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ABSTRACT

The Kapuni group within the Taranaki Basin in New Zealand is a potential
petroleum reservoir. The objective of the study includes building a sequential approach to
identify different geological features and facies sequences within the strata, through
visualizing the targeted formations by interpreting and correlating the regional geological
data, 3D seismic, and well data by following a sequential workflow. First, seismic
interpretation is performed targeting the Kapuni group formations, mainly, the
Mangahewa C-sand and Kaimiro D-sand. Synthetic seismograms and well ties are
conducted for structural maps, horizon slices, isopach, and velocity maps. Well log and
morphological analyses are performed for formation sequence and petrophysics
identification. Attribute analyses including RMS, dip, azimuth, and eigenstructure
coherence are implemented to identify discontinuities, unconformities, lithology, and
bright spots. Algorithmic analyses are conducted using Python programming to generate
and overlay the attributes which are displayed in 3D view. Integrating all of the attributes
in a single 3D view significantly strengthens the summation of the outputs and enhances
seismic interpretation. The attribute measurements are utilized to characterize the
subsurface structure and depositional system such as fluvial dominated channels, point
bars, and nearshore sandstone. The study follows a consecutive workflow that leads to

several attribute maps for identifying potential prospects.
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SECTION

1. INTRODUCTION

The Taranaki Basin, a Cretaceous foreland basin, is the first explored basin in
New Zealand. It covers an area of about 330,000 km? mostly in the offshore along the
west coast of New Zealand’s North Island. Typical plays occurred within the Taranaki
Basin are half graben, inversions, volcanic edifices, extensional fault blocks, and thrust
folds. The basin is filled up with about 9 km of sediments. Coals of the Pakawau and
Kapuni groups are considered the most potential petroleum source rocks in the basin. The
basin’s typical potential reservoirs are in terrestrial, paralic and nearshore sandstones,
turbidites, fractured limestone, volcaniclastics, and shelf sands reservoirs, which were
developed in Cretaceous—Paleogene.

The 2015 petroleum exploration data package was prepared by the Ministry of
Business, Innovation, and Employment (MBIE) in New Zealand. The package includes
2D/3D seismic surveys, composite well data, core imaging, thin section
photomicrographs, production history, report of interests, and GIS maps.

The seismic data is interpreted to gain a general understanding of the structural
features characterizing the geological background of the study area. Both the seismic
vertical sections and the seismic horizontal slices are studied to obtain an overall view of
the structural impression on the targeted horizons. Additionally, both the well logs and
the formation tops provide a general indication of the structural characterization. The
well data are utilized to correlate the 3D seismic volume to identify the horizons of the

study.



Petrophysical analyses are implemented using both geological data in form of the
thin sections of well cores to conduct the reservoir properties and to calculate
petrophysical parameters including the water saturation, shale volume, and porosity. The
thin sections are scanned and analyzed using the visual analysis tool that counts different
pores and grains beside measuring their shapes and sizes for porosity and permeability.

Attribute processing analysis is the main goal of the study. Geometric attributes
such as volumetric dip and azimuth, coherence, and curvature are crossploted to
strengthen the summation of their outputs supporting the seismic interpretation. A
comparison between the Pseudo attribute and the petrophysicsal analysis is performed
using the photomicrographs and the logs for better optimization. Attribute measurements
are integrated to characterize the subsurface structure and depositional system. Finally,
multi-attribute analyses are conducted to optimize the results predicted from attributes.

This integrated study is expected to support the petroleum exploration with the
low cost by using the capabilities of the geophysical processing and interpretation of the
seismic data. The attribute maps for identifying the potential prospects and characterizing
the target reservoir by using the available seismic and well data provide constraints for

future exploration and drilling.

1.1. AREA OF STUDY

New Zealand consists of two major landmasses with a total area of 250,000 km?
located in the southwestern of the Pacific Ocean (Figure 1.1). However, most of New
Zealand continent area (6 million km?) is submerged under the sea in the northwest,
south, and east of New Zealand. It is considered a high potential prospective country for

oil and gas discoveries. Many gas and oil fields are discovered. The Taranaki Basin is the



first explored basin which is a sedimentary basin in the western New Zealand with an
area of about 330,000 km? mostly in the offshore (Figure 1.1). Currently, the Taranaki

Basin is the only producing province in New Zealand (King et al., 2010).

Study Area:
Taranaki Basin

| lew Zealand

Figure 1.1. Map showing location of the Taranaki Basin that lies 1150 miles east of
Australia, across the Tasman Sea. The red rectangle is the approximate location of the
Taranaki Basin, west of New Zealand (Google Earth, 2018).

1.2. REGIONAL GEOLOGY

New Zealand is distributed in an active tectonic boundary between the Australian
and Pacific plates (Figure 1.2). Since 20 million years ago, major deformations and
uplifts developed in this region resulting the uprising of the New Zealand land above the
sea level (NZPAM, 2014) (Figure 1.2). New Zealand consists of two main islands. The

North Island located in the Australian Plate, while the South Island is part of the Pacific



Plate. In the eastern North Island, the Pacific Plate is subducting beneath the Australian
Plate with a speed of 40 to 50 mm/yr decreasing toward south (Figure 1.2). In the South
Island, the boundary between the oceanic lithosphere of the Australian and the Pacific
plates is a strike slip fault known as the Alpine Fault. South of the South Island, the
Pacific Plate slowly raises the Australian Plate (Figure 1.3). As a result of these plate
tectonics, many basins are formed around New Zealand. This study focuses on the
Taranaki Basin which is the only producing basin in New Zealand.

The Taranaki Basin is a Cretaceous foreland basin found along the west coast of
New Zealand’s North Island and the northern part of South Island (Figures 1.2 and 1.3)
[Higgs et al., 2010]. On the north-east to east, the basin is bounded by the buried
Taranaki Thrust Fault (Figures 1.4) and on the south-east by Waimeae-Flaxmore faults.
The present day shelf break bounds the Taranaki Basin from south to south west. In the
west, the deepwater Taranaki is extended to the north-west boundary of the basin.

The Taranaki Basin is a marine basin with a continental crust basement. Initially,
it is considered as part of the Caledonian Basin. However, the Taranaki Basin was
separated from the Caledonian Basin about 118 Ma with the propagation of the New
Zealand-Antarctic Ridge [King et al., 2010]. This intra-continental failed rift separated
proto-New Zealand from the eastern Gondwana. Between 80 — 55.5 Ma, drift of New
Zealand continental fragment from the reminant Gondwana (Australia-Antractical) block
occurred to start open the Tasman Sea [King et al., 2010]. Moreover, the thrust fold and
arc developed 20 Ma in the North-east of the Taranaki Basin [Higgs et al., 2010].

The basin is characterized by many tectonic elements developed since Cretaceous,

which includes passive margin, platform subsidence, volcanic arc, fold-thrust belt, and



back-arc rift. These tectonic events formed many sub-basins (Higgs et al., 2010). The
main sub-basins that characterized with thick deposits are Pakawau, Manaia, and Maui

sub-basins in the south, and the Moa and Te Ranga sub-basins in the north (Figure 1.4).

170°E

AUSTRALIAN

40° S

" |—Main Map

z
PACIFIC
PLATE

2000m

50° 54

Figure 1.2. Tectonic setting of New Zealand. The estimated boundary of the Taranaki
Basin is shown east of the northern Island. The shaded area is the sedimentary
accumulation around New Zealand with many basins. The Taranaki Basin is bounded by
the red lines. The blue line represents the X — X’ cross-section in Figure 1.3 (Modified
from Nicol et al., 2007).

The Taranaki Basin contains typical plays, such as half graben, inversions,
volcanic edifices, extensional fault blocks, and thrust folds. Sediments fill up to about 9
km in the basin (King et al., 2010). The basin consists of four main stratigraphy, i.e., the
Late Cretaceous Pakawau group, the Paleocene-Eocene Kapuni and Moa groups, the

Oligocene-Miocene Ngatoro and Wai-iti groups, and the Plio-Pleistocene Rotokare group

(Table 1.1 and Figure 1.5).



Retroarc Foreland Core
foreland X fold-thrust zone Feore—arc X’
beit A basin Trench

Pacific Plate

Figure 1.3. The Taranaki Basin evolution. The red lines bound the basin. The location of
line X — X’ can be found in Figure 1.2 (Modified from Stern and Davey, 1990).

A wide range of lithofacies is presented in the basin and characterized by fluvial-
deltaic depositional system. As a result, typical reservoirs developed such as terrestrial,
paralic, nearshore sandstones, turbidites, fractured limestones, volcaniclastics, and shelf
sand reservoirs (King et al., 2010).

Coals of the Pakawau and Kapuni groups considered the most potential petroleum
source rocks in the Taranaki Basin. Late Cretaceous Pakawau Group source rocks started
converting (Type 111) Kerogen to hydrocarbons between about 65 to 20 Ma. The Eocene
Kapuni group source rocks generated hydrocarbons from the marginal marine (Type I1)
Kerogens since the last 0.4 M.yr. In addition, there is a good organic carbon generative
source potential from the coal-bearing Rakopi, Farewell, Kaimiro, and Mangahewa
formations (Figure 1.6).

The Taranaki Basin geologic style and fault system (Figure 1.4) played a primary
role in migrating the hydrocarbon from the source coaly rocks, and marine shales in the
Cretaceous—Paleogene to the upper potential reservoir. Moreover, the source rocks of the
Taranaki Basin evolved a large volume of CO2 prior to oil generation that could support

the migration process (King et al., 2010).
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Table 1.1. Sequence groups representing main stratigraphy and their formations forming
the petroleum elements of the Taranaki Basin (Modified from Higgs et al., 2010; King et

al., 2010).
Age Phase Petroleum Group Formation Reservoir Facieses
Element
Mangaa Slope sandstones
o . ” Giant foresets Fine-grained basin
io- eServoir
deposits
o Matemateaonga Floor,_slope, and shelf
> deposits
a Ureni Slope channel
> conglomerates
E ——
Mt Messenger Vol_canlclatlc
. ” sediments
eServoir - ) .
Seal Wai-Iti | Mohakatino Submarine fan sands
Miocene Moki Submarine fan sands
. Shelf to basin floor
Manganui
mudstones
. Calcareous mudstones,
Taimana
slope carbonates
Reservoir/ Ngatoro | Tikorangi Limestone and slope
Seal carbonates
. Calcareous sandstones
Oligocene Otaraoa .
and limestone
Submarine fan
. Tangaroa
Reservoir/ sandstone
° Moa
e Seal . Shelf and slope,
5 Turi
a mudstones
Eocene ? Mckee Shal_low-margmal
= marine sandstones
= Coastal sands, coal
Reservoir/ Mangahewa mudstone
Seal/ Kapuni Kaimiro Fluvial sands, coal
Source mudstone
Fluvial braid plain
Paleocene Farewell coastal sands, coal
mudstone
L. Cretaceous Source Pakawau | Rakopi Organic marine coal
mudstone
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Figure 1.5. Cretaceous - Cenozoic stratigraphic framework for the Taranaki Basin
(NZPAM, 2014).
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TARANAKI BASIN PETROLEUM SYSTEMS
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Figure 1.6. The Taranaki Basin petroleum system (NZPAM, 2014).

1.3. DATASET

The Petroleum Exploration Data Pack was provided by the New Zealand

Petroleum and Minerals (NZPAM). The pack includes information about the Taranaki,

Tasman Frontier, Reinga-Northland, East Coast, Pegasus, Raukaumara, West Coast,

Western Southland, Whanganui, Great South, and Canterbury basins. The content of the

data pack is listed as following:
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Seismic Data: there are about 582 2D/3D seismic survey projects. For the Taranaki
Basin, there are 255 2D seismic survey projects and 41 3D seismic data. The
seismic surveys are attached with their seismic navigation files and cultural data
across New Zealand. The seismic data studied in this project includes three 3D
seismic data sets, i.e., Maui Base, Maari, and Kerry, in addition to many 2D lines
which cover the area between Manaia and Maui sub-basins (Figure 1.10).
Well Data: there are Las data from 535 wells that compose many types of logs such
as Gamma ray (GR), SP, resistivity, sonic, density, and neutron. Depth-TWT
calibration files are attached. In this study, around 40 wells are studied (Table 1.2).
Moreover, the wells are attached with geological data in the form of thin section
photomicrograph core photos and samples for specific reservoirs (Figure 1.9). Also,
there are petrophysical data in form of geochemistry and fluid flow base data of the
reservoirs, well testing, and production history for the wells.
Maps and Reports: there is a comprehensive GIS dataset of the seismic and well
data available, such as seamless Geology GNS QMAP of a 1:250,000 geological
map series of onshore New Zealand. This includes GIS mapping of studied
petroleum source rock potential, seal rock distribution and quality, and petroleum
occurrences, in addition to New Zealand Basement Composition and Heat Flow
GIS. Report of interests regarding seismic processing, geological history, and

petroleum prospectively are included.
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Figure 1.7. Basemap of the main 3D seismic surveys and wells data covers the southern

of the Taranaki Basin. The box in the upper left shows the location of the study area in

red box relative to the North Island. The red line in 3D Maui Base represents Inline 693
shown in Figure 1.8.
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Figure 1.8. Vertical seismic section of Inline 693 showing a first indication of gas

chimney along the fault located near trace 1300.
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Figure 1.9. Thin section photomicrographs at 1285 m depth from Well Moki-2A for the

Moki Formation with plane polarised light view of conventional core sample

impregnated with blue epoxy resin, Scale 31x. This moderate magnification view of a
clean, fairly labile-rich and fine-grained sandstone indicates the well interconnected pore
system typical of this sample (pores stained blue).



