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Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5
Figure 1.6

Figure 1.7

Figure 1.8

Figure 2.1

LIST OF FIGURES

Location of Maari Field in the Taranaki Basin, New Zealand
(Reilly et al., 2014)

New Zealand’s regional setting. The Taranaki Basin currently
sits above an active plate margin, where the Pacific Plate is
subducting beneath the Australian Plate (modified from Strogen
etal., 2012)

Structural Units and producing oil and gas fields present in the
Taranaki Basin. Note how the Maari oil field is located in the
Southern Inversion Zone (modified from NZPM, 2014)
Generalized Stratigraphy of the Taranaki Basin (King and
Thrasher, 1996)

Base map of 3D Maari Seismic Data

Seismic section on cross-line 1650. The red dashed ellipse
shows a low amplitude zone

Time-slice at 850 ms TWTT, Maari 3D seismic data. Observe
the large area with a lack of amplitudes due to a poor definition
of the fault location. The reason for the imaging issue is that the
strike direction of the inverted structure coincides with the
direction that the seismic was acquired (Inline direction)

A dip-steered median filter (DSMF) section on inline 793
showing with the blue ellipses showing low amplitudes zones
associated with gas chimneys (Singh et al., 2006)

The convolutional model showing the path of forward modeling
and the inverse problem. A synthetic seismogram is created
from a 1D model (well log data) through the convolution of a
RC with the source wavelet (a zero-phase wavelet in this

example, modified from Simm and Bacon, 2014)
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Figure 2.2

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6
Figure 3.7
Figure 3.8
Figure 4.1

Figure 4.2

Figure 4.3

Schematic illustrating the bandwidth of a stochastic inversion
result. A starting model adds low-frequency information. This
low-frequency model comes from filtered well data, which is
interpolated between well control points; seismic bandwidth
determine the intermediate frequency content; and a vertical
variogram model controls the high-frequency end of the

spectrum (Doyen, 2007)

Amplitude Spectrum of the 3D Maari seismic cube

a) Uninterpreted and b) Interpreted seismic line (IL 830)

a) Uninterpreted and b) Interpreted seismic line (XL 2490)
Time Structure Map — Unconformity Horizon

Detailed view of the top Moki marker in the Maui-4 well,
showing the horizon picked at positive amplitude event (peak).
Gamma-ray curve is also displayed

Time Structure Map — Moki Horizon

Time Structure Map — Lower Manganui Horizon

Time Structure Map — Mangahewa Horizon

A zoomed seismic section of the seafloor and basement
confirming the polarity of the data: increasing acoustic
impedance as a peak.

Cross-plot of Sonic (DTC) against Density (DENS_CORR)
from Kea-1 showing a main cluster and divergent data points.
A polygon is created to highlight these divergent datapoints
along the section in the Figure 4.3. Data is colored by Gamma-
Ray (GR_CORR)

Wireline logs along the interval 1542-3000 m (Measured
Depth) in the Kea-1 well. Note how the data points included in
the polygon of Figure 4.2, highlighted here in blue, correlate

well to wash-out zones in the caliper track. Bit size is 121/2”
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Cross-plot of Sonic (DTC) against Density (DENS_CORR)
from Maui-4. A blue area is created to highlight potential
spurious data along the section in Figure 4.5. Data is colored by
Gamma-Ray (GR_CORR)

Wireline logs along the interval 1311-2315 m (Measured
Depth) along the Maui-4 well. Highlighted in blue are the
datapoints included within the blue area of Figure 4.4, showing
potential spurious data in the absence of a caliper log
De-spiking: the effect of different window/operator lengths
using running-average and median filters. The section shows an
example applied to the P-wave original (gray curve) in the
interval ~2174 to 2268 meters below Kelly Bushing (KB)
Section (~750-1700 m MD) along the well Maari-1 presenting
good wellbore conditions in the Upper and Lower Manganui
Fm. Consequently, a local relationship between density and P-
wave velocity for these zones was based on data from this well
Density vs. P-wave velocity cross-plots and regression fits: (a)
Upper Manganui section; (b) Upper and Lower Manganui; (c)
Upper and Lower Manganui data points with a discriminator
(GR >100 API) to find local Gardner’s parameters for
claystones; and (d) upper and lower Manganui applying a
discriminator (GR < 100 API) to estimate parameters for
sandstone/siltstone in these formations. Note how for (b), (c)
and (d) the parameters are basically the same as general
Gardner’s

