | 440
Inglewood-1 | 3801 Coal 8.84 181 7.56 68.1 266 11.1 0.05 | 428
Inglewood-1 | 3801 | Mudstone | 0.76 14.5 0.60 6.33 229 9.48 0.05 | 434
Inglewood-1 | 4334 Coal 12.8 189 5.31 67.5 280 7.87 0.06 | 434
Inglewood-1 | 4334 | Mudstone | 0.39 6.46 0.22 4.10 158 5.37 0.06 | 428
Kaimiro-1 3799 Coal 13.2 222 4.80 73.2 304 6.56 0.06 | 432
Kaimiro-1 3799 scr:ﬂ?/ 5.78 77.1 2.84 33.6 229 8.44 | 0.07 | 432
Kaimiro-1 3799 | Mudstone | 1.95 28.4 1.04 10.9 260 9.53 0.06 | 431
Kaimiro-1 4030 Coal 13.9 231 4.68 75.7 305 6.19 0.06 | 432
Kaimiro-1 4030 Scr:)ﬂly 4.92 73.4 3.31 31.3 235 10.6 0.06 | 428
Kaimiro-1 4030 | Mudstone | 1.31 215 0.82 8.07 266 10.2 0.06 | 429
Kapuni-2 3292 Coal 4.90 49.7 8.00 30.6 162 26.1 0.09 | 432
Kapuni-2 3341 Coal 3.59 80.0 9.77 27.8 287 35.1 0.04 | 430
Kapuni-2 3511 Coal 16.5 166 13.4 53.5 311 25.0 0.09 | 432
Kapuni-2 3609 Shale 1.09 7.22 7.22 7.16 101 101 0.13 | 434
Kapuni-2 3731 Shale 0.63 2.34 2.34 3.68 64 63.6 0.21 | 433
Kapuni-2 3780 Coal 15.0 196 196 71.0 276 276 0.07 | 431
Kapuni-2 3804 Shale 3.29 394 39.38 18.4 214 214 0.08 | 434
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Maui-4 2158 Coal 9.68 131 20.3 83.3 157 24.3 0.07 | 423
Maui-4 2158 Sck:)zzlly 6.01 48.5 9.6 25.3 192 37.9 0.11 | 429
Maui-4 2158 | Mudstone | 2.41 18.2 3.4 8.36 217 40.7 0.12 | 425
Maui-4 2200 Coal 9.99 139 22.4 65.6 212 34.2 0.07 | 422
Maui-4 2200 Scr:g?/ 3.06 58.4 8.41 25.8 227 32.7 0.05 | 426
Maui-4 2200 | Mudstone | 0.70 12.0 2.08 5.56 215 374 | 0.06 | 422
Maui-5 2712 Shale 0.00 0.37 0.51 0.68 54 75.0 0.00 | 428
Maui-5 2800 Shale 0.56 12.0 1.71 6.74 178 254 | 0.04 | 429
Maui-6 2801 Shale 0.45 6.34 0.67 3.24 196 20.7 0.07 | 433
Maui-6 3027 Shale 0.11 3.01 0.37 2.69 112 13.8 0.04 | 428
Ngatoro-1 3997 Coal 8.72 207 7.07 74.9 276 9.44 0.04 | 431
Ngatoro-1 3997 Scrgzlly 3.19 66.6 5.40 31.3 212 17.2 0.05 | 431
Ngatoro-1 3997 | Mudstone | 1.46 31.5 1.71 12.0 264 14.3 0.04 | 431
N- Tasman-1 | 2082 Coal 3.55 122 17.7 62.3 196 284 | 0.03 | 428
Ohanga-2 3969 Coal 26.0 277 1.50 747 371 2.01 0.09 | 419
Ohanga-2 3987 Coal 10.6 223 2.27 75.5 296 3.01 | 0.05 | 428
Ohanga-2 3990 Coal 10.1 234 1.78 77.4 303 2.30 0.04 | 433
Ohanga-2 4014 Coal 12.3 237 1.87 78.7 301 2.38 0.05 | 431
Ohanga-2 4019 Coal 13.1 270 2.66 90.0 300 2.95 0.05 | 431
