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ASTRACT
As part of an active plate boundary throughout the Neogene, the thermal
evolution of the East Coast Basin along the Hikurangi margin reflects the transition from
tectonic extension to convergence. Combining the stratigraphic (burial/exhumation)
history of the region as recorded in the Oputouma-1 well with Apatite Fission Track
(AFT) ages and track length distributions, and vitrinite reflection (Ro) results from well
samples, I have assessed the tectonic framework of the basin incorporating improved
models of plate motions, and the thermal effects of plate boundary evolution (e.g. heat
flow effects of extension, subduction emplacement, thrusting). We have used a timedependent numerical (finite-difference) thermal modeling approach that explicitly
includes effects of crustal heat production distributions, variable thermal properties of
different lithologies, burial and exhumation, regional extension prior to 30 Ma, and the
effects of subduction emplacement and ongoing subduction from 25 Ma - present. The
vertical section comprised of well samples extending more than 3.5 km below the surface
provides substantial constraints on the range of viable tectonic and thermal histories for
the basin.
Model results indicate the following: (1) Once subduction begins beneath the
Hawke’s Bay region, AFT ages and Ro values are locked-in. Modeling results place the
timing of the start of subduction at ~ 25 Ma. (2) The level of organic maturation
indicated by the Ro values in conjunction with AFT ages and track lengths requires a
relatively high heat flow regime during the Eocene-Oligocene, consistent with the plate
tectonic history of the region that implies that New Zealand was undergoing extension
during that time. (3) Although there is stratigraphic evidence of Miocene burial and
exhumation, little additional thermal maturation occurred during this time. Our thermal
models indicate that most organic maturation and hydrocarbon production would occur
prior to the ca. 25 Ma initiation of subduction, raising the question of whether appropriate
reservoir structures and seals existed at that time.
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CHAPTER 1
INTRODUCTION
Hawke’s Bay Basin lies along the Hikurangi Subduction Margin on the East
Coast of the North Island of New Zealand (Figure 1.1). It has experienced a transition
from crustal extension to crustal shortening over the past 40 Ma, and has recorded these
signatures in basin sediments deposited over this time interval. Specifically, the thermal
history of sedimentary units have recorded the thermal responses to burial and erosion,
elevated heat flow associated with crustal extension and thinning prior to 30 Ma., and the
suppressed heat flow associated with the emplacement of cold subducted lithosphere
beneath the basin at ~25 Ma. In this study, I use proxies for temperature history such as
Apatite Fission Track (AFT) thermochonology and vitrinite reflectance (%VRo) recorded
in the Opoutama-1 well to constrain the timing and thermal effects of extension and
subduction along the Hikurangi Margin. I use these results to assess implications for the
maturation of hydrocarbon source rock in Hawke’s Bay Basin.
1.1 Tectonic and Geologic Setting
New Zealand straddles the boundary between the Pacific and Australian plates
and its Mesozoic to Present geological history is closely linked to the evolution of the
plate boundary. The Hikurangi Margin on the North Island and the Alpine Fault on the
South Island are expressions of the plate boundary. Subduction along the Hikurangi
margin and strike-slip character along the Alpine fault are both oblique, reflecting the
present-day west-southwestward motion of the Pacific Plate with respect to the
Australian Plate (Figure 1.1).
Hawke’s Bay Basin (Figure 1.1, 1.3) has been accumulating sediment over the
past 95 Ma. The Whangai, Waipawa, Wanstead, and Weber Formations reflect
deposition of low-energy mudstone from ~95-25 Ma (Figure 1.2). Of these, the Whangai
is considered to have the most hydrocarbon source potential of the units preserved in
Opoutama-1 (Davies et al., 2000; Field and Uruski, 1997), and is thus my target for oil
production models.
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Contemporaneous with deposition of these mudstones, New Zealand migrated away from
Antarctica towards its present location following the breaking of Gondwanaland. The
landmass stretched and subsided over the course of this journey and was mostly
submerged by water by 30 Ma (Campbell and Hutching, 2007; Landis et al.., 2008).
Peak subsidence is manifested today by ubiquitous sub-aerial wave-cut platforms
throughout the North and South Islands dated to be ~ 30 Ma, in addition to large normal
faults (e.g. the Taranaki Fault) thought to have been active during this time. Mudstone
deposition in Hawke’s Bay continued until ~16 Ma when the Tunanui sandstone was
deposited. The Tunanui Fm. is a fine sandstone flysch, interpreted to result from uplift to
the west associated with convergence along the Hikurangi Margin (Field and Uruski,
1997). The Tunanui Fm. in well Opoutama-1 is 200 m thick and is exposed at the surface,
however, off the crest of the anticlines it is as thick as 2 km.
Nearly all geological structures in Hawke’s Bay reflect ongoing convergence
since ~25 Ma (Barnes et al., 2002), including numerous anticline-syncline pairs (Figure
1.3) and associated thrust faults (Figure 1.4, bottom). Figure 1.3 also shows the trace of
cross section A-A’ through Hawke’s Bay and the full extent of B-B’.
Hawke’s Bay lies ~80 km inboard of the Hikurangi Trench and 15 km above the
down-going slab (Figure 1.4, after Barnes et al., 2002). The 15 km depth to the
subducting slab is shallow enough that Hawke’s Bay is influenced by the emplacement
effects of the relatively cold lower plate. Thrust faults are mapped seismically
throughout the region to depths of > 20 km and are interpreted to result from subductionrelated shortening. Cross-section B-B’ shows the position of well Opoutama-1 on top of
the Opoutama-1 anticline. Also depicted are two shallow thrusts, part of the same reverse