Cross-plot of density and P-wave velocity from lower
Manganui zone. Power equation fit is not reliable as a low
variation within the velocity range seems to make it difficult to
accurately relate the two variables. It is illustrated by the low

correlation of determination value (r?=0.16)
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Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Density log prediction in an interval strongly affected by bad
hole conditions in well Kea-1: comparison between original
log, predicted log using local parameters for Upper Manganui
Fm. (Eq. 4-2) and the general Gardner’s relationship
Comparison between the synthetic seismogram (blue) and
actual seismic data (red) over the interval 1425-1825 ms
TWTT, upper Manganui Fm. before (a) and after well log
prediction (b) wusing Eg. 4-2 (Upper Manganui local
relationship). The time-to-depth relationship is derived from the
sonic log after check-shot calibration

Density (g/cm®) vs. P-wave velocity (m/s) cross-plot used to
identify the general trend and derive a local relationship to
predict missing density log in Maui-4

Bit size, Caliper, Gamma-Ray, original density and predicted
density logs as well as P-wave velocity, original and after de-
spiking, in well Maui-4. Note that there is no caliper log for
most of the section. Density is also missing in long intervals.
Equations 4-2 (blue curve) and 4-5 (black curve) were used to
predict density from the de-spiked P-wave velocity log along
these sections. The final density curve, i.e. used to create a
synthetic seismogram, will be a composite of these curves
(where they apply) plus parts of the original log (where in good
condition)

Comparison between the synthetic and actual seismic data
along the interval ~2750 — 3840 m or 1850 — 2355 ms TWTT in
Maui-4 after the density log was predicted from Vp using Eq.
4-5. No density log was available in the interval. The main
reflection events present a fair match with the seismic data. The
cross-correlation between synthetic and actual seismic trace is
66%

Statistical wavelet extracted over the interval 1100-2250 ms
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Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

TWTT. A phase rotation of 180° was defined to match the
expected polarity of the seismic data

Initial statistical wavelet used to obtain a preliminary tie.
During the process, information about phase can be estimated.
Note how the cross-correlation function in (a) and (b) are
assymmetrical. Phase to reach maximum cross-correlation is
indicated (red rectangle) for wells Kea-1 and Maari-2 (149° and
89°, respectively)

Seismic-to-well-tie with a 30 Hz Ricker wavelet. Phase rotation
is at Kea-1 (a) 145° and at Maari-2 (b) 90°, as suggested in
Figure 4.16. Note how the cross-correlation function in (a) and
(b) are nearly symmetrical after the phase rotation

Extracted wavelet from each well using a full log approach.
With base on the phase estimate, they are divided into two
groups of wavelets: a) including Kea-1, Maui-4, Moki-1 and
Whio-1; and b) including Maari-1 and Maari-2. The phase
estimates is considered to be within an acceptable variation
range from the previously thought 145° phase group (a) and the
90° phase group (b)

Final average wavelet extracted using wells Kea-1, Maui-4,
Moki-1 and Whio-1 by a full log approach over the interval
1100-2250 ms. Wavelet is shown in time and frequency domain
(amplitude and frequency spectra). Average phase is 123° and
dominant frequency around 26 Hz

Seismic-to-well-tie in Kea-1. Original and final logs are
presented. Final logs used to compute Impedance and
reflectivity logs are indicated by an asterisk (*). The final
density is a composite of many different segments joined
together. The sonic log went through a de-spiking process and
then was converted to P-wave velocity (m/s). The final wavelet

(Figure 2-19) is convolved with the computed reflectivity log
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Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

(Track 6) to generate the synthetic seismogram (red traces).
Synthetic and actual seismic traces exhibit good correlation
(81%) over the window 1575-2235 ms TWTT