Table 1.2. Well data used in this study
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KB

TD

Well Name m | m) X(m) Y(m) Formation at TD Status
1 |Kea-1 22.5 |3135]1629021.19 |5586256.34 |Kapuni Group |Abandoned
2 |Kupe South-1 [32.5 |3503|1695302.41 |5587765.45 |Farewell Suspended
3 |Kupe South-2 |33.78 |3250|1694679.21 |5589393.76 |Pakawau Group |Suspended
4 |Kupe South-3 |32.3 |3447|1696349.87 |5588793.19 |Pakawau Group |Suspended
5 |Kupe South-4 [33.1 [3800/1697379.36 |[5584897.75 |Tahi Group Abandoned
6 |Kupe South-5|31.3 |3200/1698008.83 |5581189.35 |Puponga Group |Suspended
7 |Kupe South-6 |44 3385|1695807.27 |5588188.69 |Puponga Group |Gas/Condensate
8 |Kupe South-7 |44 3503|1695809.66 [5588188.63 |Farewell Gas/Condensate
9 |Kupe South-8 |44 3834|1695806.11 [5588191.17 |Farewell Gas/Condensate
10 |Kupe-1 94 13682|1696469.65 |5590960.2 |Kapuni Group |Abandoned
11 [IMA-02A 45.13 |5603/1638616.51 [5621546.16 |Kapuni Group |Suspended
12 [IMA-10A 45.13 |4114|1638615.02 [5621551.45 |Kapuni Group |Suspended
13 [Maari-1 27.4 12200]1625842.11 |5575775.01 |Kapuni Group |Suspended
14 |Maari-2 25 1495(1625844.62 |5574534.69 |Moki Abandoned
15 |Maui South-1 (27 |2942]1639157.45 |5614106.61 |Otaraoa Abandoned
16 |Maui-1 9.45 |3510[1626596.18 |[5608925.2 |Pakawau Group |Suspended
17 |Maui-2 34 3567|1638598.35 [5615317.6 |Rotoroa Igneous |Suspended
18 |Maui-3 34 3401]1638807.91 [5623794.59 |Pakawau Group |Suspended
19 |Maui-4 34 3919]1620562.08 |5567960.22 |Basement Abandoned
20 |Maui-5 26.8 [3227|1632348.3 |5614729.85 |Kapuni Group |Abandoned
21 |Maui-6 27 322811635014.86 |5624367.68 |Kapuni Group |Abandoned
22 |Maui-7 27 3139(1627524.56 |5612683.1 |Kapuni Group  |Plugged
23 IMB-N(5)-A  |39.41 |3729(1627100.15 |5611575.54 |Kapuni Group |Active
24 |MB-P(8) 39.42 |3709|1627100.45 |5611571.94 |Kapuni Group |Oil Well
25 |MB-Q(10) 39.42 |3802]1627098.75 |5611569.85 |Kapuni Group |Gas Well
26 IMB-R(1) 39.42 |3620(1627103.47 |5611579.55 |Kapuni Group |Oil Well
27 IMB-S(12) 39.42 |4402(1627097.16 |5611567.85 |Kapuni Group |Gas Well
28 [IMB-T(9) 39.42 |3639(1627096.75 |5611571.55 |Kapuni Group |Gas Well
29 [IMB-V(3) 39.42 |3781]1627101.79 |5611577.54 |Kapuni Group |Suspended
30 [MB-W(2) 39.42 |4186(1627105.45 |5611577.85 |Kapuni Group  |Gas Well
31 |[MB-X(4) 39.42 [3930(1627103.75 |5611575.85 |Kapuni Group |Oil Well
32 [MB-Z(11) 39.42 [3100(1627095.15 |5611569.54 |Kapuni Group |Gas Well
33 |Moki-1 26 |2620(1626642.15 |5575783.81 |Kapuni Group |Abandoned
34 |Moki-2A 22 1822(1627177.03 |5573424.25 |Mahoenui Abandoned
35 [Momoho-1  [39.2 [3145|1697661.88 |5582417.16 |Puponga Group |Abandoned
36 |[MR5P12 46.94 |4773]1625073.28 |5573773.85 |Manganui Oil Well
37 |Rahi-1 29  [3501[1629439.29 |5603654.36 |Basement Dry Hole
38 | Tahi-1 26 1776|1699269.95 |5562322.44 |Pakawau Group |Abandoned
39 |Tieke-1 23.58 |3579(1626407.77 |5629373.08 |Basement Abandoned
40 |Toru-1 32 |4151]1699510.04 |5602622.7 |Farewell Suspended
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1.4. METHODOLOGY

Seismic interpretation is the extraction of subsurface geologic information from
seismic data. The seismic data is interpreted to gain a general understanding of the
structural features characterizing the geological background of the study area. Both the
seismic vertical sections and the seismic horizontal slices are studied to obtain an overall
view of the structural impression on the target horizons. Additionally, both the well logs
and the formation tops are utilized for the structural characterization and for correlating
the 3D seismic volume with the well data to precisely identify the horizons of the study.
Figure 1.10 shows the workflow and final results of the study.

A synthetic seismogram is a simulated seismic response computed from well data.
It is a suitable tool for correlating geological data from well logs with seismic data. The
seismic data are displayed in time. Synthetic seismogram provides both time and depth
for accurate reflection event verification. The components needed to generate a synthetic
seismogram include Time-Depth (T-D) chart, velocity log, density log (DENS), and
wavelet. Following are the description of each of the components:

Time-Depth (T-D) Chart is used to connect depth of well logs to time in the
seismic section. It can be generated for a well through the checkshots, which utilized
either explosive or vibroseis sources. For better results, the T-D chart can be integrated
with the sonic log (DT), which records the travel times of an emitted wave from the
source to receivers. Moreover, the T-D chart can be built using the checkshots, integrated
with their logs. On the other hand, applying the T-D chart for a specific well to other
wells will lead mislocated horizons. In order to better locate horizons, new T-D charts are

generated for each well by correlating the formation top data with the horizon.
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Figure 1.10. Work flow of the study.
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Acoustic Impedance (Al) is the product of the velocity and the density log at a
specific layer. The velocity log is a record of the wave speed along the well formations. It
can be measured directly from DT. DENS is combined with the DT to compute the
acoustic impedance as a function of depth. The velocity relates mathematically to both
the density (by Gardner’s correlation) and the resistivity (by Faust’s correlation). Thus, it
can be measured from either density logs or resistivity logs.

The wavelet depends on the seismic acquisition source and can be extracted from
the seismic traces surrounding the well.

The Reflection Coefficient (RC) is a measure of the Al contrast at a formation bed

boundary. It is expressed mathematically as:

_ AlL-AlL

RC =
AL +AL

: 1)

The reflection coefficient is computed from equation (1) for each time sample.
Hence, a sequence of coefficients is generated as a reflection coefficient series. The
reflection coefficient series is convolved with the wavelet extracted to generate the
synthetic seismogram. Finally, the synthetic seismogram is matched with nearby survey
traces so that well log features can be tied to the seismic data.

Synthetic matching of the generated synthetic seismogram is utilized to match
the generated synthetic seismogram with the real seismic data. Seismic trace is extracted
for each well from the nearest seismic traces around the well. This extracted trace
represented the real seismic data to be used in the synthetic matching. The synthetic trace
can be shifted, stretched, or squeezed to obtain the best matching results. The cross-

correlation coefficient (r) between the seismic trace and the synthetic seismogram during
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the synthetic editing is calculated to clarify the quality of the synthetic matching. The
cross-correlation coefficient ranges between —1.0 (perfectly out of phase) and +1.0
(perfectly matched in shape).

Horizon and fault interpretation requires picking a reflection event across all the
seismic survey lines. Interpreting specific event yields records of both time and amplitude
values. Therefore, the interpreted horizon is a composite of different traces varying in
time and amplitude values for a specific layer. Faults are represented by discontinuities in
the seismic data. By tracing these discontinuities, fault surface map can be generated.
Structural maps can be constructed after the horizons are tracked. The Two Way travel
Times (TWT) are stored after horizons are picked to generate time structure maps. The
gradient projection gridding algorithm process is used to smooth the time structure map.
That process computes X and Y derivatives at every data sample location. In addition, it
allows projecting an interpolated value at a grid node using an inverse distance to a
power weighting.

Well log analysis is performed to interpret the lithology of the seismic data. Well
logs analysis includes crossplots of logs that yields a perfect tool to measure and
recognize many geological, geophysical, and petrophysical parameters. For example,
Gamma Ray (GR) and Spontaneous Potential (SP) are utilized to identify the lithology
(Asquith and Krygowski, 2004).

Petrophysical analysis is conducted by integrating the seismic interpretations and
well log analyses to obtain the reservoir properties. Reservoir characterization is
important for many aspects. The information obtained is used to identify prospects. It is

also valuable for production and development for the hydrocarbon reservoir fields.
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Various data such as well data, logs, cuttings, core data, core plugs, production tests, and
petrophysical data can be processed, analyzed, and interpreted to improve the well
production, and help identifying prospects. The thin section will be scanned and analyzed
using the visual analysis software tool that counts different pores and grains beside
measuring their shapes and sizes to measure porosity and permeability (Al-Bazzaz et al.,
2007).

The reservoir properties are extracted from the seismic data in the target zones.
They are used for attribute measurements of the geopllhysical and geological data,
which are used in many different interpretation aspects such as structural interpretation
and reservoir evaluation. While the petrophysical analyses help characterizing the
reservoirs, it can also be used to perform attribute maps such as porosity map and Pseudo
well generation. Following are the main analysis methodology of the studied
petrophysical parameters:

Porosity (@) expresses the fraction of the rock pore volume (PV) over the bulk
volume (BV). The most important type of porosity is the effective porosity (®e) which
measures the connectivity of voids of the rock, porosity can be calculated by studying the
morphology of the grains and pores in the thin section photographs (Al-Bazzaz et al.,

2007). It is represented by the following fraction:

> PoreArea
¢ —_

o Y PoreArea+). GrainArea

: ()

On the other hand, well logs can be analyzed to measure the porosity. The density
logs are useful for porosity calculation. First, velocity logs were estimated using the Faust

relationship (Faust, 1953):
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Velocity = C (D Rt)l/é : (3)

where C=1948. Rt is the resistivity, and D is the corresponding depth. The Bulk
density logs (DENS) are generated using the velocity logs (Gardner, 1974):

DENS = C, Velocity®?5 | 4)

where C1 = 0.2295, a constant depending on the rock type. Density porosity

(PHID) can be calculated (Asquith and Krygowski, 2004):

(RHOMA—-DENS) (5)
(RHOMA—-RHOF) '

PHID =
where fluid density (RHOF) can be assumed as 1.0, and the matrix density
(RHOMA) is 2.65 for sand. If density and neutron logs are available, the effective
porosity log (PHIE) can be calculated (Asquith and Krygowski, 2004). The relation is

expressed as following:

PHID—PHIN
PHIE = X222 (1= V) ©)

where PHID is the density porosity (in decimals), PHIN is the neutron porosity (in
decimals), and Vsh is the shale volume (in decimals). In addition, porosity can be
calculated from the sonic log (DT) (Asquith and Krygowski, 2004). The sonic porosity

(PHIS) is calculated in equation (7) below:

(DT-DTM) )

PHIS = C [(DTF—DTM) '
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where DT is the sonic travel time (us/ft), DTM is the sonic travel time of the
matrix which is 55.5 ps/ft for sandstone, DTF is the sonic travel time of the fluid 189
ps/ft, and C is a constant, which is 0.7 for gas and 0.9 for oil.
Water Saturation (Sw) is a ratio of the pore volume filled with water over the bulk
volume. It can be obtained from the resistivity logs (Asquith and Krygowski, 2004). Sw is

expressed mathematically by the Archie equation:

n | ARy,
Sw= omm. (8)

where Rw is the resistivity of the formation water assumed to be 0.02 ohm-meter,
Rt is the value from the resistivity log in ohm. A is the tortuosity factor which is 1, m is
the cementation exponent which is 2, n is a constant varying from 1.8 — 2.5, commonly, it
is 2.

Permeability (K) measures the movement ability of fluids within the formation.
The permeability log can be derived from the water saturation and the porosity using the

Wyllie-Rose (1950) and Timur (1968) method (Asquith and Krygowski, 2004):

, €)

where K is the permeability in millidarcies (mD), C is the oil constant of 8581, &
is the porosity, and Sw.irr iS the water saturation of a zone at irreducible water saturation.

A seismic attribute is any measure of seismic data that helps us better visualize or
quantify features of interpretation interest. Attributes extracted from seismic data are
utilized to determine reservoir properties. Attributes are considered to include such

guantities as interval velocity, inversion for acoustic impedance, pore-pressure prediction,
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bright-spot detection, direct detection of hydrocarbons by different seismic
measurements. Those Types of attributes can be classified as following:

1. Horizon (Slice) based attribute includes the amplitude time slice, time
structure, horizon slice, average velocity to compute depth structure maps.
The curvature attribute is useful for identifying folds and flexures,
compaction, and karst (Figure 1.11).