Ohanga-2 4021 Scr:;:?/ 7.73 280 0.67 65.6 427 1.02 0.03 | 430
Ohanga-2 4140 Coal 18.1 250 1.11 69.3 360 1.60 0.07 | 428
Ohanga-2 4140 Coal 22.6 253 1.89 74.2 341 2.55 0.08 | 429
Ohanga-2 4144 Coal 10.9 214 2.06 77.1 277 2.67 0.05 | 433
Ohanga-2 4173 Coal 134 234 1.58 71.7 301 2.03 0.05 | 435
Ohanga-2 4182 Coal 16.4 244 1.43 73.5 332 194 | 0.06 | 433
Ohanga-2 4224 Coal 13.5 224 2.46 74.3 302 3.31 0.06 | 434
Ohanga-2 4299 Coal 13.6 224 2.34 76.3 293 3.07 0.06 | 437
Ohanga-2 4308 Coal 14.8 225 2.59 76.1 296 3.40 0.06 | 436
Ohanga-2 4317 Coal 12.2 226 1.81 77.5 292 2.34 | 0.05 | 437
Ohanga-2 4353 Coal 14.2 215 1.98 77.3 278 2.56 0.06 | 437
Okoki-1 3870 | Mudstone | 0.15 1.53 0.67 1.17 131 57.3 0.09 | 441
Okoki-1 4155 | Mudstone | 0.19 1.62 0.47 1.21 134 38.8 0.10 | 443
Okoki-1 4185 | Mudstone | 0.37 2.61 1.09 2.06 127 52.9 0.12 | 442
Okoki-1 4215 | Mudstone | 0.24 1.93 0.35 1.36 142 25.7 0.11 | 445
Pukeko-1 3355 Coal 8.99 193 3.20 57.4 337 5.58 0.04 | 414
Pukeko-1 3415 Coal 114 169 2.96 47.5 356 6.23 0.06 | 419
Pukeko-1 3425 Coal 10.1 149 3.06 44.2 337 6.92 0.06 | 416
Urenui-1 3508 Shale 0.51 3.69 0.55 1.90 194 28.9 0.12 | 430
Urenui-1 3569 Coal 1.81 21.1 0.98 7.02 301 14.0 0.08 | 433
Urenui-1 3600 Coal 5.60 67.8 3.26 20.2 335 16.1 0.08 | 437
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Urenui-1 3752 Coal 9.31 120 3.87 37.0 325 10.5 0.07 440
Waihapa-1 4026 Coal 11.1 238 4.64 73.7 322 6.29 0.04 425
Waihapa-1 4050 Coal 6.95 205 5.11 73.2 280 6.98 0.03 428
Waihapa-1 4110 Coal 7.00 177 7.30 75.6 234 9.66 0.04 430
Waihapa-1 4182 Coal 5.63 182 7.03 75.0 243 9.38 0.03 433
Waihapa-1 4218 Coal 8.30 198 6.19 73.9 268 8.38 0.04 430
Waihapa-1 4257 Coal 7.52 171 7.52 74.4 230 10.1 0.04 432
Waihapa-1 4293 Coal 6.48 158 7.01 76.4 207 9.17 0.04 437
Waihapa-1 4299 Coal 5.93 157 7.29 75.5 208 9.66 0.04 438
Waihapa-1A | 4674 Coal 6.62 155 4.87 73.2 212 6.65 0.04 440
Waihapa-1A | 4674 SCZZI?/ 2.86 81.0 2.75 33.7 241 8.17 0.03 443
Waihapa-1A | 4674 | Mudstone 0.90 23.2 0.63 8.86 262 7.11 0.04 442
Waihapa-1A | 4719 Coal 12.1 201 4.07 80.9 248 5.03 0.06 447
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Table 2. List of samples assessed for thermal maturity using Tmax and vitrinite reflectance (VR%).