Seismic to well-tie in Maari-1. Original and finals logs are
presented. Final logs used to compute Impedance and
reflectivity logs are indicated by an asterisk (*). Synthetic and
actual seismic trace exhibit a fairly good correlation (73%) over
the window 725-1225 ms TWTT

Seismic-to-well-tie in Maari-2. Original and final logs are
presented. The final density (red curve, Track 9) and P-wave
velocity (blue curve, Track 4) logs used to compute Impedance
and reflectivity logs are assigned with an asterisk (*). Synthetic
and actual seismic traces exhibit a reasonable cross-correlation
(71%) over the window 720-1250 ms TWTT
Seismic-to-well-tie in Maui-4. Original and finals logs are
presented. The final density (red curve, Track 3) and P-wave
velocity (blue curve, Track 11) logs used to compute
Impedance and reflectivity logs are assigned with an asterisk
(*). Synthetic and actual seismic trace exhibit an acceptable
cross-correlation (67%) over the window 1160-1770 ms TWTT
Seismic-to-well-tie in Moki-1. Original and finals logs are
presented. The final density (red curve, Track 3) and P-wave
velocity (blue curve, Track 4) logs used to compute Impedance
and reflectivity logs are assigned with an asterisk (*). Synthetic
and actual seismic trace exhibit a good cross-correlation (74%)
over the window 800-1300 ms TWTT

Seismic-to-well-tie in the deviated well Whio-1. Original and
finals logs are presented. The final density (red curve, Track 3)
and P-wave velocity (blue curve, Track 4) logs used to compute
Impedance and reflectivity logs are assigned with an asterisk

(*). Synthetic and actual seismic trace exhibit a good cross-
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Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 5.1

Figure 5.2

correlation (77%) over the window 1075-1725 ms

Well data from Moki-2A. Amplitudes possibly attenuated by a
shallow gas event prevent the well from going through the
seismic-to-well tie correlation

Colored synthetic trace for Kea-1 well displayed over seismic
IL 1524

Colored synthetic trace for Maari-1 well displayed on Xline
1644. The black dashed ellipse highlights a zone where the
amplitues are attenuated, restraining the correlation window
analyzed due to a lack of significant events to correlate

Colored synthetic trace for Maari-2 well displayed on Xline
1545. A possibly shallow gas anomaly attenuating amplitudes
is highlithed by a black ellipse

Colored synthetic trace for Maui-4 well displayed along an
arbitrary line

Colored synthetic trace for Moki-1 well displayed on seismic
Xline 1645

Colored synthetic trace for Whio-1 well displayed over seismic
Inline 1438

Well-tie for Moki-2A was incapacitated due to absorped
amplitudes, possibly caused by a shallow gas anomaly
occurring at the well location (IL 1376)

Calculated average and interval velocities after well-ties in the
Maari area

Time-Depth charts for each of the six wells: Kea-1, Maari-2,
Maari-2, Maui-4, Whio-1 and Moki-1

Arbitrary-line through all the tied wells. Red dashed areas show
zones with attenuated amplitudes

Amplitude spectrum of the Maari 3D seismic data extracted
from the inversion target interval

Low-Frequency models created for a) P-Impedance, b) bulk
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

density and c) P-wave velocity. These models are exhibited
along a vertical section (XL 1645) that passes through the wells
Maari-1 (not included in the model) and Moki-1. For each
model shown, the color display and curves correspond to the
respective property at the well locations

Low-Frequency model of P-Impedance ((m/s)*(g/cc)) along an
arbitrary line (A-B) through all available wells in the area. Well
locations and the arbitrary line segment on a map view are also
shown

Acoustic-impedance inversion analysis at Kea-1. The final
average wavelet was extracted from four different wells
Inverted P-Impedance (y-axis) and original P-Impedance data
(x-axis) show some scatter (RMS error of +340 m/s*g/cc) from
the ideal line y = x. Data are colored by two-way travel time
(TWTT) in milliseconds