fault system shown in A-A’. The Opoutama Anticline is considered to have formed
during movement along these thrusts from ~ 7 Ma - present (Kamp and Xu, 2002; Field
and Uruski, 1997).
1.2 Tectonic Evolution 30 Ma – Present
Cande and Stock (2004) developed a set of stage-interval Euler Poles to describe
the motion of the Pacific Plate with respect to the Australian Plate (PAS-AUS) over the
last 40 m.y. (Figure 1.5). Also shown are the 1 Ma instantaneous Euler Poles of Furlong
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and Kamp (2009). Because the pole of rotation has been very close to New Zealand over
the last 40 Ma, the motion between the two plates changes considerably across New
Zealand as the poles migrate. Three purple arrows illustrate the motion described by the
present-day Euler Pole for three points on the Pacific Plate.
The Euler Poles ~26 Ma-present are consistent with convergent tectonics at
Hawke’s Bay because the Pole lay South of the basin. However, prior to 30 Ma the pole
was east-northeast of New Zealand, consistent with pervasive regional extension. The
transition from extension prior to 30 Ma to convergence from ~ 26 Ma – present has been
recorded in the Hawke’s Bay sedimentary record with a transition from steady deposition
of mudstones to sandstones. Sandstone deposition began ~ 23 Ma just NW of Hawke’s
Bay and in Hawke’s Bay at ~16 Ma (Figure 1.2). Further, the modeling I present in this
study indicates that the transition from extension to convergence has significant thermal
effects on basin evolution.
One of the questions addressed in this study is the location of Hawke’s Bay over
the past 30 Ma. Basement terrain tectonic reconstructions (Figure 1.6) indicate that
Hawke’s Bay was somewhere between terrains ‘1’ and ‘2’, placing it on the northeastern
margin of Zealandia at 30 Ma. Since that time it has migrated south and west to it’s
present position on the East Coast of the North Island. Figure 1.6 shows that subduction
initiated beneath terrain ‘1’ long before it initiated beneath terrain ‘2’. Constraining the
location of Hawke’s Bay with respect to these terrains becomes important in determining
when basin sediments experienced the thermal effects of subduction emplacement.
1.3 Regional Heat Flow
Surface heat flow in the upper crust varies depending on tectonic setting. Regions
undergoing extension, such as the modern-day Basin and Range province of North
America, have relatively high heat flow. The average value for heat flow in continental
crust is 65 mW m-2 (Pollack et al., 1993), whereas surface heat flow values in the Basin
and Range are 63-104 mW m-2 with an average of 85 +/- 10 mW m-2. Therefore, when
New Zealand was undergoing extension prior to 30 Ma, we expect that the crust was
hotter and heat flow values were higher than they are today.
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Conversely, where subduction occurs, cold down-going lithosphere acts to cool
the overlying crust, resulting in suppressed surface heat flow (Henry and Pollack, 1988;
Lewis et al., 1988). This effect is amplified with decreasing depth to the slab. Along the
Hikurangi Margin heat flow values are around 30-40 mW m-2 at the trench, and between
40-50 mW m-2 at Hawke’s Bay (Henrys et al., 2003). Corrected heat flow at the
Opoutama-1 well is 50 +/- 5 mW m-2.
I test models that incorporate the thermal effects of elevated heat flow for times of
extension and suppressed heat flow for periods of subduction for consistency with
observed thermochronologic and thermal maturation data from Hawke’s Bay. The results
below indicate that taking these effects into consideration considerably influences
interpretations of the thermal evolution and hydrocarbon production in Hawke’s Bay.
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CHAPTER 2
METHODOLOGY
Determining a burial-exhumation history compatible with observations involves
two components. First, the finite difference modeling code TQTec (Kevin Furlong, pers.
comm.) produces a crustal-scale thermal history incorporating burial, erosion, and
thrusting (subduction) events. Second, FTage calculates apatite fission track (AFT)
ages and length distributions according to the thermal history from TQTec. FTage also
calculates expected vitrinite reflectance for the thermal history, providing an additional
constraint on model fit. Finally, A history of hydrocarbon production for modeled units
is determined using TQTec, and is discussed in Chapter 5.
2.1 Thermal Model
TQTec is a finite-difference one-dimensional time-dependant heat diffusion model
that solves the conductive heat equation for a crustal column. Specified
burial/exhumation histories and thrusting/subduction events can be incorporated. Table
2.1 displays an example input (in text format), followed by an annotated sample input
file. Table 2.2A is a list of input parameters and constants used.
The primary input in a TQTec model is the burial and exhumation history. For the
Opoutama-1 well the burial history is assigned according to the stratigraphic section of
Kamp and Xu (2002) (Figure 2.1). I assign five burials in order to separate lithologies
and assign thermal conductivity values for different portions of the stratigraphic record.
The deepest four samples in Opoutama-1 were deposited between 95-93 Ma and consist
of a mixture of mudstone and siltstone. This is burial event 1 (Figure 2.1). The
deposition rate decreases from 93-90 Ma (Burial 2, Figure 2.1), and decreases again
slightly from 87-16 Ma (Burials 3 and 4, Figure 2.1). Burials 2, 3, and 4 consist
primarily of mudstone and siltstone, having a higher mud to silt ratio than Burial 1.
Burial 5 is the Tunanui Fm., which is 100% sandstone and extends to the surface. The
thickness of the Tunanui is thought to have been greater than observed today with so
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Table 2.1
Sample Input File
s3
95
5
5.0000
75.0000
2.3000
1.0000
0
0.0000 -0.1000 -0.2500 -0.4500 -1.3000 -1.7500 -3.4500 -3.6000 -4.0000 -5.0000
5
0.0000
1.9980
0.5500
2.6130
2.0000
5.9980
0.6000
2.7420
8.0000
36.9980
1.0000
2.5720
45.0000
33.9980
3.3000
2.5430
79.0000
5.9980
2.1500
3.0230
1
87.0000
8.0000
0.8000
2
70.0000
1.0000
15.0000
0.0000
15.0000
80.0000
1.0000
15.0000
0.0000
15.0000