Well Depth | Lithology T(rz‘:‘;‘x (\S/S
Cardiff-1 4070 Coal 420 0.61
Cardiff-1 4080 Coal 419 0.63
Cardiff-1 4095 Coal 422 0.69
Cardiff-1 4105 Coal 422 0.7
Cardiff-1 4145 Coal 427 0.72
Cardiff-1 4285 Coal 432 0.72
Cardiff-1 4660 Coal 443 0.87
Inglewood-1 4395 Coal 440 0.72
Kapuni-2 3780 Coal 431 0.61
Ohanga-2 3969 Coal 419 0.51
Ohanga-2 3987 Coal 428 0.77
Ohanga-2 3990 Coal 433 0.75
Ohanga-2 4014 Coal 431 0.69
Ohanga-2 4140 Coal 428 0.56
Ohanga-2 4140 Coal 429 0.6
Ohanga-2 4144 Coal 433 0.76
Ohanga-2 4173 Coal 435 0.73
Ohanga-2 4182 Coal 433 0.67
Ohanga-2 4224 Coal 434 0.71
Ohanga-2 4299 Coal 437 0.78
Ohanga-2 4308 Coal 436 0.75
Ohanga-2 4317 Coal 437 0.75
Ohanga-2 4353 Coal 437 0.8
Pukeko-1 3355 Coal 414 0.53
Urenui-1 3569 Coal 433 0.63
Urenui-1 3752 Coal 440 0.76
Waihapa-1 4026 Coal 425 0.55
Waihapa-1 4050 Coal 428 0.59
Waihapa-1 4110 Coal 430 0.69
Waihapa-1 4182 Coal 433 0.69
Waihapa-1 4218 Coal 430 0.66
Waihapa-1 4257 Coal 432 0.71
Waihapa-1 4293 Coal 437 0.75
Waihapa-1 4299 Coal 438 0.77
Toko-1 4173 Coal 428 0.66
Toko-1 4216 Coal 427 0.63
Toko-1 4231 Coal 434 0.74
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Table 3. Maceral compositions of Mangahewa coal samples.