2. Formation (Window) attributes include the Root-Mean-Square (RMS)
amplitude, interval velocity, spectral decomposition, and porosity. The RMS
amplitude is a post-stack amplitude attribute. Mathematically, it is calculated
by using the square root of the sum of squared amplitudes divided by the
number of samples within the specified window. It is an effective attribute
that helps determining hydrocarbon prospects. In fact, it enhances
hydrocarbon bright spots and can be used as a Direct Hydrocarbon Indicator
(DHI).

3. Trace attributes include the acoustic impedance, Hilbert transform, coherence,
dip, and azimuth. Volumetric dip and azimuth attributes are valuable to define
a local reflector surface and is structurally driven coherence effective method
for representing geological discontinuities such as faults, channel edges, karst,

and dewatering features in 3-D seismic data volumes (Figure 1.12).
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Figure 1.11. Amplitude time slice at 1.558 s. The red-blue line is Inline 693 that is
illustrated as a horizontal red line in both Figure 1.8 and Figure 1.12.
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Line: 693.0 693.0 693.0
Trace: 800.0 1600.0 2400.0

|-272068.688
-302298.531
-332528.375
-362758.250
-392988.094
-423217.938
-453447 813
483677 .656
-513907.500
-544137 .375
-574367.188
04587.063

Figure 1.12. Vertical seismic section of Inline 693, after applying the Hilbert transform.
This section is better showing the fault located near trace 1300.
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Following are the algorithms that are used in this study to obtain the seismic
attributes:
e Average velocity map is important to compute depth maps. After constructing the
time structure maps, depth maps can be obtained with velocity information. The
relationship between the average velocity (Vavg), the two way travel time to reflector (target

horizon), and the depth of the horizon (D) is shown in equation (10) below.
2D
avg = Tyt (10)
The velocity used to convert the seismic data from time domain to depth domain
is computed for each well. The TWT is obtained from the time structure of the targeted
horizon. The formation top data are used for the depth value (D) (Figure 1.13). The
average velocity values calculated from the provided wells for specific horizon are
gridded. As a result, the average velocity map computed is used for the depth map

generation.

Well

Time Structure

TWT Formation Top

D

Figure 1.13. Illustration showing the method to compute the parameters from the well
formation top and the seismic time structure in order to calculate the average velocity.
(Alhakeem, 2013).

e Interval velocity map is the seismic velocity over a specific interval of rock or

strata. It can be expressed mathematically by the following equation:
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_ 2(D1-Dy)
Vine = (T,-Tp) '

(11)

where Vint is the interval velocity, D1 is the depth to the upper reflector, D is the
depth to the lower reflector, Ty is the two way travel time to the upper reflector, and Tz is

the two way travel time to the lower reflector (Figure 1.14).

Well
Formation Topl | p1

Time Structurel .—f"’— T

Formation Top2 (B
Time Structure2” T2

Figure 1.14. Illustration showing the method to compute the parameters from the well
formation tops and the seismic time structure in order to calculate the interval velocity.
(Alhakeem, 2013).

e Geometric Attributes are volumetric dip and azimuth, coherence, and curvature
are geometric attributes that are useful to show the stratigraphy and discontinuity of the
seismic data. Moreover, they can be generated to support each other’s measurements. In
fact, volumetric dip and Azimuth (Figure 1.15) are used to derive the coherence that is an
effective tool to represent faults and stratigraphy. (e.g., Marfurt et al., 1998; Marfurt et al.,

1999; Luo et al., 1996, 2001).
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Figure 1.15. Mathematical, geologic, and seismic nomenclature used in defining reflector
dip.By convention, n = unit vector normal to the reflector; a = unit vector dip along the
reflector; 6 = dip magnitude; ¢ = dip azimuth; y = strike; 6x = the apparent dip in the xz

plane; and 0y = the apparent dip in the yz plane.

Dip and azimuth can be defined in equations (12) and (13) as following:

" ad
d?+(d")
od" od
k _%_Wd_&d S:(pZ +q2)1/2
tooax o dt+(@"f ’
od" od
——d-—d"
Kk :%: OX OX p:&1q:&
X d2+(dH)2 ' w o
Kyl — ky?
Dip: 0=tan1< p ) , (12)

Azimuth: b = atan2(ky, ky) (13)



28

Where o is the instantaneous frequency. Kx and ky are the instantaneous
wavenumbers. d ™ is the Hilbert transform with respect to depth (z). 0x and Oy are the
angular dips.

On the other hand, coherence attribute first generalized by Marfurt et al. (1998)
from Finn’s (1986) by applying the semblance scanning method to 3D data. This
generates a robust means of estimating reflector dip from multi-trace analysis windows
(Figure 1.16). In fact, coherence can be generated using three methods, i.e.
crosscorrelation algorithm, semblance, and eigenstructure algorithms. It can be defined

in the equation (14) as following:

2 2
zﬁiKs{[%zjﬂuj(kAt—prj—qu,-)] +B2§=1ujH(kAt—prj—quj)] }
C_g(gx,gy) = Ke 1w ” A A 2 1wJ H(kA A A 2 ’

Ek:xs{72,-:1[uj( t-pbxj—qdy )] +7 X5, [u" (kdt-pAx;—qdy;)] }

(14)

Where p and g are given in the process of equations (12) and (13), xj and yj
denote the local coordinates of the jth trace measured from an origin at the analysis point,
J denotes the total number of traces in the analysis window, and Ks and Ke denote the
first and last temporal sample, respectively, in the analysis window.

Finally, multi-attribute analyses help clustering the attributes to optimize the

results.
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Figure 1.16. Dip corrected coherence.(a) A schematic diagram showing a 2D search
based estimate of coherence. First, the algorithm estimates coherence using semblance,
variance, principal component, or some other statistical measure (such as that given by

equation 13) along a discrete number of candidate dips (shown in magenta and green). In
this example, the maximum coherence is calculated along the dip (shown in dark green).
Next, the algorithm passes an interpolation curve through the coherence measures
estimated by the peak value and two or more neighboring dips (shown here in light
green). The peak value of this curve gives an estimate of coherence, whereas the dip
value of this peak gives an estimate of instantaneous dip. (b) A schematic diagram
showing a 3D search-based estimate of coherence, in which p indicates the inline and g
the crossline components of vector time dip. The technique is analogous to that shown in
(@). (After Marfurt et al., 1998).
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ABSTRACT

This paper presents the results of pore level micro-analyses and characterization
of the Kapuni Group sandstone reservoir in the Taranaki Basin, New Zealand. In Well
Maui-7, three rock fragments of the Mangahewa Formation, situated at depths of 2736 m,
2796 m, and 2897 m, are selected for analyses. In addition, two rock fragments of the
Kaimiro Formation, situated at depths of 3011 m and 3028 m, are analyzed. After sample
preparation, various petrographic images are captured with a thin section microscope at
different depths of magnification. The images are then processed to study the pore
networks in the space domain between a lower bound of 50 pm and an upper bound of 4
mm. Then, petrophysical parameters such as porosity, permeability, and MHR are
measured at their native selected spaces (Al-Bazzaz and Al-Mehanna, 2007). The well

logs, including density, neutron, resistivity, GR, and SP, are analyzed to calculate the
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porosity and permeability logs. Neural network processing is conducted by combining the
morphological pore sample and well log analyses for the training of the computer. Using
the consistent data measured and delineated from different field-of-view (FOV), up-
scaling porosity, matrix permeability, MHR, and grain-size at micro-levels are
investigated effectively. The petrophysical parameters obtained from up-scaling FOV
scale sizes are utilized to develop a simple statistical model. The sample size scale to be
measured includes 600X-FOV, which is adequate for recognizing features at 50 pm-scale
size, then gradually escalates to 450X-FOV for recognizing features at 100 pum-scale size,
300X-FOV for features at 200 um-scale size, 100X-FOV for features at 500 pum-scale

size, and finally, 40X-FOV for features at 2 mm-scale size.

1. INTRODUCTION

The Taranaki Basin, a Cretaceous foreland basin, covers an area of about 330,000
km? mostly in the off-shore along the west coast of the North Island, New Zealand (King
et al., 2010). Due to its great potential and wide promising, various data including
geological, geophysical, and petrophysical data are collected and processed to predict
reservoir characteristics using relative fast, inexpensive, and reliable methods. The “Big
data” analyses produce QC petrophysical log analysis, logs modification, and upscaling.
Three approaches, i.e., morphological approach, well log analyses, and computational

neural networking modeling, are utilized to investigate data from micro- to meter-level.

2. OBJECTIVES

Three rock fragments from the Mangahewa Formation are analyzed in this study.

The objectives include:



32

e To qualify and quantify the pores and the nature of the pore network in the
formation

e To describe the wettability of the formation

¢ To study the porosity and the relative permeability action of internal influences of
pore and grain morphology

e To measure porosity, relative permeability, and Mean Hydraulic Radius (MHR)
(pore-throat)

e To invest in the “Big data” available from the basin to extract valuable hidden
information and patterns for fast, inexpensive, and reliable reservoir characterization

¢ To provide QC tool for the petrophysical log analysis using lower scale level thin

sections which provide significant amount of petrophysical measurements

3. DATA AND METHOD

The data were provided by the Ministry of Business, Innovation, and Employment
(MBIE) in New Zealand. The dataset includes 2D/3D seismic surveys, composite well
data, geological data (core lab data, thin sections, etc.), geophysical data, drilling data,
production data, and reports, which can be processed as “Big data” to extract hidden
valuable information and patterns. In Well Maui-7, three rock fragments of the
Mangahewa Formation, situated at depths of 2736 m, 2796 m, and 2897 m, are selected
for analyses (Figure 1). In addition, two rock fragments of the Kaimiro Formation,
situated at depths of 3011 m and 3028 m, are analyzed. After sample preparation, various
petrographic images are captured with a thin section microscope at different depths of

magnification.
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Petrophysical analyses by morphological approach are implemented using the thin
section images of Maui-7 to conduct a study if the pore networks in the space domain
between a lower bound of 50 um and an upper bound of 4 mm (Table 1). The thin
sections are scanned and analyzed using the visual analysis tool, which counts different
pores and grains based on pre-identified classes of pore sizes ranges (Table 1) beside
measuring their shapes, sizes, and distribution (Tables 2, and 3). Petrophysical
parameters such as porosity, permeability, and MHR are measured at their native selected
spaces according to the method proposed by Al-Bazzaz and Al-Mehanna (2007) (Table
4). Wettability, as described in Table 1, is predicted for each sample and is classified as
shown in Figure 3.

Petrophysical well log analyses are conducted by using density, neutron,
resistivity, GR, and SP logs to calculate the porosity and permeability logs (Asquith and
Krygowski, 2004). The morphological analysis of the thinsectoins provides spatial
measurements along the wellbore. However, with such big data available for the
formation, petrophysical parameters can be computed along the formation by correlating
with measured petrophysical core data and log. The Well Maui-7 data are utilized to
associate a precise up-scaling of the micrometer domain thin section data to meter
domain logs. Computational approaches of analyses are conducted by combining the
morphological pore sample, core data, and well log analyses for the Neural Network
Training (NNT) (Figure 4). Then, Neural Network Model (NNM) is performed for
further predictions. The porosity log of Well Maui-5 was predicted with more realistic

results as shown in Figure 4 in the NNM input and output. Using the consistent data
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measured and delineated from different field-of-view (FOV), up-scaling porosity, matrix

permeability, MHR, and grain-size at micro-levels are investigated effectively.

4. RESULT AND DISCUSSION

The morphological analyses of the thin section (TS) practically match the results
of core lab and well log analysis. The challenges in calculating the porosity from the
morphological approach is the black stain in the thin section images that affect the
porosity measurements. However, with better geological and petrophysical background
involved with such big data, accurate decisions made to describe such features.

Sample TS1 at 2736 m has 3 unique pore distributions, extremely tight,
moderately tight and large pores. At the beginning, 3,443 pores are captured, selected,
and counted from 2X thin section image. All pores are grouped in 10 classes for pre-logic
measurements, and these10 classes are generated from the 3,443 claimed big data.
Subsequently each class was subject to post logic calculations (Table 3), which yielded
10 interesting pore morphology and petrophysical attributions summarized in Table 4.
Out of all distribution 3 zones are subject for discussion. Zone A (extremely tight) is
defined by classes 1, 2 and 3. It has the most available pores abundance 29%, 2.4%, and
1.1% and an equivalent pore diameter of 2.0, 4.8, and 6.2 um respectively. The porosity
is low in class 1 which is about 6%, but high in classes 2 and 3 which are 24.1%, 34.7%
respectively. The permeability is calculated to be 55 md, 166 md, and 232.5 md
respectively. The pore-throat (MHR) is approximated to be 3.1 um, 5.1 um, and 5.7 um
respectively. The wettability is approximated to be 179°, 169°, and 150 °indicating that
zone A is strongly-oil-wet. Zone A is then described as low in oil production and it will

need EOR recovery enhancement. Zone B has 4 classes (4, 5, 6, and 7). They are bigger
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in area than zone A but less in abundance than zone A, roughly around 1% in total. The
equivalent diameters are 7.4 um, 8.3 um, 9.1 um, and 9.9 um. The porosity for zone B is
doubled roughly about 50%, which is better than zone A, and the average permeability is
about 350 md. The wettability is described as a transition from strongly-oil-wet (171°and
1747 in classes 3 and 5 respectively to medium-oil-wet (119°and 125°) in classes 6 and 7
respectively. Zone B will show an increase in water production later in the formation
development cycle. This zone is a candidate for water flooding secondary recovery. Zone
C isclasses 8, 9, and 10 and shows the greatest pore area, but the least abundance, about
0.2% in total. However, their pore equivalent diameters are the greatest, 11.0 um, 11.4
um and 12.1 um. Zone C pore style and size will be responsible for the easy flow regime
within the formation. In respect with zone A and zone B, zone C shows the greatest
porosity regime, >50% and the greatest permeability regime, over than 400 md. The
average pore throat for zone C is 10.3 pm. The wettability is described between
moderately-oil-wet to moderately-water-wet, indicating that zone C is the main primary
oil recovery region in the formation. Zones A, B, and C are unique and have different
characterization signatures; however, the overall average behavior of the TS1 sample
including all three zones yields a pore diameter equivalent of 1.3 um, average porosity of
21.6%, average permeability of 47.5 md, a pore throat connecting diameter of 7.8 um,
and contact angle wettability of 113°creating an overall medium-oil-wet reservoir
conditions. Water flooding is highly recommended for 2736 m depth.