Sample Input File (Annotated)
s3

(run title)
Total Time for
Model
(Ma)

Model
Parameter

Surface
Temperature
(oC)

Initial Surface
Heat Flow
(m W m-2)

Basement
Surface Heat
Thermal
Production
Conductivity
(W m-3)
-1 -1
(W m K )
95
5
5.0000
75.0000
2.3000
1.0000
0 (Account for variations in thermal conductivity at start of model? 1=yes, 0=no)
Initial Depths (km) of Model Sediments (ten values)
0.0000
-0.1000
-0.2500
-0.4500
-1.3000
-1.7500
5 (Number of burial events)
Burial Events
Burial Start
Burial Duration
Burial Depth
Sed. Thermal Conductivity
(Ma from start)
(Ma)
(km)
(W m-1K-1)
0.0000
1.9980
0.5500
2.6130
2.0000
5.9980
0.6000
2.7420
8.0000
36.9980
1.0000
2.5720
45.0000
33.9980
1.2000
2.5430
79.0000
5.9980
1.8000
3.0230
1 (Number of erosion events)
Erosion Events
Erosion Start
Erosion Duration
Amount Eroded
(Ma from start)
(my)
(km)
87.0000
8.0000
1.5000
2 (Number of thrust events)
Thrust Events
Thrust Time
Model
Initial Base
Initial Depth
Initial thickness
(Ma from start)
Parameter
(km)
(km)
(km)
70.0000
1.0000
15.0000
0.0000
15.0000
80.0000
1.0000
15.0000
0.0000
15.0000
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Table 2.2
A)
Thermal Model Parameters/Constants
Parameter

Description

Constant/Units

A
A0
D
K
κ
q
q0
t
K1
T
T0
z
N
Ztot

Volumetric heat production
Surface Heat Production
Depth of heat production
Basement Thermal Conductivity
Thermal Diffusivity
Surface Heat Flow
Initial Surface Heat Flow
Time
Time step
Temperature
Surface Temperature
Depth
Number of space steps
Total Depth of Model

1.0
0.0
10.0
3.2
32

0.002
278
1200
60

W m-3
W m-3
km
W m-1K-1
m2 yr-1
m W m-2
m W m-2
s
m.y.
K
K (50)
km
km

B)
Fission Track Model Parameters/Constants
Parameter

Description

Constant/Units

A
h
k
lo
las
Q
R
n
τ
T

Empirical rate constant for axial shortening
Planck’s constant
Boltzmann’s constant
Initial track length
Track length after annealing (uncorrected)
Activation energy for defect elimination (annealing)
Universal gas constant
Exp. in power-law for initial fission track geometry
Time Interval
Temperature
Durango apatite age standard

1.81
1.58E-37
3.2976E-27
ave. = 16.2

ρst

40.6
1.99E-3
0.206
0.004
0.893

um
kcal . s
kcal . K-1
um
um
kcal . mol-1
kcal . mol-1. K-1
dimensionless
s
K
dimensionless

*Values not listed for variables

14

15

much as 1500 meters of exhumation associated with the formation of the Opoutama-1
anticline (Figure 1.4) Sediment compaction is not considered in the models.
Observed porosity values for sedimentary units (from Kamp and Xu, 2002) are
incorporated where available. For units of unknown porosity, porosity is estimated from
the established depth-porosity relationship for equivalent New Zealand strata (Armstrong,
1996). Assumed in-situ thermal conductivity (Figure 2.1) of the sedimentary units is
determined by incorporating these porosity values with the matrix thermal conductivities
of Blackwell and Steele (1989), using the geometric mixing law outlined by Armstrong
(1996).
Since our AFT are from detrital samples found in sedimentary units, I have
modeled the thermal evolution starting at the age of the oldest sediments. In the case of
Opoutama-1 well, this is 95 Ma. Surface temperature is set at 5 oC in all models. Surface
heat flow in the geologic past is unknown, thus models with qo ranging from 50 mW m-2
to 100 mW m-2 have been evaluated; see discussion of heat flow-model sensitivity and
choice of qo in chapter 4. Thermal conductivity of the Cretaceous basement is set to 2.3
W m-1K-1 after Armstrong’s (1996) values for the Taranaki Basin. Variations in assumed
basement thermal conductivity and surface heat production, within the range of
reasonable values, have minimal effect on model results for this system.
We simulate the thermal effects of subduction by assigning a series of thrust events such
that the constraint of present-day observed heat flow at Hawke’s Bay of 40-50 mW m-2
(Henrys et al., 2003) is satisfied. The thickness of the model thrust sheet is determined
by the depth to the subducted slab at the well site indicated by the reflection seismic data
of Barnes et al. (2002); at the Opoutama-1 well the thickness is 15 km.
TQTec produces the crustal temperature and surface heat flow histories for a
specified tectonic model. Figure 2.2A shows the assumed depth history and the resulting
temperature response for three monitored units according to the burial history of Kamp
and Xu (2002). Note the slight lag between timing of maximum burial and timing of
maximum temperature reached. Figure 2.2B shows surface heat flow through time for
the same model run. The finite steps in burial and erosion used in the numerical model
cause instantaneous blips in heat flow seen in Figure 2.2B; i.e. an excursion occurs each
time a finite-thickness package of sediment is buried. Similarly, positive excursions
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occur when each finite-thickness increment is eroded. These artifacts of finite-difference
spacing do not influence our interpretation of the thermal model results.
2.2 Fission Track Model
I use the temperature dependence of apatite fission track (AFT) annealing in
apatite to test thermal models of different tectonic scenarios for consistency with
observed AFT ages and length distributions.
Fission tracks accumulate in apatite by the spontaneous fission of U238 nuclei,
which creates a damage trail (fission track) in the crystal lattice, which can be observed
and counted. Fission tracks in apatite crystals accumulate at a constant rate, independent
of pressure and temperature, according to the half-life of U238. At temperatures above 80
o