Amorphous +

Well Depth | Lithology | Alginite + Liptinite V'tgmlte Inel;tlnlte
%) @) | (%)
Cardiff-1 4070 | Coal 7.4 87.6 5
Cardiff-1 4080 | Coal 4.5 86.8 8.7
Cardiff-1 4095 | Coal 7 87.6 5.4
Cardiff-1 4105 | Coal 8.5 85 6.5
Cardiff-1 4145 | Coal 4.8 85.9 9.3
Cardiff-1 4285 | Coal 7.3 87.5 5.2
Inglewood-1 4395 | Coal 13.4 79.7 6.9
Kapuni-2 3780 | Coal 8.9 88.9 2.21
Urenui-1 3569 | Coal 19 65 16
Urenui-1 3752 | Coal 18 71 12
Waihapa-1 4026 | Coal 10.7 84.7 4.6
Waihapa-1 4050 | Coal 9.6 80.7 9.7
Waihapa-1 4110 | Coal 7.2 88.4 4.4
Waihapa-1 4182 | Coal 4 85.9 10.1
Waihapa-1 4218 | Coal 4.2 83.3 125
Waihapa-1 4257 | Coal 4.1 85.4 10.5
Waihapa-1 4293 | Coal 2 90.7 7.3
Waihapa-1 4299 | Coal 2 88.3 9.7
Toko-1 4173 | Coal 7.7 80.6 11.7
Toko-1 4216 | Coal 5.7 82.2 12.1
Toko-1 4231 | Coal 6.8 86.4 6.8
Toko-1 4321 | Coal 4.9 82.9 12.2
Mangahewa-2 | 3539 | Coal 3.3 83.8 12.9
Mangahewa-2 | 3552 | Coal 13.4 82.1 4.5
Mangahewa-2 | 3557 | Coal 14.1 77.8 8.1
Mangahewa-2 | 3576 | Coal 4.4 92.3 3.3
Mangahewa-2 | 3583 | Coal 14.1 83 2.9
Mangahewa-2 | 3717 | Coal 6.6 88.1 5.3
Mangahewa-2 | 3725 | Coal 5.7 83.3 11
Mangahewa-2 | 3784 | Coal 4.9 89 6.1
Mangahewa-2 | 3789 | Coal 6.1 87.7 6.2
Mangahewa-2 | 3815 | Coal 3.2 85.1 11.7
Mangahewa-2 | 3840 | Coal 5.4 87.2 7.4
Mangahewa-2 | 3849 | Coal 4.8 88.7 6.5
Mangahewa-2 | 3867 | Coal 6.8 85.6 7.6
Mangahewa-2 | 3895 | Coal 15.3 83.1 1.6
Mangahewa-2 | 3915 | Coal 7.7 85.5 6.8
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Table 4. Biomarker parameters calculated from n-alkanes and isoprenoids.
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Well Pr/Ph | PrInCy7 | Ph/InCis| CPI OEP TAR | Waxiness
2.74 0.5 0.19 1.23 1.23 0.17 0.46
2.68 0.48 0.15 1.06 1.07 0.09 0.46
3.18 0.46 0.16 1.14 1.13 0.14 0.5
< 9.39 1.79 0.28 1.51 1.05 0.91 1.29
= 6.37 1.13 0.21 1.51 1.15 0.56 1.08
g 8.39 2.88 0.32 15 1.15 1.29 2.3
8.24 3.4 0.36 1.56 1.16 1.69 2.85
3.97 0.67 0.14 1.23 1.1 0.27 0.73
6.95 4.86 0.75 1.2 1.02 0.79 1.54
9.08 2.43 0.26 1.44 1.19 1.65 2.79
9.54 4.37 0.37 15 1.23 25 4.05
6.59 1.17 0.16 1.11 1.07 0.38 1.26
L0 5.08 2.47 0.64 1.58 1.07 2.39 1.95
>
§ 13.35 4.16 0.39 1.59 1.18 1.42 1.67
ik 12.38 | 11.61 0.85 1.79 1.16 11.55 9.06
o
©
S 11.02 | 14.11 1.05 1.53 1.13 5.41 4.94
. 4.64 35 0.7 1.2 1.06 1.89 2.6
S 4.97 2.67 0.56 1.13 1.05 1.65 2.51
g 5.04 2.3 0.49 1.14 1.05 1.71 2.63
5.07 2.47 0.48 1.13 1.04 1.92 2.85
S 8.6 7.21 0.81 1.34 1.26 1.74 3.1
2 -
g 10.77 3.95 0.33 1.21 1.11 1.26 2.23
& 7.06 1.38 0.2 1.11 1.07 0.83 1.65
§ < | 536 0.79 0.15 1.09 1.03 0.65 1.39
‘s | 4.43 0.89 0.19 1.08 0.99 1.1 2.05
= 8.56 1.54 0.17 1.1 1.05 0.6 1.51
. 8.85 3.55 0.38 1.17 1.17 0.71 1.39
_é 12.38 3.51 0.26 1.17 1.04 0.76 1.77
o 9.81 3.15 0.29 1.1 1.01 1.02 2.22
5.06 0.84 0.15 1.14 1.21 0.3 0.95
g | 1323 6.79 0.41 1.29 1.1 1.85 2.76
'c;rs S| 1232 5.84 0.42 1.25 1.08 1.45 2.32
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2.88 0.66 0.24 1.05 1.03 0.21 0.71
3.34 1.11 0.31 1.06 1.06 0.21 1.04
3.12 1.18 0.32 1.08 1.02 0.89 1.76
10.35 7.09 0.57 1.11 1.02 1.46 2.87
o 6.6 6.4 0.82 1.09 1.01 2.49 4.23
@ 6.26 6.21 0.83 11 1.02 2.17 3.76
g 471 2.73 0.51 1.01 1.04 0.59 1.32
S 10.04 9.54 0.86 1.16 1.02 2.94 4.64
7.73 8.62 0.87 1.16 1.02 2.45 3.85
7.16 7.08 0.84 1.15 1.05 2.34 3.67
FI| 8.06 12.69 3.4 1.43 0.94 3.27 4.93
% 10.98 5.22 0.83 1.59 1.12 2.47 3.68
= 8.72 5.89 1.22 1.26 1.07 1.1 2.25
o 8.12 15.51 2.6 1.26 0.92 1.68 3.34
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Table 5. Biomarker parameters calculated from hopanes and terpanes.