For samples TS2 2796 m and TS3 2897 m (Table 3), and the same analyses as
sample TS1 were conducted. TS2 has about 1494 count of pores. TS3 has about 17,339

count of pores. Both samples have 3 zones of pore networks zone A, zone B, and zone C.
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Sample TS2 has zones A and B strongly-oil-wet, but zone C has strong-water-wet to
medium-oil-wet indicating better oil recovery than sample TS1 (Table 4). TS2 has an
average porosity of 16.1%, an average permeability of 783 md, and an average pore-
throat (MHR) of 4.1 um. The overall wettability contact angle is 109 “medium-oil-wet.
Sample TS3 has also 3 distinctive production zones. Zone A is described as strongly-oil-
wet, zone B as medium-oil-wet, and zone C as strongly-water-wet regimes. The average
porosity is 16.9 % and the average permeability is 332 md. The average pore-throat
(MHR) is 4.4 pm, which is better than sample TS2. The sample TS3 will show fast oil
recovery due the combination effect of highest number of pores, water wet wettability,
high permeability and MHR.

The integration of the porosity well log analysis of Maui-7 as input porosity curve
with the thin section analysis and the core lab data using the neural network training
yielded more realistic and confident porosity log (Figure 4) for the NNT output curve.
The NNM was built based on the training of the logs with the TS and core lab data. The
NNM predicted an enhanced porosity curve of Well Maui-5 by minimizing the

fluctuating in the beginning of the log as shown in Figure 4 for the NNM predicted curve.

5. CONCLUSIONS

1- Three zones were successfully measured, A (the smallest), B (the middle), and C
(the largest). Zone A is described to be strongly-oil-wet, zone B is described to be
medium-oil-wet, and zone C is either be medium-oil-wet or strongly-water-wet
depending on the size area of the pore. The larger the pore, the more likely follow

water wet regimes.
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The more abundance of pores, the more likely increase in permeability. The
higher area of pores just as zone C in the formation, the higher potential of oil

recovery.

Porosity and permeability average values can be different than core data, for the
imaging processing can capture all classes of pore networks (zones A, B, and C);

while core analyses cannot accurately penetrate to zone A type of networks.

Zone A oil recovery is a candidate for EOR, zone B for water flooding secondary
recovery and zone C for primary recovery, all regimes are available in different

proportions in the same formation.

TS1 has the lowest oil recovery potential. TS2 has better oil recovery system than

TS1. TS3 has the greatest oil recovery potential.

Porosity of (16.5 — 21.6%), permeability of (47.5 — 782.5 mD), and MHR of (4.1
— 7.8 um) with medium to strong oil wet wettability indicate that the Mangahewa

Formation is a good reservoir, which is consistent with the previous studies.

The neural network model offered a valuable tool for pseudo well log predictions

for this area.



Sample Info Thin Section Image
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Sample# 1
Formation:
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Formation:
Mangahewa C-Sand

Depth:
2897 m

| View Width 4000 pm

Figure 1. Three thin section sample images and their information from Well Maui-7.

38



39

Figure 2. Thin section sample# 3 from Maui-7 showing the classes identification of the
pore area ranges.
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Figure 3. Classification of pore wettability (Al-Bazzaz, 2017).
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Figure 4. The first two columns shown the neural network training input and output for
Maui-7 that include the porosity (¢p) log from well analysis (Phi log) and the thin section
results with core lab porosity data. The two last columns shown neural network modeling
input (blue) and output (black).
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Table 1. Definitions of the morphological analysis parameters (Al-Bazzaz and Al-
Mehanna, 2007).

Parameter Method Units | Approach D(:isg;m Comments
Pore Area  |X Pore Area e | Visual Measured |Accurate
H Counting
. . Visual
_m2
Grain Area |X Grain Area pu-m Counting Measured |Accurate
Pore . Visual
Perimeter Pore Circumference p-m Counting Measured |Accurate
Z PoreArea Frac- |Summation/
Porosit = - . " Calculated |Low Error
4 / > PoreArea + » GrainArea  |tion |Statistical
Avoid
i - PoreArea Circular or
Hydraulic HydraulicRadius = ———————— [u-m By Calculated |Triangular
Radius PorePerimeter Definition Shape
Simplicity
Mean n . ]
Hydraulic Z HydrualicRadius Averaging/ Pore Throat
. pu-m L Calculated
Radius MHR = L Statistical for a Sample
(MHR) n
The Long L-
axis of a . Visual
Grain L-axis p-m Counting Measured |Accurate
Particle
The Short L-
axis of a . Visual
Grain S-axis p-m Counting Measured |Accurate
Particle
The
Intermediate - .
. L+S Mid-point Simple
I-axis of a | = p-m : Calculated
. Averagin Approach
Grain 2 vereging PP
Particle
Originally
Grain o I Kumar& Applied for
Diamet GrainDiameter = —— pu-m  [Cui Sieve |Calculated |mm-scale
lameter 1.32 Method Grain
Particles
g2 ¢3 Diameter &
- _ ) : milli- |Carmen& Porosity are
Permeability | k =5.6281 —(1_¢)2 Darcy | Kozeny Calculated Accurately
Measured
Class Pore Total Pore Areas Fitted in a Range Visual
of Pore Areas where MHR is u-m?2 . Measured |Accurate
Area Counting
Located
Pore/grain
Wettability |© = Pore Shapes and Morphology |Deg (Ol\zleictatlons Measured |2-D

Proposal)
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Table 2. Identification of ten classes for the pore area size ranges applied to each thin

section sample from (Figure 1).

Class (1-10)

Area Range [um?]

[XY

1-500

500-1000

1000-1500

1500-2000

2000-2500

2500-3000

3500-4000

4000-4500

O© | 0| N[0 B WwW|DN

4500-5000

=
o

5000-10000

Total

1-10000
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Table 3. Pre-Logic morphological pore mean values calculations of the thin section
samples from Figure 1 using the parameter definitions in Table 1 and the classes of area
ranges from Table 2.

Morphological Pore Analysis (Pre-Logic) Mean Values

Class Fre?;o?ncy [ﬁ‘ :ﬁ?] Pe[r:mqe]ter Elongation | Roundness | Circularity V[\Sg]t]h L[i]r?];h WI/L | Equivalent AF%Ie
1 29.10 28.5 9.1 1.9 2.5 13 18 |34 2.0 |20 179.0
2 2.35 140.8 28.4 3.7 2.6 0.7 46 |86 2.0 |48 169.4
3 1.05 235.0 415 4.8 2.3 0.5 6.3 (112 |19 |6.2 150.1
4 0.55 333.5 48.5 4.6 2.2 0.5 77 |129 |17 |74 171.0
5 0.26 4244 53.7 43 3.0 0.7 75 |162 |22 |83 174.2
6 0.09 512.7 63.9 5.0 2.8 0.5 94 [177 (19 |91 119.0
7 0.09 594.7 75.6 6.3 2.5 0.4 101 181 |19 |9.9 125.0
8 0.03 741.7 71.4 43 2.7 0.6 10.0 |20.7 |2.1 |11.0 17.0

9 0.12 801.6 86.9 6.4 2.0 0.3 116 |191 |16 |114 117.8
10 0.06 903.3 66.8 3.1 2.0 0.6 117 198 |1.7 |12.1 179.0
TS1 |100.0 21.4 5.4 1.5 3.1 2.1 2 1.1 0.5 |1.3 113.0
1 14.06 78.1 455 2.3 2.4 1.0 85 |[154 [0.6 |94 179.0
2 2.07 338.5 120.7 3.6 2.5 0.7 195 |35.0 |0.6 |20.7 144.0
3 1.27 566.1 166.5 4.1 2.2 0.6 284 |456 0.6 |26.8 169.0
4 0.80 818.6 201.9 4.2 2.6 0.6 318 [59.8 |05 |32.3 156.7
5 0.47 1031.7 |261.0 5.4 2.5 0.5 39.0 [652 0.6 [36.2 1745
6 0.33 12432 [295.2 5.9 2.1 0.4 456 |765 0.6 [39.8 158.2
7 0.27 1409.8 [240.8 33 2.6 0.8 39.2 |736 |05 |424 143.6
8 0.27 1676.3  [411.7 8.8 2.3 0.3 515 |84.1 |0.6 [46.2 52.0

9 0.07 1947.4 |408.2 6.8 3.9 0.6 47.8 ]108.3 |0.4 |49.8 73.3

10 0.07 2148.8 |364.4 4.9 2.8 0.6 55.4 [109.1 |0.5 [52.3 105.5
TS2 ]100.0 78.6 24.9 1.5 2.4 1.6 46 |8.0 0.6 |4.9 109.0
1 9.395 26.0 29.9 2.72 3.8 1.4 43 |83 05 [4.21 179.3
2 0.006 3033.6  |508.5 5.10 6.8 13 42.7 |170.7 |0.3 |62.20 178.1
3 0.012 3992.0 |[1133.3 |1.86 28.8 155 105.6 |142.6 |0.7 |71.28 1421
4 0.017 56418 |1691.1 |2.59 437 16.9 98.6 [186.7 |0.5 [84.74 132.9
5 0.006 6525.8 |995.6 4.09 12.1 3.0 76.6 [190.6 |0.4 |91.22 6.9

6 0.006 8191.1 |1684.5 |3.44 275 8.0 110.0 {316.2 |0.3 |102.20 29.1

7 0.006 10460.8 |4907.8 |1.95 183.0 94.0 136.8 |249.2 |0.5 |115.50 81.7

8 N/A N/A N/A N/A N/A N/A N/A _IN/A_ |[N/A [IN/A N/A

9 0.006 12931.8 |1654.8 |0.58 16.8 28.8 139.1 |173.4 |0.8 |128.41 5.9

10 0.006 15194.0 |3150.6 |0.99 51.9 52.4 199.6 |285.2 |0.7 |139.19 78.0

TS3 ]100.0 7.6 5.2 2.3 1.3 0.6 1.0 |17 0.6 ]1.10 72.3
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Table 4. Post-Logic morphological pore mean value calculations of the thin section
samples from Figure 1 using the parameter definitions in Table 1 and the classes of area
ranges in Table 2. The Post-Logic calculations include the Wettability, Porosity (¢),
Permeability (K), and pore-throat (MHR).

Post-Logic
- 0 K MHR
Class Wettability ¢ [%] [mD] [um]
1 strongly-oil-wet 6.05 54.91 3.14
2 strongly-oil-wet 24.14 166.14 4.96
3 medium-oil-wet 34.68 232.51 5.66
4 strongly-oil-wet 42.97 284.84 6.88
5 strongly-oil-wet 48.95 322.58 7.90
6 medium-oil-wet 53.67 352.38 8.03
7 medium-oil-wet 57.33 375.55 7.87
8 strongly-water-wet 62.63 409.01 10.39
9 medium-oil-wet 64.43 420.37 9.23
10 strongly-oil-wet 67.12 437.36 13.53
TS1 medium-oil-wet 21.60 47.53 7.80
1 strongly-oil-wet 16.40 778.82 1.72
2 Medium-oil-wet 45.95 2011.04 | 2.81
3 strongly-oil-wet 58.71 2544.83 | 3.40
4 strongly-oil-wet 67.27 2903.43 | 4.05
5 strongly-oil-wet 72.15 3107.50 | 3.95
6 strongly-oil-wet 75.74 3257.73 | 4.21
7 medium-oil-wet 77.98 3351.35 | 5.86
8 strongly-water-wet 80.80 3469.78 | 4.07
9 medium-water-wet | 83.02 3562.65 | 4.77
10 medium-oil-wet 84.37 3618.87 | 5.90
TS2 medium-oil-wet 16.48 782.52 4.10
1 strongly-oil-wet 0.01 0.00 0.87
2 strongly-oil-wet 0.78 1.11 5.97
3 medium-oil-wet 1.03 2.55 3.52
4 medium-oil-wet 1.45 7.27 3.34
5 strongly-water-wet | 1.68 11.30 6.55
6 strongly-water-wet | 2.10 22.54 4.86
7 medium-water-wet 2.69 47.51 2.13
8 N/A 0.00 0.00 0.00
9 strongly-water-wet | 3.32 90.93 7.81
10 medium-water-wet | 3.90 149.28 4.82
TS3 medium-water-wet 16.95 332.49 4.43
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ABSTRACT

The Kapuni group, within the Taranaki Basin in New Zealand, is a potential
petroleum reservoir with various geophysical data. To provide new constraints on
reservoir characterization, we developed a procedure to integrate the petrophysical and
geological data. The study includes building a sequential approach to identify and
visualize geological features and facies within the stratigraphy, started by interpreting and
correlating the regional geological data, 3D seismic, and well data. Seismic interpretation
is conducted targeting the Kapuni group; mainly, the Mangahewa and Kaimiro
formations. Structural maps, horizon slices, isopach, and velocity maps, supported by
continuity and discontinuity attributes, i.e., spectral decomposition, inversion, and
coherence are generated. Well log analyses are performed for facies and petrophysics
identification. The attribute measurements are utilized to characterize the subsurface
structure and depositional system such as fluvial dominated channels, lagoon, and

shoreface sandstone. Root Mean Square (RMS), dip, azimuth, and eigenstructure
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coherence attributes are integrated to generate a multi-attribute in 3D view. Overlaying
different attributes in a single 3D view can significantly strengthen the summation of the
outputs and support the seismic interpretation. The resulting multi-attributes volume of
the Kapuni Formation is cropped to run Artificial Neural Network (ANN) models using
feed-forward with back-propagation to train the models by utilizing all available logs and
the core data as input/output. More than 40 crossplots are produced for the quality
management of the ANN. The calculated porosity logs based on assumptions range to
about 35%, while the lower resolute measured porosity based on lab records ranged to
about 26%. The predicted logs based on the ANN resulted in accurate values that range to
about 27% with high resolution. Finally, the C-sand reservoir is characterized by
evaluating and modeling the porosity and the permeability using both predicted and
calculated logs. In comparison, the predicted logs offer more realistic values than other

logs since they are close to the core data values.