C fission tracks begin to heal, and at temperatures above 120 oC will be fully annealed

and no longer observable (Tagami and O’Sullivan, 2005).
The fission track annealing code FTage creates 20 fission tracks per time step, the
length distribution of these 20 tracks is based on the experimental un-annealed track
lengths of Green et al. (1986). Previous annealing models (e.g. Willett, 1997; Ketcham,
2005) create one fission track per time step and account for natural track length variance
by statistically broadening annealed distributions. The method of introducing a
distribution of tracks at each time step is unique to my model. A fission track created at
time τ o will anneal according to the time-temperature history of the sample. Annealed
tracks are then placed into bins centered on integer µm length values to compare against
€

measured fission track length distributions. The age is determined by the total number of
tracks remaining at the end of the model and is compared against the ages of Kamp and
Xu (2002)
Annealing of fission tracks in the model takes place according to the temperature
history from the time of each track’s creation to the present. The following equation
from Carlson (1990) describes this process and is incorporated in our annealing model as
follows:
n

 −Q  
k  t
las = lo − A( ) n  ∫ 0 T(τ )exp
dτ 
h 
 RT(τ )  

€

Equation 2.1
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where las is the annealed length of a fission track with initial length lo created at time τ; dτ
is the duration, and T(τ) the unit temperature, for each time step. A is an empirical rate
constant for axial shortening, k is Boltzmanns’s Constant, h is Planck’s Constant, R is the
universal gas constant, n is the power-law exponent for initial track geometry, and Q is
the activation energy for defect elimination (annealing).
To be consistent with observations and the physics of annealing I incorporate two
corrections to the model track length histograms. The distribution is first corrected for
the segmentation effect of tracks less than 12 µm in length, which occurs during
annealing. Carlson (1990) shows that fission track radial defect elimination (annealing)
narrows the track width at the same time as the shortening described by Equation 2
shortens track length. As radial defect elimination proceeds, AFTs eventually segment,
resulting in a final distribution with a higher number of shorter tracks (1-11 µm) than
predicted by axial shortening alone. FTage accounts for segmentation by halving the
lengths of a percentage of tracks determined by a linear fit to the data in Figure 2.3A, as
suggested by Carlson (1990).
Following the segmentation correction, track length distributions are corrected for
etching/user bias according to the algorithm of Willett (1997). Green (1988)
demonstrates that apatite crystal anisotropy and tendency of workers to preferentially
observe and count longer tracks results in few to no tracks shorter than 7 µm being
observed and counted. Figure 2.3B illustrates the etching/user bias correction used in
FTage. The ratio of tracks observed to tracks created in bins > 10 µm is directly
proportional to the ratio of annealed-bin length to average initial length, whereas the
correction for bins 7-10 µm follows the linear equation in Figure 2.3B. Tracks in bins 16 µm are scarcely observed and are eliminated from the distribution.
The AFT age of a sample is essentially a retention age, calculated by the sum of
all tracks remaining at the end of the model divided by the time step. We calculate model
AFT ages using the following equation:

age = ∑
i

€

li
Δt i
20

Equation 2.2
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where li are annealed and corrected fission tracks, divided by 20 because 20 tracks are
created at each time step, and Δt i is the time step duration.
€

For verification, we compare the results of FTage to those of Ketcham (2005) for
two synthetic thermal histories in Figure 2.4. The class labeled “corrected” refers to our
€
final age and length distribution, whereas “uncorrected” refers to the results prior to
segmentation and user bias corrections. There are two primary difference between our
method and that of Ketcham (2005): first, we introduce 20 tracks at each time step;
second, we use the annealing algorithm of Carlson (1990), where Ketcham (2005) uses
his own. Despite these differences, our method reproduces the model of Ketcham (2005)
for these synthetic histories to within the significance placed on coarse interpretation of
the fission track length distribution data, where overall shape and average length are the
primary constraints.
2.3 Vitrinite Reflectance Model
Vitrinite is a coal maceral consisting of thermally altered material that was once
the cell wall material or the woody tissue of plants (Crelling and Dutcher, 1980).
Vitrinite Reflectance (%VRo) is the percentage of light reflected from a sample,
measured against a standard that shows 100% reflectance (i.e. a mirror). Higher
reflectance values reflect higher degrees of organic maturity (Waples, 1980).
In order to model the %VRo, we first calculate the time-temperature index (TTI)
(after Waples, 1980) of each well sample according to its thermal history output from
TQTec. Waples (1980) applied Lopatin’s TTI methods to the thermal maturation of
hydrocarbon using the following equation.
n max

TTI =

∑ (ΔT )(r
n

n

)

Equation 2.3

n min

where ΔTn is the time duration of each bin, n is the time-temperature index value
€
ranging from -7 to +5, where -7 corresponds to the 30-40 oC interval, -6 to the 40-50 oC
€

interval; each sequentially higher index value corresponds to the next 10 oC hotter. nmin
and nmax are the n-values of the highest and lowest temperatures encountered. An r
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value of 2 is chosen, corresponding to a doubling in TTI for each 10 oC interval
encountered downward in the crust; this serves to double a model unit’s thermal
maturation reactions for each 10 oC encountered.
We model the %VRo from the TTI using the best-fit power-law expression to
global values of Waples (1980):