Well | 19tri/23tri 24tri/23tri Cs S/IS+R G
0 - - 0.27 0.00
3
S 0.67 0.62 0.33 0.00
© - - 0.40 0.00
3
S 0.80 0.83 0.47 0.00
- 0.10 0.45 0.58 0.07
i, 1.26 0.54 0.59 0.03
£ 0.95 0.49 0.59 0.04
O 1.63 0.56 0.58 0.03
= 1.63 1.54 0.61 0.02
o
(4]
<
g 8.82 2.00 0.61 0.01

9.55 0.48 0.60 0.02
<
B 3.51 0.46 0.59 0.02
=1
= 2.26 0.48 0.59 0.03
=
22.50 0.68 0.60 0.02
- 10.02 1.21 0.61 0.02
S 18.92 1.30 0.59 0.02
© 23.29 0.83 0.60 0.02
23.13 0.55 0.57 0.05
. 12.37 4.10 0.60 0.02
S 9.69 2.89 0.60 0.02
= 1.21 0.41 0.59 0.03
'5 0.65 0.42 0.59 0.03
0.57 0.44 0.58 0.04
11.00 0.31 0.59 0.01
8.04 0.36 0.59 0.01
N 9.81 0.36 0.60 0.01
§ 451 0.43 0.58 0.01
3 9.38 0.40 0.60 0.01
o) 10.88 0.33 0.60 0.01
9.56 0.00 0.59 0.01
5 .- 2.66 0.53 0.23 0.02
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2.04 0.55 0.29 0.02
2.32 0.47 0.28 0.03
3.21 3.23 0.32 0.02
2.20 0.65 0.39 0.02
2.85 0.94 0.38 0.01
3.64 0.71 0.40 0.02
4.43 0.00 0.51 0.02
3.08 0.73 0.59 0.02
6.57 0.71 0.59 0.02
6.47 0.60 0.59 0.02
17.88 0.60 0.61 0.01
. 31.82 0.69 0.48 0.02
< 17.48 0.63 0.57 0.01
% 98.31 0.61 0.53 0.02
o - - 0.53 0.01
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Table 6. Biomarker parameters calculated from steranes.
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Well %Cy7 %Cys %Cy9 Cy9 SI(S+R) Coopp/(0a+ BP)
it 2049 | 000 | 7051 0.00 0.00
1848 | 2201 | 5951 0.20 0.33
it 1492 | 11.99 | 73.09 0.14 0.33
2304 | 000 | 76.96 0.20 0.39
3570 | 21.01 | 43.29 0.53 0.48
. 3157 | 1672 | 51.71 0.58 0.50
Okoki-1 2842 | 16.76 | 54.81 0.54 0.53
2885 | 1639 | 54.75 0.59 0.49
Waihapat | 893 | 1436 | 7671 0.50 0.35
571 | 1303 | 8126 0.50 0.28
000 | 1541 | 8459 0.52 0.52
. 1003 | 1858 | 62.39 0.57 0.54
Waihapa-1A [ e 1820 | 55.04 0.59 0.53
894 | 1701 | 74.05 0.55 0.52
784 | 1297 | 79.19 0.51 0.46
kol 0.00 | 1235 | 87.65 0.50 0.38
0.00 | 1442 | 8558 0.55 0.50
1041 | 13.95 | 66.64 0.63 0.50
877 | 1649 | 74.74 0.51 0.34
892 | 1512 | 75.95 0.51 0.35
Kaimiro-1 33.79 21.44 44.76 0.58 0.55
3836 | 17.90 | 43.73 0.63 0.56
38.65 | 19.60 | 41.66 0.62 0.57
752 930 | 7317 0.45 0.39
751 | 17.48 | 7501 0.49 0.50
611 | 1844 | 7544 0.48 0.49
Ohanga-2 785 | 1600 | 76.15 0.50 0.45
1247 | 1004 | 68.49 0.50 0.51
787 | 1748 | 7465 0.47 0.49
1089 | 1835 | 70.76 0.48 0.53
9.78 | 1689 | 73.33 0.18 0.34
1359 | 1858 | 67.83 0.22 0.40
1233 | 1724 | 7042 0.25 0.38
Maui-4 506 | 13.16 | 81.78 0.12 0.24
374 | 2054 | 75.73 0.15 0.18
309 | 19.76 | 77.15 0.14 0.17
232 | 2397 | 7372 0.14 0.20
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638 | 1402 | 79.60 0.25 0.34