1. INTRODUCTION

Reservoir characterization using geophysical interpretation has been attracting
attention to reduce exploration costs and enhance productivity (Chopra and Marfurt,
2007; Brown, 2011). The availability of numerous geological and geophysical data
opened the door for the exploration researchers to apply the artificial neural networking
or other different methods of machine learning (Hampson et al., 2001; Dorrington, 2004).
Attribute analyses of the seismic data can boost the quantity and quality of the data
(Herrera et al., 2006). With the increasing algorithmic attributes applied to the 3D post-
stack seismic and petrophysical data, it is essential to use machine learning to optimize

the exploration goal for better prospect evaluation (Hampson et al., 2000).
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This study integrates the seismic attribute analyses with petrophysical
interpretation using micrometer scale data (thin-sections). A consecutive workflow is
designed for seismic interpretation and attribute mapping to identify fracture, horizon
continuity, stratigraphy, facies, direct hydrocarbon indicators, and potential prospects.
Petrophysical analyses in a morphological approach using digital thin-section images
yield abundant petrophysical data for the reservoir characterization and modeling.

Among these integrated sequences of flow, quality management in both its
primary aspects — Quality Control (QC) and Quality Assurance (QA) — is needed before
the Artificial Neural Network (ANN) process. Crossplotting the available well logs and
the predicted logs is useful for ensuring reliable results from the ANN. The main
objective of this study is to develop an efficient sequential flow for reservoir
characterization which can generate a property model that matches the real characteristics
of the targeted prospect. In this study, we use the Maui Field in the Taranaki Basin in
New Zealand that embraces the Kapuni group, which comprise the most productive

formations in the country, including the Mangahewa Formation.

2. GEOLOGICAL SETTING AND DATA SET

The Taranaki Basin, a Cretaceous foreland basin, covers an area of about 330,000
km? mostly in the offshore along the west coast of the North Island, New Zealand (King
et al., 2010). Sediments fill up to about 9 km in the basin (Figure 1a). The basin consists
of four main sequences, i.e., the Late Cretaceous Pakawau group, the Paleocene-

Eocene Kapuni and Moa groups, the Oligocene-Miocene Ngatoro and Wai-it groups, and

the Plio-Pleistocene Rotokare group (Figure 1c).
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2.1. KAPUNI GROUP OF MAUI FIELD

The Maui Field is bounded in the west by the reverse Whitiki Fault and in the east
by the normal Cape Egmont Fault (Figure 1). The Maui sub-basin is considered as the
main source of the hydrocarbon that migrated into the Maui Field. A wide range of
lithofacies is presented in the Taranaki Basin. We focus on the Eocene Kapuni which
comprises three main formations, i.e., the Mangahewa (C-sand), Kaimiro (D-sand), and
Farewell (F-sand) (King et al., 2008). The deposition environments of the Kapuni Group
consist of coastal plain, marginal marine, and shallow marine to offshore that formed the
thick sandstone layers. The coastal plain environment encounters the fluvial channel,
overbank, and Marsh/floodplain facies. The marginal marine environment contains facies
including estuarine, distributary, tidal channel beach, back beach, back-barrier bar, tidal
sand-bar, flood tidal-delta sandflat, mudflat, embayment, and lagoon. The shallow marine
depositional setting encounters shoreface, shoreline, and mouth-bar facies. The offshore
deposited shelf mudstone, storm-generated sandstone, and offshore barrier facies (Table
1) (King et al., 2008). Coals in the Pakawau and Kapuni groups are considered as the

most potential petroleum source rocks in the Taranaki Basin.

2.2. 3D-MAUI DATA SET

Figure 2 shows the workflow which illustrates all available data used in the study.
The 3D-Maui post-stack seismic survey consists of 889 inlines and 1258 crosslines with
bin spacing of 25 m, Two Way Travel Time (TWT) records have a length of 5.5 s,
sampling rate of 2 ms, traces number of 869588, minimum amplitude of -1.38E+07,
maximum amplitude of 1.38E+07, and mean amplitude of 302907 (NZPM, 2015). The

New Zealand Transverse Mercator 2000 (NZTM2000) projection coordinate system is
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used to map the seismic survey and the well data (Figure 3). Composite well data
comprises well headers, logs, thin-section (TS), and core data (Tables 1 and 2) (NZPM,
2015). The well data include core data with measured porosity, permeability, and grain

density for five wells.

3. SEISMIC INTERPRETATION

The seismic data is interpreted to gain a general understanding of the structural
features for characterizing the target geological subsurface layers. In this study, the
Kapuni group formations are targeted, mainly the Mangahewa C-sand and Kaimiro D-

sand.

3.1. WELL TO SEISMIC MATCHING

As illustrated in the workflow (Figure 2), the interpretation of the seismic data
begins with matching the well data (depth domain) with the seismic data (time domain)
by generating the synthetic seismogram (Figure 4). The components required to generate
a synthetic seismogram include time-depth (T-D) chart, sonic (DT) logs, density log
(DENS), and wavelet (Figure 4). A zero-phase wavelet of 2 ms sample interval and 0.1 s
length is extracted from the seismic data from the surrounding area of 250 m diameter
from each well. To match the synthetic seismogram with the seismic data, different
seismic attributes were generated to support the identification of the Kapuni tops. Post-
stack inversion (Figure 5a) is useful for lithological understanding, especially for a
widely studied layering with a good geological background such as the Kapuni group.
Moreover, 80 Hz spectral decomposition (SD) attribute is used for its strong continuity

feature viewing of the seismic horizons (Figure 5b). Semblance-based coherence attribute
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is obtained to show the effect of the faults and fracture for both the horizontal and vertical
sections of the seismic data (Figure 6) (Marfurt et al., 1998). The generated synthetic
seismogram is placed on the seismic attributes to be matched with the well logs and

ensuring reliable interpretation (Figure 7).

3.2. HORIZON AND FAULT INTERPRETATION

Horizon and fault tracking are conducted to obtain an overall view of the
structural impression on the target horizons. Tracking the target Mangahewa C-sand (top
of Kapuni) leads to the generation of the structure maps. Horizon and fault interpretation
requires picking a reflection event — of continuity for the horizon and of discontinuity for
the fault — across the seismic survey. Interpreting the specific events yields time and
amplitude values of horizon maps. Therefore, the interpreted horizon is a composite of
different traces varying in time and amplitude values for a specific layer. Faults are
represented by discontinuities in horizontal seismic events. By tracing these
discontinuities, major faults are interpreted with the support of the coherence attribute
(Figure 6c¢). Time structure maps are constructed from the tracked horizon surfaces by
applying the gradient projection gridding algorithm. This process computes X and Y
derivatives at every data sample location. In addition, it allows projecting an interpolated
value at a grid node using an inverse distance to a power weighting (Figure 8a).
Similarly, the horizon amplitude slice maps are generated for the C-sand (Figure 8Db).
Furthermore, for more realistic results, depth surface maps are obtained by correlating
time structure with the velocity surface that is computed by the integration of DT, T-D,
FT, and time structure surface. The average velocity surface and depth structure surface

are shown after gridding in Figure 8, sequentially.
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3.3. ATTRIBUTE ANALYSES

Surface and volume seismic attributes are generated for structural, stratigraphical,
potential prospect evaluations, and data preparation for the reservoir modeling. For
structural evaluation, we generated the structure (Figure 8a and 8d) and coherence
(Figure 6) attributes. For stratigraphical evaluation, amplitude slice, average velocity,
root mean square (RMS), and isochron attributes are generated (Figure 8b, 8c, 8e, and
8f). Additionally, multi-attributes are generated for integrated evaluation and reliable
interpretation. These attributes comprise of the dip and azimuth maps, eigenstructure-
based coherence volume attributes that improve the coherency with the structural dip
(Figure 9a and 9b) (Gersztenkorn and Marfurt, 1999; Marfurt et al., 1999). Multi
attributes are integrated into a 3D structure view of eigenstructure-based coherence and
amplitude volume attribute (Figure 9c). This multi-attribute view identifies a volume of
consistent structure and stratigraphy within the reservoir. The interval velocity volume

attribute is also generated to prepare for the petrophysical modeling.

4. PETROPHYSICAL ANALYSIS

The composite well data, such as sonic log and resistivity log, are measured by
various logging instruments (Table 2) among which petrophysical parameters comprising
the porosity (Phi) and permeability (K) are of high and decisive value for their direct
influence on the quality of petroleum reservoirs. The most reliable method to obtain Phi
and K measurements is the core laboratory analysis. There are also theoretical means for
petrophysical calculation using measured well logs to obtain a useful estimation (Asquith
and Krygowski, 2004). Studying the thin-section images of the well core samples using a

morphological approach can provide a realistic estimation (Al-Bazzaz and Al-Mehanna,



53
2007) (Figure 10 and Table 3). The goal of petrophysical analysis in this study is to
develop a methodology to combine the log calculated with the measured core data, by
processing the available data as “big data” to extract valuable hidden information and

patterns. As a result, reservoir property modeling can ensure better characterization.

4.1. PETROPHYSICAL LOG CALCULATION

Petrophysical well log analyses are conducted by using DENS, NEUT, resistivity,
GR, and SP logs to calculate the porosity and permeability (Perm) logs (Asquith and
Krygowski, 2004). The study uses basic calculations of the petrophysical parameters to
show how this calculation can be enhanced for better results using ANN. Clay volume
log (\Vcl) is computed from GR or SP, and corrected by crossplotting DENS with NEUT,
which is useful for lithology and facies evaluation (Figure 11). Moreover, the porosity
log (PHI) can be computed from DT, DENS, or NEUT/DENS logs. Table 4 shows some
estimated parameters used for these calculations. Density matrix log (RhoMat) is
calculated from Vcl for better PHI calculation. Water saturation log (SW) and flushed
zone water saturation (SXO) are calculated using the Archie equation with both
resistivity Rw and Rt. Bulk volume water log (BVW) is calculated from both PHI and
SW for showing the amount of water in the rock in a schematic display. The porosity can
be calculated in different pore classes to have effective porosity log (PHIE) or total
porosity (PHIT). The permeability log (Perm) is derived from the relationship between
the water saturation and the porosity using the Wyllie-Rose (1950) and Timur (1968)
method (Asquith and Krygowski, 2004). Finally, the petrophysical calculation results are

plotted in Figure 12 for three different wells.
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Additionally, Phi and Perm are measured at their native selected spaces according
to the method proposed by Al-Bazzaz and Al-Mehanna (2007) (Figure 10 and Table 4),
using the morphological analysis of the thin-sections to provide spatial measurements
along the wellbore. The pore networks of the available thin-section images are studied in

the space domain between a lower bound of 50 um and an upper bound of 4 mm.

4.2. PETROPHYSICAL LOG PREDICTION

Artificial Neural Network (ANN) is aneffective tool for well log prediction
(Hampson et al., 2001; Dorrington, 2004; Herrera et al., 2006). In this study,
petrophysical logs are predicted by training the ANN model using the available core data
of both the porosity (CoreP) and permeability (CoreK) to predict the porosity (PHInn)
and permeability (Knn) logs (Figure 13). ANN works as a universal function
approximator that can estimate the non-linear relationship between the input and the
output.