 TTI  0.22
VR0 = 

 41.0 

Equation 2.4

Predicted %VRo are compared against the observed values for Opoutama-1 samples of
€
Newman et al. (2000) (Figure 2.5A).
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CHAPTER 3
RESULTS
Using a variety of data sets including Apatite Fission Track (AFT) ages and
lengths, stratigraphy, present-day heat flow, and vitrinite reflectance (%VRo). I evaluate
possible burial/exhumation histories and assess the associated thermal histories of the
upper crust in the Hawke’s Bay Basin. Here I show model results for three end-member
scenarios to highlight different aspects of the thermal evolution of Hawke’s Bay. The
scenarios are: 1. Kamp and Xu (2002) burial history, 2. Field and Uruski (1997) burial
history, and 3. Elevated pre-25 Ma heat flow followed by subduction emplacement.
3.1 Kamp and Xu (2002) Burial History
The burial history1 of Kamp and Xu (2007) (Figure 3.1) incorporates burial of
each unit according to its biostratigraphic age as determined by Field and Uruski (1997).
The four deepest samples enter the basin between 95-93 Ma and reach depths of ~ 2.5-3
km by 16 Ma, at which time the burial rate increases (Figure 3.1C). These samples reach
maximum depths > 5 km at 10 Ma. Exhumation occurs along shallow thrust faults from
7 Ma – present, uplifting the samples to their present depths of ~ 3-3.6 km. Total depths
of burial and amounts eroded (post-7 Ma) were determined from porosity measurements
and the geometry of units mapped on the flanks of the Opoutama-1 anticline (Figure
1.4B).
Initial surface heat flow (qo) used for this model is 50 mW m-2, which produces a
modeled present-day value of 52 mW m-2, in good agreement with the observed value of
50 +/- 5 mW m-2 (Townend, 1997). However, Kamp and Xu (2002) incorporate into
their model a change in geothermal gradient at ~15 Ma from 27 oC/km to 16 oC/km
coincident with the onset of subduction, which they argue occurred at 15 Ma. This is not
consistent with our Figures 3.1C and D, from which geothermal gradients of 19 oC/km at
1 We reference burial histories proposed by Kamp and Xu (2002), separately we reference AFT
age and length data from the same publication. From here on, the model run ‘Kamp and Xu
(2002)’ refers to our implementation of the burial history proposed in that study, whereas the
AFT data from Kamp and Xu (2002) will be referred to as ‘observed’ or ‘measured’, with a
citation in the figure caption and/or text.