671 | 1210 | 8119 0.46 0.30

394 | 1137 | 84.69 0.47 0.20

479 | 1350 | 8171 0.49 0.22

0.00 | 1431 | 8569 0.53 0.52

604 | 1682 | 77.14 0.22 0.34

» 521 | 4000 | 54.79 0.28 0.52
Pukeko-1 0.00 0.00 | 100.00 0.21 0.43
000 | 1146 | 8854 0.30 0.36

2020

76



Scientia Bruneiana, Vol. 19, No. 1 2020
Table 7. Petrophysical data for selected sandstone core samples from the Mangahewa Formation.
Well Depth Porosity Permeability
(m) (%) (mD)
Maui-5 2807 21.6 5900.0
Maui-5 2852 18.8 1800.0
Maui-6 2789 20.7 6900.0
Maui-6 2821 24.9 210.0
Maui-6 2862 21.1 5800.0
MB-P(8) 2970 21.4 105.9
MB-P(8) 2973 24.6 5403.0
Moki-1 2092 17.40 92.0
Moki-1 2094 15.60 22.0
Moki-1 2096 17.40 275.0
Moki-1 2103 17.00 111.0
Moki-1 2112 18.40 25.0
Moki-1 2125 11.50 7.1
Moki-1 2129 9.50 1.2
Moki-1 2131 13.40 6.9
Moki-1 2131 17.50 203.0
Table 8. Well log petrophysical report of sandstone reservoir zones in the Mangahewa Formation.
Thickness/Net (m) Porosity (%0) Fluids (%0)
Well Thick: Net Net
Top | Bottom ness Res Pay PHIT | PHIE Va Sw Sh
Maui-7 | 2695 2990 295 78.5 19.5 | 25.0% | 16.3% | 32.6% | 18.4% | 81.6%
Maui-5 | 2804 3075 271 40.31 3.2 | 20.3% | 16.1% | 17.6% | 33.3% | 66.7%
Maui-6 | 2785 3002 217 38.46 | 3.28 | 17.9% | 17.5% | 30.0% | 31.8% | 68.2%
Moki-1 [ 2073 2410 337 22.38 7.8 21.8% | 13.0% | 32.7% | 44.7% | 55.3%
Average 21.3% | 15.7% | 28.2% | 32.1%
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