The process consists of two stages — the feed-forward stage, and the back-
propagation stage. The input is presented as a vector or matrix X. In the feed-forward
stage the vector/matrix X is multiplied by a set of weights in the matrix W1. The output of
this matrix multiplication is passed into a non-linear function (hyperbolic tangent). The
result is multiplied by another set of weights W and then passed into another non-linear
function. The output is compared to the true value y that corresponds to the input and the
Mean Squared Error (MSE). The calculated MSE is used to tune the set of weights W1,
W> by back propagating the error and multiplying it by the derivative of the non-linear
function with respect to the input X. The process is repeated multiple times until a

satisfactory MSE is reached or a predefined number of runs is passed.
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In the example shown in Figure 13, the following log properties were used as
input to the ANN: GR, DENS, NEUT, PHI, and DTC. They are arranged as a
vector/matrix X. The output that we are trying to predict is porosity log (PHInn). The

input to the ANN (the log data values) X is multiplied by the hidden layer weights W1 and
the result is fed to the function f1 ‘& tanh to produce the activation (hidden layer
output) A

A= f(WTX),

where T is the matrix transpose. The output of the hidden layer A is multiplied by
the output layer weights W- and the result is fed to the function f2 ‘< tanh to produce
the ANN output PHInn

PHInn= f,(A'W,)

To calculate the error (E) of ANN prediction we need to compare it to the real

CoreP data

E= %HPHInn—CorePHz

The weight needs to be updated to minimize the error using the following
equation

oE
W=W-aw——
ow
where W is the weight to be updated, aw is the learning rate, and 0 E/0W is the

partial derivative of the error with respect to the weight being updated. The error is



56
propagated from the output layer back to the hidden layer. To get the error due to the
output layer weight W», the following are conducted.

oE = (PHInn-CoreP) gPHInn

oW, oW,

PHInn
oW,

= [(PHInn—CoreP)o f,(W,A)]AT

= [(PHInn—CoreP)o f,(W,A)]

where o is the element wise multiplication.

let &, =[(PHINn—CoreP)o f,(W,A)]A"

=
oW,

=5,AT

similarly for W1 we have

OE .
a_V\/lz [W2T§2 © fl (\le)]xT

= 5XT

An ANN model is trained using the stochastic gradient decent (sgd) algorithm by
minimizing the mean square error (mse) between the true values train_y and the output
produced by the network using train_x as input. After the training the weight matrices
(W1, W) from the model along with the activation function are used to predict on the test
data.

The process, by itself, yields no output unless there is a relation between the input
that allows the ANN to invest and start learning in the neural network training (NNT)

stage to organize for the neural network modeling (NNM) stage (Figure 2). Thus, data
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preparation is run by resampling and cropping a particular reservoir with close
specifications to inquire reliable inputs for realistic outputs. Quality management during
the ANN process ensures the appropriate relation between the input and the
porosity/permeability logs. Quality Control (QC) is conducted to examine the quality of
the core data measured (Figure 14a) and to ensure that the nominated logs for ANN are
related to Phi and Perm with good correlation coefficient (R) of more than 0.7. Table 5
lists about forty QC crossplots that have been examined to nominate logs with Phi and
Perm. Figure 15 illustrates samples of the QC crossplots with good R except for Figures
15f, 15¢, and 15j, which have been ignored for their specific well and specific log. Then,
each group of logs that passed the QC is used as the input of the ANN model for the
wells. ANN models are listed in Table 6. The ANN model resulted in the porosity
predicted log (PHInNn) and the permeability predicted log (Knn). The predicted logs are
tested for Quality Assurance (QA) by the crossplots listed in Table 5. Figure 14b shows
the improvement in quantity of the predicted petrophysical data with preserving the
quality of the measured data. Figure 16 demonstrates samples of the QA crossplots,
showing good matching quality in the predicted logs to be ready for the reservoir

property modeling.

5. RESERVOIR CHARACTERIZATION

Constructing the petrophysical model is aimed at providing a reservoir
characterization for the defined Mangahewa C-sand reservoir. A sequence of flow is
constructed by incorporating all of the previous seismic interpretations and well log
analyses to create comprehensive models (Herrera et al., 2006; Chopra and Marfurt,

2007; Brown, 2011). Figure 17 shows a result-based workflow diagram. The structural
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framework in the time domain is assembled using 16 interpreted horizons including the
Mangahewa C-sand and Kaimiro D-sand, and six major fault surfaces of the Maui Field
(Table 7). By combining this with the velocity model (Figure 17b), the whole framework
is converted to depth domain and matches with all the horizon and fault interpretations,
forming a background model of the respective layers and structure (Figure 17c and Table
8). In Figure 17d, the structural grid model is built by defining the model to cells of I, J,
and K grid directions (Table 9). The calculated and the predicted logs are upscaled by
averaging the values for each grid cell penetrated by well logs (Figure 17¢). Cell
arithmetic mean is applied to upscaling the porosity logs, while for permeability logs, the
harmonic mean is applied (Table 11). In Figure 18, petrophysical logs resulting from the
Neural Network Model (NNM ) are illustrated and compared with the calculated logs and
the upscaled logs for both the predicted and the calculated logs. Finally, a stochastic
algorithm of sequential Gaussian simulation is applied to build the petrophysical property
model after running geostatistical data analysis (Figure 17f). In Figure 19a, porosity
models of the Mangahewa C-sand reservoir are demonstrated for the predicted PHInn
logs of values ranging between 0% and about 25%. Figure 19b shows the same model of
PHInn, but with filtering porosity values of less than 20% to compare with the calculated
PHI model in Figures 19c¢ and 19d that have a value range between 0 and 35%. The
statistics obtained for the porosity models are listed in Table 11. Moreover, predicted and
calculated permeability models of the Mangahewa C-sand reservoir are illustrated in
Figure 20. 200 mD values and lower of the permeability are filtered and modeled using
both Knn and Perm logs (Figure 20b and 20d). The permeability model statistics (Table

11) shows better standard deviation (std) values for the predicted than the calculated.
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6. CONCLUSIONS

The study implemented prospect analysis and reservoir characterization of the
Maui B-area. The SD, inversion, and coherence attributes were analyzed and used
successfully for seismic-well-tie. RMS, dip and azimuth, and eigenstructure-based
coherence attributes were useful tools for optimizing the results predicted and for
stratigraphy and prospect analyses. The workflow included calculating and predicting the
petrophysical logs after identifying the study boundary. Multi-attribute analyses helped to
cluster attributes for eventual evaluation including structure, fracture, stratigraphy and
bright spot for geometrical boundary identification of the model. The study provides
constraints for future exploration and drilling, and for developing attributes to identify the
potential prospects and using available seismic and well data.

The neural network model that generates the pseudo porosity volume can be
distributed along a structured grid model for optimizing the reservoir characterization.
The porosity logs of the Mangahewa C-sand are predicted for 25 wells, with the
measurements close to the core porosity that ranged between about 0 and 25%, while the
calculated porosity logs ranged between 0 and 37%. The std values for the predicted
permeability are about 1250 mD, while they are 5271 mD for the calculated permeability
model, indicating good improvement. In summary, the study provides criteria for quality

management of ANN.
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Figure 1. Geological settings in the study area. (a) Map showing the main fault systems
and sub-basins with an indication of petroleum source rock of the Maui Field in the
Taranaki Basin (Funnell, 2004). (b) Vertical section of the yellow line (X-X’) crossing
the Maui Field in Figure 1a showing the stratigraphy and reservoirs of the Kapuni Group
for both the Maui A-area and Maui B-area. The Whitiki Faults (west of Maui) and the
Cape Egmont Fault system (south-east, mid-east, and east of Maui) are illustrated
(Funnell, 2004). (c) Cretaceous - Cenozoic stratigraphic framework for the Taranaki
Basin (NZPAM, 2014).
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Figure 2. Workflow of the study. It comprises four main processes, i.e., data preparation,
seismic interpretation and attribute analysis, petrophysical analysis and ANN, and
reservoir characterization and modeling.
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Figure 3. Basemap of the 3D-Maui seismic survey and well data used in this study. The
Maui A-area and Maui B-area fields are bounded by the red line. The cropped volume
area in blue is used for the petrophysical model of the Maui B-area targeted reserve
(NZPM, 2015).
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Figure 4. Synthetic seismogram generation for Well Maui-7. The components used and
the synthetic seismogram generated are illustrated. The cross-correlation coefficient
between the seismic trace and the synthetic seismogram (r) value is 0.889 indicating a
good match between the synthetic seismogram and the seismic trace.
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Figure 5. Seismic attribute sections for target horizon identification and tracking. a)
Acoustic impedance (g/cc*ft/s) recursive inversion with Al logs overlies the wells for
MB-Z(11), MB-P(8), and Maui-7 respectively. b) 80 Hz spectral decomposition attribute
line illustrated in the basemap at the left corner. Horizon interpretation is indicated for C-
sand in purple line and D-sand in pink line. The Maui-1 is shown with its formation tops
for identifying the horizon.



64

)

Figure 6. Attributes used for fault interpretation. a) Coherence vertical seismic section of
crossline 2354 (red line in 6b) providing a great reveal of the faults crossing the targeted
horizons of the Kapuni group. b) Horizontal section coherence of the Mangahewa C-sand
horizon illustrated purple line in 6a. ¢) Coherence section of the C-sand showing the
interpretation of The Whitiki Faults (red) and the Cap Egmont Fault System (yellow and
green).
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Figure 7. Synthetic seismogram overlay. a) Seismic section of the arbitrary line shown in
the right corner. The synthetic seismograms generated for all eight wells are overlaid and
matched with the seismic data. Horizon picking follows the seismogram tops for both C-
sand and D-sand. b) Coherence section of the arbitrary line crossing six wells with
synthetic seismic matching and formation top correlation to study the effect of the major
fractures on the horizon continuity.
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Figure 8. Attributes generated for the Mangahewa C-sand horizon. a) Time structure map
shows two anticlines representing the Maui A-area and Maui B-area. b) Horizon
amplitude slice map shown lagoon and tidal-flat marginal marine in red and costal coals
in Blue. c) Average velocity map shows a low value near the Maui B-area. The area near
well Rahi-1 is characterized by high average velocity value. In the Maui A-area, the
highest velocity value is around the Maui-6. d) Depth structure map shows the Maui A-
area and Maui B-area anticlines. A dramatic dipping to the east-south of the Maui A-area
and to the west-south of the Maui B-area caused by the fault system that surrounds the
study area. The map shows a general dipping toward the north and north-east. €) RMS
amplitude map shows a bright spot around the Maui B-area. f) Isochron map shows high-
values within the Maui B-area that combined with the RMS results to ensure good
prospective and to bound the reservoir consistency area for characterization evaluation
for better attribute and petrophysical analysis.
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Figure 9. Multi-attribute crossplots providing better prospect, structure, and stratigraphy
identification. a) Dip and azimuth map of the C-sand horizon used to improve the process
of the coherency. b) 3D eigenstructure coherence cropped volume for the area outlined in

red in Figure 9a. A channel is mapped successfully. ¢) The Mangahewa C-sand horizon

visualized within a brick seismic volume integration of amplitude horizon (White-Red
colorbar) and eigenstructure coherence transparence (black-white colorbar) in 3D seismic
structure view.
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Figure 10. Thin-section (TS) sample. Mangahewa C-sand Maui-7 Depth: 2897 m
showing the class identification of the pore area ranges applied to each thin-section of the
study. Identification of ten area range classes starts with class one that ranges between 0—

500 um? with 500 pm? increment range increase for each class range up to class ten
5000—10000 pum?. Colors indicate the pores area range classification. TS width of view is
4000 pm. (Alhakeem et al., 2017).
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Figure 11. Crossplot of DENS versus NEUT with GR color-coded for facies
interpretation to recognize the Mangahewa C-sand of for the Kapuni Group in Maui-7.
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Figure 12. Petrophysical log interpretation of the Kapuni group. a) Maui-1 log analyses
performed using GR, SP, RESD, RESM, RESS, DENS, NEUT, DRHO, RhoMatApp,
DTC, and, FTEMP. The resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and
Perm. Track-8 shows the interpretation of hydrocarbon existence in red. b) Maui-7 log

analyses performed using GR, SP, RESD, RWapp, RmfApp, DENS, and DTC. The

resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and Perm. Track-9 shows
the interpretation of hydrocarbon existence in red. ¢) MB-P(8) log analyses performed
using GR, SP, RESD, RESS, DENS, NEUT, DRHO, RhoMatApp, DTC, and, FTEMP.

The resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and Perm. Track-9

shows the interpretation of hydrocarbon existence in red.
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Figure 12. Petrophysical log interpretation of the Kapuni group. a) Maui-1 log analyses
performed using GR, SP, RESD, RESM, RESS, DENS, NEUT, DRHO, RhoMatApp,
DTC, and, FTEMP. The resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and
Perm. Track-8 shows the interpretation of hydrocarbon existence in red. b) Maui-7 log
analyses performed using GR, SP, RESD, RWapp, RmfApp, DENS, and DTC. The
resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and Perm. Track-9 shows
the interpretation of hydrocarbon existence in red. ¢) MB-P(8) log analyses performed
using GR, SP, RESD, RESS, DENS, NEUT, DRHO, RhoMatApp, DTC, and, FTEMP.
The resulting logs are SXO, SW, PHIT, BVW, PHI, VCL, PHIE, and Perm. Track-9
shows the interpretation of hydrocarbon existence in red (cont.).
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CoreP

bl = bias for hidden layer
W1 = weights of hidden layer

b2 = bias for output layer
W2 = weights of output layer

| | A = tanh(XTW; + b1)
A

| wi O =ATW, +b2
D¢ CoreP = tanh(O)

Figure 13. The feed-forward neural network structure of one hidden layer, with the input
and output layers. First, the input layer of six neurons are the property logs used. Second,
the hidden layer contains four nodes using the hyperbolic tangent activation function. The

log analysis is performed using GR, SP, RESD, RESS, DENS, NEUT, and DRHO logs.