26

27

20 Ma and 16 oC/km at 10 Ma are extracted. In order to model a higher pre-15 Ma
geothermal gradient (such as 27 oC/km) additional tectonic effects, aside from simple
burial and erosion, must be considered.
The time-temperature history corresponding to this burial history and heat flow
shows maximum temperatures being reached at 5 Ma, but not exceeding 100 oC (Figure
3.1D). The four deepest Opoutama-1 samples enter the partial annealing zone at ~12 Ma,
where they reside until they are cooled below 80 oC at ~ 1 Ma. Because no samples
reach 120 oC, the upper limit of the partial annealing zone, none gets reset with respect to
AFT; therefore all ages and length distributions for this model are the result of partial
annealing and/or provenance signal. The four deepest AFT samples (AFT sample
numbers 9801-94, 9101-7, 9801-93, 9801-91) have biostratigraphic ages of ~95-90 Ma;
sample 9101-6 is dated to be ~82 Ma; sample 9101-5 is ~69 Ma; and sample 9101-4 is
~13 Ma (Figure 3.1A).
AFT length distributions are on average too short (Figure 3.2, gray bars). Sample
9101-7 is omitted due to sparseness of observed lengths. Samples 9101-4, 9101-5, and
9101-6 never get hotter than ~90 oC in the model, thus their AFT signal is primarily
provenance, having little reflection of events that took place post-deposition in the basin.
Observed distributions for samples 9101-7, 9801-93, and 9801-91 all center on bin 12,
whereas modeled distributions center on bins 9, 10, and 11 respectively. The discrepancy
reflects a higher degree of annealing in the model than observed in the laboratory.
This model fails to predict the desired degree of thermal maturation for the
bottom four Opoutama-1 samples (Figure 3.1B) because sufficiently high temperatures
are not reached in the modeled thermal history (Figure 3.1D). For the deepest sample
from the well this model produces %VRo=0.86, substantially less mature than the
%VRo=1.26 observed by Newman et al. (2000). The model results for the three samples
below 3 km depth similarly under estimate the maturation level.
3.2 Field and Uruski (1997) Burial History
The burial history proposed by Field and Uruski (1997) is based on the biostratigraphy in the same publication. Burial rates for this model are higher than for Kamp
and Xu (2002) between 95-55 Ma, and lower from 55-25 Ma. Further, Field and Uruski
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(1997) incorporate significantly less Miocene burial between 20-10 Ma than Kamp and
Xu (2007). Also, Miocene burial is more gradual than in Kamp and Xu (2002); Field
and Uruski (1997) have 1.2 km of burial from 20-2 Ma, followed by 1 km of erosion
from 2 Ma – present.
No specific geothermal gradients are referenced in Field and Uruski (1997);
however, isotherms plotted along with their burial history reflect a gradual change from
~37 oC/km at 30 Ma to ~30 oC/km at 10 Ma which has been attributed to subduction
initiation at ~25 Ma by Uruski and Funnell (1995). We account for the proposed
decrease in geothermal gradient by initiating subduction at 25 Ma2. One thrust is called
upon, 15 km thick, at 25 Ma. Thrusting causes a sharp decrease in heat flow from ~80
mW m-2 to ~40 mW m-2 at 24 Ma (Figure 3.3E) and corresponds to a decrease in
geothermal gradient from 33 oC/km to 20 oC/km. Following subduction initiation, the
model gradually re-establishes a higher heat flow from 24 Ma – present, having a
present-day value of ~65 mW m-2; this is 15 mW m-2 higher than the published value of
50 mW m-2 for Opoutama-1 (Townend, 1997).
The temperature history for the model reflects the effects of deeper burial from
95-55 Ma by taking the deepest four Opoutama-1 samples up to the 60-80 oC range by 55
Ma, where they reside until subduction cools the system at 25 Ma (Figure 3.3D). The
Miocene burial event starting at 22 Ma then takes these four samples into the partial
annealing zone at around 12 Ma, where they reside until the present-day.
One thrust and qo = 80 mW m-2 is sufficient to model AFT ages that span 8-32
Ma for the bottom four samples (Figure 3.3A) by cooling the thermal regime coincident
with the maximum burial at 2 Ma (Figure 3.3D). The modeled ages for the bottom four
samples encompass the observed range and reproduce the overall trend towards older
ages (from bottom-top in the profile). Without a thrust event, all other model parameters
being equal, all four deep-Opoutama-1 samples would reach sufficient temperatures to
fully reset AFT ages to < 5 Ma.
Maximum temperatures, reached by the deepest four model samples at 2 Ma, are
90-100 oC (Figure 3.3D). This translates to %VRo of 0.64 - 0.78, well below the
Subduction is not explicitly modeled by Field and Uruski (1997). We employ thrusting when
running their geo-history through our code to account for a drop in geothermal gradient implicit
to their isotherm plots. Subduction is explicitly modeled below in our model.
2
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observed %VRo of 1.04 – 1.26 (Figure 3.3B). A higher heat flow would yield higher
predicted %VRo for this scenario, but would also result in further AFT annealing and
push modeled ages younger than the measurements of Kamp and Xu (2002).
AFT length distributions for the three samples deeper than 3 km depth (Figure
3.2, dark gray) mimic those of the Kamp and Xu (2002) burial run, producing shorter,
more annealed average distributions than the observed data.
One hypothesis is that maximum temperatures responsible for peak thermal
maturation were achieved prior to subduction at ~25 Ma (Kamp and Xu, 2002; Field and
Uruski, 1997; Uruski and Funnell, 1995) and that the deepest burial experienced by these