P-Impedance along an arbitrary line (A-B). The volume was
obtained from a model-based deterministic inversion. Well Al
values are displayed using the same color bar as the inversion.
Wells included in the inversion process match well the inverted
Al. Computed Al in the Whio-1 well, which was not included,
matches the inverted result quite well. At the Maari-2, which
also was not included, the match is just moderate. At Moki-2A,
where the imaging is quite poor, the inversion is not reliable
Arbitrary seismic line through all the wells (except Moki-2A)
in the inversion target zone. P-velocity logs are displayed at the
wells

Whio-1 well as a blind well in the 1% inversion run. The
inverted P-Impedance matches the computed Al well. Gamma-
Ray log is shown over the seismic section (right), IL 1438
Maari-1 and Maari-2 as blind wells. Inverted P-Impedance
matches log Al well below the Moki horizon (left). The
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Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Gamma-Ray log is displayed over the seismic section (right),
IL 1270. Note the imaging issue (attenuated amplitudes)
occurring between the wells. This affects the inversion. In this
case, it could lead to a misleading interpretation that all the
interval between approximately 1130 and 1220 ms TWT has
very low acoustic impedance. It seems more likely, though, that
the imaging issue created a discontinuous shale interval (black
dashed lines - higher acoustic impedance, high GR) that can be
correlated between the two wells

Kea-1 as a blind well in the 2" inversion run. The inverted P-
Impedance (left) matches the computed Al fairly well. The
Gamma-Ray log is shown over the seismic section (right), IL
1524

Inversion on XL 1643 from the stochastic Gabor method
showing the properties P-Impedance (left), density (middle) and
P-wave velocity (right)

Detailed view of the zone with attenuated amplitudes between
Maari-1 and Moki-1 on XL 1643. The color ribbon at each well
shows the computed synthetic seismogram and the gray curve
is the GR log

Inverted P-Impedance along an arbitrary line (A-B). The
volume was obtained from the Stochastic Gabor Inversion.
Computed Al values are displayed on a color-match display at
the well locations

Target zone for the stratal-slice shown in Figure 4.15: two
hydrocarbon pay intervals separated by a 1 meter shale layer in
the upper part of the Moki Fm. (de Bock et al., 1991)

Target zone for the stratal-slice shown in Figure 5.17 is the
interval 2031-2073 m MD below KB that corresponds to
approximately to the upper 20 ms within the Eocene

Mangahewa formation
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Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Inverted P-Impedance (m/s*g/cc) from deterministic inversion
(@), (b) from Stochastic Gabor inversion in the upper 16 ms of
the Moki Fm. Seismic amplitudes along the Moki horizon (c)
and its time-structure map (d) are also shown

Inverted P-Impedance (m/s*g/cc) from deterministic inversion
(@), (b) from Stochastic Gabor inversion in the upper 20 ms of
the Mangahewa Fm. Seismic amplitudes along the top
Mangahewa horizon (c) and its time-structure map (d) are also
shown

Detailed view of the highlighted areas 1 and 2 in Figure 5.17.
The extracted amplitude map (stratal slice) along the Top
Mangahewa horizons shows these linear features, possible
processing artifacts, in the seismic data

Time-slice at 1200 ms: a) P-impedance deterministic inversion,
b) P-impedance stochastic Gabor inversion and c¢) seismic data
Time-slice at 1800 ms: a) P-impedance deterministic inversion,
b) P-impedance stochastic Gabor inversion and c¢) seismic data
Detailed view of a selected area in Figure 5.20 showing (1)
deterministic inversion, (2) stochastic Gabor inversion and (3)
seismic amplitudes in a time-slice at 1800 milliseconds.
Highlighted areas a) and b) show enhanced resolution and
higher continuity of events in areas with damaged amplitudes
given by the stochastic Gabor inversion

P-Impedance vs. density cross-plot from logged data using only
wells Maari-1, Maari-2, Maui-4 and Moki-1. All sample points
belong to the Moki formation

Selected zones from cross-plot shown in Figure 5.22 compared
to the GR logs. At each well, tracks show GR (left), density log
(middle) and P-Impedance (right)

Computed Kernel matrix showing the PDF’s for each class
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Figure 5.25

Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31

Figure 5.32

Figure 5.33

Confusion matrix indicating the classification success rates of
the selected zones (Figure 5.22) considering the well data (a)
and the inversion volumes (b)

Sand class probabilities extracted from two different intervals:
a) pay zone at Moki-1 well, 1306-1317 m MD. A search
window of 8 ms was used to extract an average probability
within the interval; b) phantom horizon (Moki horizon + 50 ms)
with a search window of 5 ms centered in the phantom horizon
Effective porosity vs. computed P-Impedance values from wells
Maari-1, Whio-1, Moki-1 and Kea-1

Inverted effective porosity from the stochastic Gabor Inversion
along XL 1645. The color ribbon shows the logged effective
porosity in the Moki-1 well

Inverted averageg.rr from two pay zones in the Moki
formation. Zone 1 (a) is extracted with a search window of 8
ms below the Top Moki horizon and Zone 2 (b) used a search
window of 6 ms below a phantom horizon 8 ms below the top
of Moki formation. Structural contours are shown with a
contour interval of 120 ms

P-Impedance vs. effective porosity within the Moki Fm. in two
different wells, one located in the Manaia anticline (Maui-4)
and other in the Moki-Maari structure (Moki-1)

Cross-plot used to define a relationship between Al and
effective porosity for sands of the Moki Fm. in the Manaia
structure from the Maui-4 well data

Inverted P-Impedance (left) and inverted effective porosity
(middle) from stochastic Gabor inversion and seismic data
showing in detail the Moki Fm. around the Maui-4 well on the
Manaia anticline

Inverted (stochastic Gabor) effective porosity values extracted
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Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

from the upper 6 ms of the Mangahewa formation (HC pay
zone). The average ¢.rr Was extracted along the pay interval.
Structural contours (120 ms spacing) are also displayed

P-wave velocity in the Maari-2 well after check-shot correction
without modifying well log values (blue) and modifying well
log values (red) shown in Track 3. The new values match with
the other wells (Maari-1 and Moki-1) along the interval 940-
1100ms TWT, but now they differ above that zone. The
difference is < 500 m/s, less than the approximately 1000 m/s
difference in the previous zone

Section (940-1100 ms TWT) along three wells, drilled in the
same structure and not far apart, shows high P-wave velocity
values in the Maari-2 well. The most likely cause of these
suspicious values is an error in the sonic log

Seismic data and the calculated ‘Amplitude weighted
frequency’ attribute through the wells Whio-1 (a) and Maari-2
(b). A frequency-content loss observed in extracted wavelets
along the wells (full log approach) might be due to gas
anomalies (highlighted bright events)

Comparison between stochastic Gabor and deterministic
inversion along an arbitrary line through the Maui-4 well. The

seismic data is also shown, with the Gamma-Ray (GR) log
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LIST OF ABBREVIATIONS AND SYMBOLS

m Meter

m/s*gl/cc Meter per second * gram per cc (P-Impedance Unit)
Hz Hertz

¢ Porosity

berr Effective Porosity

m/s Meter per Second

ms Millisecond

mD millidarcy

km Kilometer

S Second

bbl Barrel (unit)

bopd Barrels of oil per day
bwpd Barrels of water per day
Vp Compressional Velocity
Vs Shear Velocity

Al Acoustic Impedance
AVA Amplitude variations with Angle
BS Bit Size

CALI Caliper Log

CMP Common Midpoint

GB Gigabytes

GR Gamma Ray Log

DENS Density Log

DSMF Dip-Steered Median Filter
DTC Compressional Sonic Log
DTS Shear Sonic Log

FFT Fast Fourier Transform



NEUT
NMO
PEF
RESS
RESM
RESD
SP
TEMP
TENS
PDF
RMS
API
RC
VSP
QC
HC

Neutron Porosity Log
Normal Move-out
Photoelectric Log
Resistivity at shallow
Resistivity at medium
Resistivity at deep
Spontaneous Potential Log
Temperature Log

Cable Tension

Probability Density Function
Root Mean Square
American Petroleum Institute (Gamma Ray Unit)
Reflection Coefficient
Vertical Seismic Profiling
Quality Control

Hydrocarbon