3) 2:::: L oooRER) = GTITSH = 4 - (4437 + CORER) /‘ b) s T — T/
| CoreP vs CoreK o / =~ | PHInnvs Knn ///
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Figure 14. Crossplots of permeability and porosity. a) COREK and COREP that are used
in the ANN model for Maui-7. b) Knn and PHInn that are predicted from the ANN
showing a good correlation coefficient (R) of the exponential regression of 0.85 for

Maui-1.
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Figure 15. Quality control (QC) crossplots for both PHI and Perm calculated logs for the
Mangahewa Formation. a) PHI vs. DENS with depth color-coded for MB-P(8). b) PHI
vs. NEUT with depth color-coded for Maui-7. ¢) PHI vs. VCL with depth color-coded for
Maui-1. d) PHI vs. PHIE with depth color-coded for Maui-1. e) PHI vs. RHOM with
depth color-coded for Maui-7. f) PHI vs. RESD with depth color-coded for Maui-7. g)
PHI vs. DTC with depth color-coded for Maui-1. h) Perm vs. PHI with DENS color-
coded for MB-P(8). i) Perm vs. DENS with depth color-coded for Maui-7. j) Perm vs.
SW with GR color-coded for Maui-1. k) Perm vs. PHIE with GR with color-coded for

Maui-1. I) Perm vs. VCL with GR color-coded for Maui-1.
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Figure 16. Quality Assurance (QA) crossplots for both PHInn and Knn predicted logs
from ANN for the Mangahewa Formation. a) PHInn vs. DENS with GR color-coded for
Maui-7. b) PHInn vs. NEUT with DENS color-coded for Maui-7. ¢) PHInn vs. GR with
Knn color-coded for Maui-1. d) PHInn vs. VCL with DENS color-coded for MB-P(8). e)

PHInn vs. Perm with DENS color-coded for MB-P(8). f) PHInn vs. PHI with depth color-

coded for Maui-7. g) Knn vs. PHI with GR with color-coded for Maui-1. h) Knn vs.
PHIE with GR color-coded for Maui-1. i) Knn vs. VCL with GR with color-coded for

Maui-7. j) Knn vs. SW with GR color-coded for Maui-1. k) Knn vs. GR with PHI with

color-coded for MB-P(8). I) Knn vs. DENS with PHInn color-coded for Maui-1.



.

a) Structure Framework b) Velocity Model
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d) _Structural Grid Model ¢) Geometrical Model

¢) Upscaling Property Logs f) Property Model

Figure 17. Sequence diagram flow of the petrophysical modeling. (a) Structural
framework. (b) Velocity model. (c) Geometrical model. (d) Structural grid model. (e)
Upscaling property logs. (f) Property model.
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Figure 18. Petrophysical logs resulted from the NNM compared with the calculated logs
and compared to the upscaled logs for both the predicted and the calculated logs. The
Mangahewa C-sand Formation is bounded by yellow line (top) and pink line (bottom).

Logs from the left are Maui-7, MB-P(8), MB-R(1), and MB-Z(11). Each log track
illustrates consequently predicted log, calculated log, upscaled predicted log, and
upscaled calculated log. a) Porosity logs. b) Permeability logs.
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Figure 19. Porosity models of the Mangahewa C-sand reservoir within the Maui B-area.
a) Porosity model using PHInn logs. The porosity values range between 0% to about
25%. b) PHInn model with filtering values less than 20%. c¢) Porosity model using PHI
logs. The porosity values range between 0% to about 35%. d) PHI model with filtering
values less than 20%.
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Figure 20. Permeability models of the Mangahewa C-sand reservoir within the Maui B-

area. a) Permeability model using Knn logs. b) Knn model with filtering values less than

200 mD. c¢) Permeability model using PERM logs. b) PERM model with filtering values
less than 200 mD.
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Table 1. Well data used in this study and formation tops of the Mangahewa C-shale and
C-sand. The availability of core data and ANN model (Table. 5) used for petrophysical
log prediction are indicated.

KB |TD |C-Shale |C-Sand . Phi |K Core
# |Well Name m |m |[FTm) |FTm) Formation at TD ANN |ANN |Data
1 |MA-02A  |45.13 |5603 |5115 5146 Kapuni Group |1 2
2 |MA-05A |53.3 |3640 |2931.3 |2982 Kapuni Group |4 2
3 |MA-10A |45.13 |4114 |3634.5 |3657.2 |Kapuni Group |4 2
4 |MA-14A  [53.3 (3636 |2985.1 |3121.8 |Kapuni Group |1 1
5 |Maui-1 9.45 |3510 |2678.58 |2691 Pakawau Group |4 1
6 |Maui-2 34 3567 [2709.7 2786 Basement 1 1
7 |Maui-3 34 3401 |2713.5 |2734.1 |Pakawau Group |1 2
8 |Maui-5 26.8 [3227 |2740 2804 Kapuni Group |2 1 Yes
9 |Maui-6 27 3228 |2780 2785 Kapuni Group |1 1 Yes
10 |Maui-7 27  |3139 |2694.9 |2713.93 |Kapuni Group |2 1 Yes
11 [MB-03A  |48.6 |3656 |3004 3032.7 |Kapuni Group |1 2
12 [MB-05B  |48.6 [3431 |2773.1 |2807.6 |Kapuni Group |1 1
13 |MB-11B  |48.6 |3450 [2724.1 |2753.6 |Kapuni Group |1 1
14 IMB-N(5)  |39.42 |3729 |2662 2718.5 |Kapuni Group |1 1
15 [MB-P(8)  |39.42 |3709 |2838.79 |2857 Kapuni Group |1 1 Yes
16 [MB-Q(10) [39.42 3802 |3620 3673.5 |Kapuni Group |4 1
17 IMB-R(1) [39.42 [3620 |2791 2853 Kapuni Group |3 1 Yes
18 IMB-S(12) |39.42 |4402 |4116.5 |4185.5 |Kapuni Group |1 1
19 IMB-T(9)  |39.42 |3639 |3091 3155 Kapuni Group |1 1
20 IMB-V(3)  [39.42 |3781 |2933 29915 |Kapuni Group |1 1
21 [MB-W(2) [39.42 14186 |3330.5 [3400.5 |Kapuni Group |1 1
22 [IMB-X(4) [39.42 |4150 Kapuni Group |1 1
23 [IMB-Z(11) [39.42 |3100 |2699 2714 Kapuni Group |1 1
24 |Rahi-1 29  |3501 |2874 2889 Basement 1 1
25 |Tieke-1 23.58 |3579 |3026.6 |3026.6 |Basement 1 1




Table 2. Logs utilized in this study.
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Name Description Unite Min Max Delta Total#

BS Bite Size Log in. 6.67 36 29.33 25

CALI Caliper Log in. 6.92 25.59 18.67 15

DENs  |Compensated glee 08219 (31236  [23017 |23
Formation Density Log

DRHO gensny_ Log glee -0.9597 |1.1005  [2.0602 |20

orrection

DTC P-wave Sonic Log us/ft 30.36 434.31 403.94 11

GR Gamma Ray Log GAPI -4 353.42 357.42 25

NguT | ThermalNeutron —\y/n, 100149  |18.0541 [18.069 |19
Porosity Log

PEF Photoelectric Factor  |B/E 0.58 47.28 46.7 21

RESD Deep Resistivity Log  |ohmm 0.5057 31096.6 |31096.09 |16

sP Egg”ta”eous Potential |\, |188.79 [200.76  |48856 |20

TEMP Temperature degC 303.78 380.82 77.04 24

RESS Shallow Resistivity ohmm 0.3899 1632.736 |1632.346 |20

TENs ~ |Cable tensionat KGF  |12601  |3795.64 |3669.63 |7
surface Log

RESM Medium Resistivity ohmm 0.2308 2000 1999.769 |20

DTS S-wave Sonic Log US/F 108.22 324.09 215.87 4
Grain Density Core

COREGD Data Measured g/cc 2.47 3.25 0.78 5

CORek |Permeability Core | ) 0 10000  |10000 |5
Data Measured

corgp |PorosityCoreData Iy,n, g gg 0.26 0.26 5

Measured
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Table 3. Part of the post-logic morphological pore mean value calculations of the porosity
(Phi), permeability (K) for the thin-section.

Post-Logic

Class Phi [%] | K [mD]
1 6.05 54.91
2 24.14 166.14
3 34.68 23251
4 42.97 284.84
5 48.95 322.58
6 53.67 352.38
7 57.33 375.55
8 62.63 409.01
9 64.43 420.37
10 67.12 437.36
Total 21.60 47.53

Table 4. Parameters used for petrophysical log analysis for the Mangahewa C-Sand
Formation. Rw is the formation water resistivity. a is the Archie’s factor. N is the
saturation exponent. M is the cementation factor.

Matrix Fluid : .
Parameter | Density Density 2 e (DY e Rw a m n
uSec/ft uSec/ft
gm/cc gm/cc
Value 2.65 1 55.5 189 0.1 1 2 2

Table 5. The ANN models and logs and wells used to predict the petrophysical logs
(PHInn and Knn).

ANN Model ;
Logs used for NNM Wells with same model
Type |Number
1 GR, DENS, NEUT, PHI Maui-7, Maui-5
MB-P(8), MB-05B, MB-11B,
2 S.FFQ’CDFEEE[')NEUT’ PHL IMB-N(5), MB-X(4), MB-Z(11),
Phi ’ MA-02A, Maui-2, Maui-3
GR, RHOM, NEUT, PHI,
8 DTC, PHIE MB-R(1)

4 GR, RHOM, PHI, VCL, PHIE |Maui-1, MA-05A, MA-10A
Maui-7, Maui-6, Maui-5, Maui-
GR, VCL, SW, PHI, Perm, 2, Maui-1, MB-Z(11) MB-P(8),
K DTC MB-05B, MB-11B, MB-N(5),
MB-X(4), Rahi-1

2 GR, VCL, SW, PHI, Perm MB-03A, MA-02A Maui-3
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Table 6. QC crossplots generated for both PHI and Perm. QA crossplots for PHInn and

Knn are listed.

Well PHI QC Perm QC PHInn QA Knn QA
Crossplots Crossplots Crossplots Crossplots
GR, DENS, GR. Cali GR, PHI, PHIE, | GR, DENS,
Maui-7 NEUT, DTC, DTE: VéL DENS, NUET, | Sw, PHI,
PHIE, VCL, Sw I5HI PHIE VCL, RESD, PHIE
RESD, RHOMA ' ' RHOMA
GR, DENS, GR. Cali GR, DENS, GR, DENS,
NEUT, DTC, ’ ’ DTC, PHIE, CAL, VCL,
MB-P(8) Core, PHIE, VCL, B-IIE-E’SVCL’ VCL, RESD, Sw, PHI,
RESD, RHOMA RHOMA PHIE
GR, DENS, DTC, | GR, DENS, GR, DTC, GR, DENS,
Maui-1 | PHIE, VCL, DTC, VCL, PHIE, VCL, VCL, Sw,
RESD Sw, PHI, PHIE | RESD PHI, PHIE
Table 7. Statistics structural framework of the Maui Field.
AXis Min Max Delta
X 1622254 1644505 22250.31
Y 5600003 5631495 31492.64
Elevation time [ms] -4654.97 -35.75 4619.22
Lat 44°17'25.8215"S | 43°58'57.2644"S | 0°18'28.5570"
Long 161°50'567.7389"E | 162°10'41.0423"E | 0°19'43.3034"
Number of iconized 16
horizons
Number of faults 22
Grid cells (nl x nJ x 178 x 252 x 173
nGridLayers)
Total number of grid cells 7760088
Number of geological 141
horizons
Total number of 2D cells 44856
Average Xinc 124.94
Average Yinc 124.94
Average Zinc (along pillar) 19.79466
Rotation angle 0.02
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Table 8. Statistics for the velocity model in the Maui Field. A total of 16 horizons are

interpreted.
AXis Min Max Delta
X 1533000 1724000 191000
Y 5443000 5660000 | 217000
TWT [ms] | -5773.66 0 5773.66
Z[m] -20178.4 0 20178.35

Table 9. Statistics for the structural grid model of the Kapuni group in the Maui B-area.

AXis Min Max Delta

X 1624984 1629387 4402.61

Y 5606109 5614458 8348.96
Elevation depth [m] | -4596.31 167.83 4764.14

Lat 44°13'3.8232"S 44°08'16.3526"S | 0°04'47.4706"
Long 161°53'37.2414"E | 161°57'44.7793"E | 0°04'7.5379"

Number of iconized 16
horizons
Number of faults 3

Grid cells (nl x nJ x
nGridLayers)

176 x 334 x 160

Total number of grid 9405440
cells

Number of geological 150
layers

Total number of 2D 58784
cells

Average Xinc 24.99
Average Yinc 24.99
Average Zinc (along 26.08488
pillar)

Rotation angle 0.03
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Table 10. Statistics for a structural grid of the Mangahewa reservoir in the Maui B-area.