sediments at 10 Ma has an insignificant contribution to further maturation. A model that
accounts for this hypothesis may simultaneously satisfy the AFT ages, AFT lengths, and
%VRo observations.
3.3 This Study; High pre-25 Ma Heat Flow, Subduction at 25 Ma
In my preferred model, two additional considerations are incorporated which
directly account for tectonic activity: 1) the upper crust experiences an initial surface heat
flow of qo = 102 mW m-2 prior to subduction emplacement to reflect evidence of
regional extension/crustal thinning; and 2) a series of thrust events work to cool basin
sediments beginning at 25 Ma.
We use the burial history of Kamp and Xu (2002) in our model (Figure 3.4C),
since it is the most up to date and incorporates more data, including porosity data and
inverse AFT models. However, because of the elevated heat flow prior to 25 Ma and the
thermal effects of subduction post-25 Ma, the resulting thermal history (Figure 3.4D)
looks markedly different from the thermal history in the Kamp and Xu (2002) model
(Figure 3.1D). Specifically, the deepest four Opoutama-1 samples reach temperatures
upwards of 100 oC or higher by 25 Ma in Figure 3.4D, then cool to below 50 oC nearly
instantaneously at 25 Ma due to emplacement of the subducting slab. Temperatures for
these samples enter the partial annealing zone once again at ~11 Ma, but not long enough
to produce enough annealing to significantly affect their AFT ages and track length
distributions.
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Heat flow for the model hovers near 102 mW m-2 from 100-25 Ma to reflect
regional spreading through the Eocene-Oligocene3, and drops to ~ 40 mW m-2 by 23 Ma
and remains below 50 mW m-2 until the present-day, reflective of the influence of the
cold down-going slab.
Three thrusts are implemented to model subduction. Two thrusts between 25-24
Ma cause a drop in heat flow upon subduction emplacement (t1,t2 in Figure 3.4E) and
one additional event (t3) is incorporated in order to match the present-day heat flow at
Opoutama-1. The corresponding drop in model geothermal gradient (extracted from
Figure 3.4C-D) goes from 38 oC/km at 30 Ma to a post-subduction average 16 oC/km, a
change of -22 oC/km. This is more drastic than the -13 oC/km transition proposed by
Field and Uruski (1997) and the -11 oC/km transition proposed by Kamp and Xu (2007).
Model AFT ages cluster around the observed ages for the deepest four samples
and the remaining samples fit the profile shape (Figure 3.4A). Length distributions
center on bins 12 and 13 for the three distributions shown (Figure 3.2, red bars), in good
agreement with the observed lengths, relative to the Kamp and Xu (2002) and Field and
Uruski (1997) models.
This run produces good agreement with %VRo for the entire section (Figure
3.5B, with the bottom sample reaching %VRo=1.13. High heat flow prior to 25 Ma
causes this trend, while the sudden drop in heat flow associated with subduction leads to
a cooler geothermal gradient post-25 Ma and AFT ages in the 18-30 Ma range for the
deepest four samples.

3

I have set qo = 102 mW m-2 in this model, which results in elevated heat flow extending back
to 95 Ma. It is unknown that heat flow was at this elevated level this far back in time, but the fact
that it is in the model does not affect our interpretation of AFT and %VRo data because the
samples were not buried deep enough prior to 60 Ma for AFT annealing nor excess vitrinite
thermal maturation.
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CHAPTER 4
MODEL SENSITIVITY
The numerical modeling presented in this study is non-unique, therefore, it is
imperative to assess the effects that changing each variable has on model results. I have
conducted a series of sensitivity analyses of model parameters to assess the uniqueness of
the model results from Chapter 3. I focus on parameters that are least-constrained and/or
most likely to influence the result, including modifications to burial histories, initial
surface heat flow, number of thrusts to simulate subduction, and timing of subduction
initiation. Model constants and parameters taken from previously published work are
listed in Table 2.2.
4.1 Burial History
Two burial histories for the Opoutama-1 well are published: Field and Uruski
(1997) and Kamp and Xu (2002), each based on the paleo-stratigraphic, structural, and
seismic data of Field and Uruski (1997). Discrepancies between them are primarily the
amount of burial and subsequent erosion of sediments no longer in the basin, and the
partitioning of burial from 95-30 Ma. Two cases with additional Oligocene burial, 1 km
and 2 km deeper than the Kamp and Xu (2002) burial history suggests, are modeled to
test the sensitivity of AFT and %VRo to multiple burial events.
The burial scenarios of Field and Uruski (1997), Kamp and Xu (2002), and two
modifications to the Kamp and Xu history that include additional burial during 40-30 Ma
are depicted in Figure 4.1A. As I assess the effects of varying the burial/exhumation
history, I use a constant surface heat flow of qo = 65 mWm-2 for all four cases (e.g.
Pollack et al., 1993). AFTs anneal at temperatures above 80 oC; all AFT ages for these
models are younger than 5 Ma due to significant annealing at that time. Thus significant
changes to the burial history in the past will have little effect on AFT model results if
there is a recent < 10 Ma heating event (Figure 4.1B). However, model AFT ages could
be older if a perturbation such as subduction of a cold slab caused the system to
experience lower heat flow and a cooler geothermal gradient from 25 Ma-present.