Axis Min Max Delta

X 1624986 1629365 4379.36

Y 5606127 5614454 8327.29
Elevation depth [m] -3152.27 -2528.68 623.59

Lat 44°13'3.1493"S  |44°08'16.4768"S [0°04'46.6724"
Long 161°53'37.4159"E |161°57'43.7839"E | 0°04'6.3680"
Number of iconized horizons 2

Number of faults 3

Grid cells (nl x nJ x 175x 333 x 31

nGridLayers)

Total number of grid cells 1806525

Number of geological 21

horizons

Total number of 2D cells 58275

Average Xinc 25

Average Yinc 25

Average Zinc (along pillar) 11.72267

Rotation angle 0.03

Table 11. Statistics for all obtained petrophysical logs and models. N is the number of
defined values.

Name |Type Min |Max Delta [N Mean |Std Var Sum

PhiM__ [Model 0.0001 [0.342  [0.342  [11675780.1757 [0.07 0.005 205181.12
PhiU  [Upscaled |0.0001 [0.342  |0.342 356 0.1625 [0.07 0.0049 57.86

PHI Calculated [0.0001 |0.6 0.599  [28985 [0.1625 [0.083 0.0069 4711.45
PHInnM [Model 0.0495 [0.244  [0.194  [11675780.1973 |0.034 0.0012 230379.51
PHINNU [Upscaled [0.0495 [0.244  |0.194  [356 0.1951 [0.036 0.0013 69.46
PermM_|Model 0 69218.64 |69218.64 [1167578(788.88 |5271.48  [27788529.08 [921087428.9
PermU [Upscaled |0 69218.64 |69218.64 [365 804.58 |5383.99  [28987406.61 [293673.16
Perm _[Calculated |0 96353016 |96353016 [29816  [8083.18 |575110.02 [3307515E05 [241008157
KnnM__ [Model 0.0017 |10000  [9999.99 [1167578(386.63 [1250.22  [1563059.52 |451426060.7
KnnU  [Upscaled [0.0017 [10000  [9999.99 [356 358.92 [1257.48 |1581277.76 |127778.54
Knn  |Predicted [0.001 [10000  [9999.99 28681 |836.52 |2288.87  [5238945.62 |23992391
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PAPER

I11.  VALIDATION OF POSTSTACK SEISMIC INVERSION USING ROCK
PHYSICS ANALYSIS AND 3D SEISMIC AND WELL CORRELATION

Aamer Alhakeem”, Kelly Liu, Tianze Zhang, and Stephen Gao

Missouri University of Science and Technology

ABSTRACT

Inversion of poststack seismic data is validated with rock physics analysis from
the well data. The acoustic impedance is computed throughout the well-seismic-tie and
synthetic seismogram generation. Seismic attributes, including velocities and results of
inversion, are generated to study the potential prospect in the Maui Field, Taranaki Basin,
New Zealand. Seismic interpretation generated structure and amplitude horizon slices as
well as the recursive algorithmic attribute are applied to invert the seismic traces to
provide quantitative predictions on the reservoir properties. Stratigraphic evaluation is
obtained from the interpretation. After evaluating the petrophysical parameters from well
logs, the poststack inversion of the seismic data is validated. The results are reliable for

future use in an artificial neural network.

1. INTRODUCTION

Inversion is an essential process for seismic exploration to convert the seismic
contrast model into a layer cake model. Nowadays, there is a growth in attribute analysis
being applied to seismic volume for generating different properties. Poststack seismic

inversion can be obtained, not only from deterministic physical calculations such as
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recursive inversion (Yilmaz, 2001; Russell and Hampson, 2006), but also from
probabilistic artificial intelligence, with reliable results. Therefore, quality control and
validation of the input parameters should be implemented for a specific dataset.

Seismic exploration is a tool that physically describes the property of the Earth’s
subsurface, and rock physics analysis can validate the quality of the seismic attributes.
Rock physics templates (RPT) are developed to investigate the correlations between the
petrophysical parameters of rock and its physical properties (ddegaard and Avseth, 2003;
Avseth et al., 2005; Bachrach and Avseth, 2008; Chi and Han, 2009; Russell, 2013),
among which the porosity and fluid saturation are related to the acoustic impedance and
Vp/Vs of the P- and S-wave velocities (Figure 1).

This study targets a high potential prospective sand reservoir in the coastal marine
environment. The main objective of this study is to examine the relationship between
rock physics and petrophysics properties from different perspectives, including seismic
and well logs, to evaluate the integrated results of acoustic impedance and porosity. In
addition, it can assess neural network inversion modeling by providing a quality

management for the input parameters to the model
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Figure 1. Rock physics template (RPT) developed by @degaard and Avseth (2003).
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2. RECURSIVE INVERSION

Seismic poststack inversion of the amplitude seismic traces can be conducted in
different ways to determine the acoustic impedance values (Z). The recursive inversion is
considered to be a reliable inversion method (Russell and Hampson, 2006). The recursive
equation applied to each trace of effects of the wavelet within the seismic bandwidth is

described as

AN :Zpi{l+rpi:|, 1)

1- I

where rpj is the zero-offset P-wave reflection coefficient at the ith interface of a
stack of N layers, and Zpi=piVpi is the ith P-impedance of the ith layer, where p is the
density, Vp is the P-wave velocity (Russell and Hampson, 2006).

The inversion method is applied to the seismic data to generate the inversion
volume in the time domain. Attributes such as velocity, amplitude, structure, and results

from the inversion are used for seismic interpretation.

3. SEISMIC INTERPRETATION

3D seismic interpretation is correlated with the geological background to target
the C-sand Formation of Kapuni group in the Maui Field, Taranaki Basin, New Zealand
(Higgs et al., 2009; Alhakeem, 2017). A synthetic seismogram is computed from the well
data. This process inverts the elastic property logs to the seismic trace by calculating the
rei. A time to depth chart (T-D) is applied to match the well-logs with the seismic data.
The wavelet is extracted from the seismic data in the area near the well. Logs used from

the Maui well include sonic logs, density logs, and gamma ray, which are used to
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determine the acoustic impedance and reflection coefficient (Figure 2). Al is extracted
along the borehole by a process that is performed by interpolating the seismic trace
around the deviated borehole by fixed sample interval. Similarly, velocity trace and

seismic trace are obtained.

.| T-D Log |Density| Al RC Synth Seismic Int Vel Al_tace Borehole
...| Chart Mel.(m...| DENS (Extr_1...|3D:3DMa... 3D:3DMaui...|3D:3DMauii...
Veloci...|DTC_m Syn_M...| r=0.860 r=-0.067 r=0.274
BSonic) (0) Inline:298, 0 0

2 3|-010000 -0 Crossline:1...[

Figure 2. Synthetic seismogram generation for Well MB-Z(11). The cross-correlation
coefficient between the seismic trace and the synthetic seismogram (r) value is 0.86
indicating a good match. The acoustic impedance log (Al) is generated from density logs
(DENS) and sonic logs (DT). The synthetic seismogram is generated from the reflection
coefficient (RC) and the computed zero phase wavelet. Gamma ray (GR) is used as the
reference log. The right three traces are extracted along the borehole from amplitude,
velocity, and inversion.

After matching the synthetic seismogram with the seismic data for about ten wells
in the field, the inversion attribute volume is utilized in the horizon tracking to generate a
C-sand structure map (Figure 3). More horizons are interpreted and utilized for updating

the T-D chart for volume time to depth conversion. The inversion attribute is generated

and presented with amplitude horizon slices (Figure 4). The two maps are cross plotted
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(Figure 5). The calculated Al is overlaid within a vertical section that crosses the wells

(Figure 6).
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Figure 3. C-sand horizon interpretation. (a) Depth structure map shows an anticline to the
southwest. The red arbitrary line crosses Well MB-Z(11). (b) Average velocity map
shows lower values to the south. Velocity attributes are used to generate interval velocity
volume for time to depth conversion.
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Figure 4. Seismic attributes of C-sand. (a) Amplitude horizon slice shows potential sand
prospects deposited in the coastal plain environment. (b) Recursive inversion horizon
slice map reveals two prospective areas within the Maui Field.
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4. ROCK PHYSICS ANALYSIS

Vp/Vs and Poisson’s ratio (V) are used to validate the quality of the seismic
inversion output for both the elastic logs and the elastic seismic attributes because of the
relationship that relates these parameters with the porosity and fluid saturation (Figure 7).
Al relations with both P-wave sonic (DTC) and the S-wave sonic (DTS) are plotted for
contrast and evaluation (Figure 8). Rock property templates are developed for such
quality control process. Rock physics template in Figure 1 is implemented for rock
physical property analysis. The results show an excellent match for porosity estimation

and the type and quantity of fluid saturation (Figure 9).
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Figure 5. Crossplot between the C-sand amplitude horizon slice in Figure 4a and the C-
sand Al slice in Figure 4b.
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Figure 6. Inversion attribute cross-section along the arbitrary line shown in Figure 3a.
The computed Al logs are overlaid with the vertical section across MB-Z(11), Maui-1,
and Maui-7 wells.

5. DISCUSSION

The rock physics analysis (Figure 10) shows a good indication of gas saturated in
a high porous sand reservoir. The Al, Vp/Vs, and DENS also show a proper match to the
parameters obtained from the well logs and the seismic attributes.

In addition, the Al extracted from the seismic inversion is cross plotted with the
Vp/Vs color-coded with both PHI and v. As indicated in Figure 11, the Poisson’s ratio is
distributed perfectly indicating higher values for the shale identified successfully by the
rock physics analysis. As a result, the generated seismic inversion volume is validated by

applying the rock physics analysis to both logs and traces.
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Figure 7. Al results from rock physics analysis vs. Poisson’s ratio (v) color-coded with
PHI. Higher Al and v values corresponds with lower porosity.
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Figure 8. Al computed vs. sonic logs color-coded with PHI showing a good regression
relation for Well MB-Z(11). (a) Al vs. DTC. (b) Al vs. DTS.
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Figure 9. Rock physics template showing Al vs. Vp/Vs. (a) PHI color-coded crossplot
shows a proper match to the RPT. (b) Water saturation log (SW) color-coded crossplot
shows the effect of fluid saturation to the distribution of the porosity around the
crossplots by comparison with (a).
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Figure 10. Rock physics template for facies analysis. (a) Al vs. Vp/Vs crossplot color-
coded with DENS showing the analysis of facies identification from the RPT to evaluate

the computed Al logs. (b) Logs facies and porosity indication using RPT.
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Figure 11. Al extracted vs. Vp/Vs crossplot for Well MB-Z(11). (a) Color-coded with
PHI. (b) Color-coded with v.

6. CONCLUSIONS

Sonic log, density log, and interpreted seismic horizons are utilized for the
poststack inversion. The resulting amplitude and inversion horizon slice maps are cross
plotted showing a good relation.

The results of rock property analysis of crossplot of Al vs. Vp/Vs match well with
the PHI values. Finally, the Al extracted from the seismic inversion around the well
borehole was cross plotted with the Vp/Vs and color-coded with PHI and v, both showing
a proper fit to the rock physics template. These processes are applied to a high potential
prospective sand reservoir in the coastal marine environment. Along with the inversion
attributes, this work improves matching between well log observations and rock-physics
models.

For future research, other attributes such as reflectivity and density could be

generated and validated to be integrated for an artificial neural network inversion.
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SECTION

2. CONCLUSIONS

This study provides a geological visualization of the subsurface in the Taranaki
Basin by integrating the regional geological, 3D seismic, well logs, core, well test, and
well production history data. Time structure, horizon slice, velocity, depth structure, and
isopach are constructed. The seismic volume are converted from time to depth domain for
better correlation with well logs.

Stratigraphy from the 3-D seismic data are conducted to identify different
geological features. The seismic data are interpreted and compared to well logs to
identify facies sequences within the stratigraphy. Also, the study built a methodology to
recognize reservoirs such as fluvial dominated channels, point bars, terrestrial, paralic
and nearshore sandstone, turbidites, and fractured limestone, volcaniclastics, and shelf
sands reservoirs.

Petrophysical analysis is implemented using geological data in the form of the
thin sections of well cores to conduct the reservoir properties and to calculate
petrophysical parameters including the water saturation, shale volume, and porosity. The
thin sections are scanned and analyzed using the visual analysis software tool that counts
different pores and grains beside measuring their shapes and sizes which are crucial for
porosity and permeability. These values are compared with the seismic attribute results in
porosity generated by Pseudo attributes. This process leads to optimal methodology of
reservoir characterization. Analyzing of prospect and reservoir characterization of the
Maui B-area results petrophysical measurements of different parameters. The porosity is

estimated for the Mangahewa and Kaimiro formations.
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Attribute analyses are the main goal achieved in this study. Geometric attributes
such as volumetric dip and azimuth, coherence and curvature are cross plotted to
strengthen the summation of their outputs supporting the seismic interpretation. Attribute
measurements are utilized to characterize the subsurface structure and depositional
system. Finally, multi-attribute analyses assist clustering the attributes as a useful tool
that optimized the results predicted from attributes. The neural network modeling based
on the consistent area identified to generated pseudo porosity logs used to build a
property volume model by distributing the predicted logs along a structure grid model
providing optimal reservoir characterization

This integrated study supports the petroleum exploration with the low cost by
using the capabilities of the geophysical processing and interpretation of the seismic data.
The seismic attribute and reservoir models that identify the potential prospects and

characterize the targeted formation provide constraints for future exploration and drilling.
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QC and QA Crossplots Generated
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