35

36

The two cases with additional Oligocene burial predict higher levels of organic
maturity (Figure 4.1C), due to maturation at the local maximum burial between 25-30 Ma
(Figure 4.1A). However, all four models fall within the %VRo standard deviation for the
bottom kilometer of the well.
4.2 Thrust Events
Subduction of the Pacific lithosphere in the study region will have acted to cool
the upper plate (Uruski and Funnell, 1995; Kamp and Xu, 2002) due to Hawke’s Bay’s
close proximity to the Hikurangi Margin and the 15 km depth to the slab at Opoutama-1
of (Barnes et al., 2002).
Scenarios incorporating variable numbers of thrust events are depicted in Figure
4.3. The earliest thrust in each takes place at 25 Ma, causing a sharp drop in temperature
of about 25 oC over the same period (Figure 4.2A). Heat flow drops from 75 mW m-2 to
40 mW m-2 over 2 Ma (Figure 4.2B) beginning at the time of subduction initiation.
Following the initial thrust, transient evolution of the thermal regime leads towards a presubduction thermal gradient, therefore multiple thrusts may be called upon to maintain
realistic post-subduction-emplacement geothermal gradients. If too many thrusts are
called upon, such as five (red curve, Figure 4.2), unreasonably low present-day heat
flows (e.g., < 20 mW m-2) occurs. If too few thrusts are incorporated, such as one (blue
curve, Figure 4.2), the model predicts erroneously high present day heat flow values.
Dashed lines in Figure 4.2A are cartoons of the temperature profiles one would expect in
a real-life scenario. Our method (solid lines, Figure 4.2A) of incorporating thrusts does
not reproduce such smooth curves, but does accurately model a given drop in heat flow
and satisfies the known present-day value.
For this example, Kamp and Xu (2002) burial history with qo = 65 mW m-2, we
conclude that 2 thrusts, evenly spaced, beginning at 25 Ma, satisfies the present-day
surface heat flow of ~45 mW m-2 (Figure 4.2B), but does satisfy the AFT and %VRo data.
However, Eocene-Oligocene regional extension led to higher heat flow in the past.
Below we test a range of values for qo to determine a value consistent with both the
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Eocene-Oligocene extension event and satisfies the fission track and vitrinite reflectance
data constraints.
4.3 Surface Heat Flow
Present-day surface heat flow in the Hawke’s Bay region varies from 40-60 mW
m-2. Henrys et al. (2003) use bottom simulating reflectors to infer crustal temperatures
and heat flow. Their values (uncorrected for sedimentation effects) are between ~ 40
mW m-2 just west of Hawke’s Bay and > 60 mW m-2 on the Mahia Peninsula. Townend
(1997) also used bottom simulating reflectors and when corrected for sedimentation
effects, argued for an average heat flow of ~ 44 mW m-2 for the Hikurangi Margin
inboard of the trench and a present-day value of 50 +/- 5 mW m-2 for well Opoutama-1.
We use models that satisfy these observations and produce a present-day heat flow of ~
50 mW m-2 for well Opoutama-1.
In Figure 4.3A, five model runs according to the Kamp and Xu (2007) burial
history are presented at values of qo ranging from 40 mW m-2 to 80 mW m-2. The
difference in qo for the model between 40 mW m-2 and 60 mW m-2 corresponds to
difference of ~25 oC in the highest temperatures experienced by the sediments at
maximum burial at ~7 Ma.
The effects of qo on temperature also translate into significant changes in model
AFT and %VRo values. The difference in model AFT age between the 40 mW m-2 and
60 mW m-2 cases is ~65 Ma for sample 9801-94. A choice of qo of 40 mW m-2 yields
AFT ages that are too old for the entire profile (blue crosses, Figure 4.3B), indicating that
the model does not reach high enough temperatures to undergo a significant degree of
annealing. Conversely, heat flow ≥ 60 mW m-2 (green, red, and yellow crosses, Figure
4.3B) yields AFT that are too young, reflecting too much annealing in the model. For
this model, a choice of qo = 50 mW m-2, such as presented in Figure 3.1 as the preferred
€
fit for a model without subduction, fits the AFT ages of the bottom three samples in the
well (purple crosses, Figure 4.3B). However, the 50 mW m-2 scenario without subduction
predicts under-mature %VRo values for the bottom four samples in the well.
As stated above (Figure 4.2), incorporation of subduction into the model causes a
substantial and abrupt drop in heat flow. We test qo values ranging from 60 mW m-2 to
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120 mW m-2 for subduction scenarios using the Kamp and Xu (2007) burial history
(Figure 4.4) but with subduction effects included. Similarly to the non-subduction test in
Figure 4.3, a change in qo of 20 mW m-2 corresponds to a change of ~25 oC in the highest
temperatures reached in the model prior to subduction for sample 9801-94. However, the
difference in the subduction models is that the highest temperatures experienced are as
much as ~20 Ma prior to the deepest burial depths experienced by the sediments (still ~7
Ma according to the Kamp and Xu (2007) burial history).
It can be seen in Figure 4.4B that values of qo 80 mW m-2 or less do not produce
annealing sufficient to match the observed AFT ages (blue and purple crosses). Also,
values of 80 mW m-2 or less do not reach high enough thermal maturation to satisfy
%VRo observations (blue and purple crosses, Figure 4.4C). qo equal to 100 mW m-2
produces a very good fit to the AFT ages for the bottom four samples, and also falls just
within uncertainties for the %VRo observations for three of the bottom four samples
(green crosses, Figure 4.4B-C). Conversely, the qo =120 mW m-2 run better matches the
vitrinite maturity profile (red crosses, Figure 4.4C), but is too young in terms of AFT
ages. We use a value of 102 mW m-2 in our preferred model (Figure 3.4).
A comparison of Figures 4.3 and 4.4 reveals that a model that explicitly
incorporates subduction as well as high Oligocene heat flow is needed to satisfy both the
AFT age and %VRo data.
4.4 Timing of Thrust Events
In a model in which Qo = 100 mW m-2 subduction emplacement cools sediments
from within the partial annealing zone for apatite (80-120 0C) to well below it (<60 0C)
nearly instantaneously (Figure 4.4A). If this occurs, then apatites that are annealing
AFTs prior to subduction would start accumulating tracks during subduction, thereby
locking in the AFT retention age as long as subduction maintain the low crustal
temperatures.
The finite pole rotations of Cande and Stock (2004) and the tectonic
reconstructions of Furlong and Kamp (2009) show the entire East Coast region to have
been under extension until ~30 Ma, placing a lower bound of 30 Ma on the timing of
subduction initiation. Runs are presented for the burial history of Kamp and Xu (2002)
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with Qo = 102 mW m-2 with subduction initiation at 15, 20, 22, 25, 27 and 35 Ma (Figure
4.5). The AFT age model, particularly for the burial history presented, is very sensitive
to the timing of subduction, with ages spanning ~30 Ma across the six model runs. The
heat flow is also sensitive to the timing of the first model thrust as well as the number of
thrusts used. Specifically, four thrusts are necessary to model the preferred heat flow
history with subduction initiation at 35 Ma, whereas with subduction included at 15 Ma
only three needed to lead to the same present-day heat flow.
Subduction initiation at 35 Ma predicts old AFT ages and under-mature %VRo
values (Figure 4.5B-C, blue crosses) compared to observations. The 15 Ma subduction
initiation scenario predicts unfavorably young AFT ages centered on ~15 Ma, but does
produce a good fit to the VRo observations (Figure 4.5B-C, red crosses). The 20 Ma
subduction initiation model predicts slightly young AFT ages, but within the age
uncertainties of the deepest two samples (Figure 4.5B-C, green crosses). The 25 Ma and
27 Ma (purple and light blue crosses respectively) subduction initiation model results
both are within uncertainties for three of the bottom four samples in Opoutama-1 well for
both the AFT and %VRo datasets. This is consistent with the tectonic reconstructions
placing the PAC-AUS pole of rotation south of Hawke’s Bay between 30-25 Ma. We
propose subduction initiation at 25 in our preferred model (Figure 3.4) due to slightly
better %VRo fit than the 27 Ma case.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
The results presented in this study indicate the following: 1. A condition of high
heat flow ( > 100 mWm-2) prior to 25 Ma matches apatite fission track (AFT) age and
track length distibutions annealing, and the thermal maturation of basin sediments
according to vitrinite reflectance (%VRo) data; 2. Subduction initiation beneath Hawke’s
Bay at ~25 Ma places Hawke’s Bay on the leading edge of the Australian Plate at 25 Ma;
3. Tectonic setting and evolution (e.g. extension/thinning, convergence/subduction) has
had a significant effect on the thermal evolution of Hawke’s Bay; and 4. Peak thermal
maturation of basin sediments occurred prior to 25 Ma, not coincident with peak burial
depth at ~7 Ma and the development of convergent structures in the margin, thus
hydrocarbon maturation/migration may have occurred prior to the formation of many
potential structural traps in the basin.
5.1 High Oligocene Heat Flow
Hawke’s Bay experienced elevated surface heat flow in the Eocene-Oligocene. In
Chapter 4 (Section 4.3) we showed that models that do not include the thermal effects of
subduction do not agree with both the apatite fission track (AFT) and vitrinite (%VRo)
observations. In the subduction scenario, in which emplacement of the slab cools the
thermal regime, heat flow must have been ~ 100 mWm-2 prior to subduction
emplacement in order for model of sediments to reach the observed degree of vitrinite
thermal maturation indicated by %VRo data.
If Basin and Range style extension was responsible for high heat flow prior to
subduction at well Opoutama-1 in Hawke’s Bay, then such extension would have
produced elevated heat flow values throughout the Zealandia landmass. The presence of
wave-cut platforms of ~ 30 Ma age exposed in the highlands all across New Zealand, in
addition to structural evidence, such as extension along the Taranaki fault at ~ 30 Ma
(Peter Kamp, pers. comm.), indicate that the extension was pervasive across paleo-New
Zealand, in concert with the 30 Ma ‘transtensional’ stage pole. Furthermore, no evidence
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points towards localized elevated heat flow for Opoutama-1 well, therefore peak thermal
maturation associated with high pre-25 Ma heat flow for other locations along the
Hikurangi margin may similarly predate maximum burial in the Neogene.
5.2. Subduction Initiation Beneath Hawke’s Bay
AFT ages of Hawke’s Bay Basin sediments hinge on the timing of subduction
emplacement because the presence of the cold slab shuts down the annealing process,
locking in AFT retention ages. In this system the fission track cooling ages mark the
timing of slab emplacement. For Opoutama-1, the deepest four sample ages range from
20-31 Ma, and the preferred model places the onset of subduction at 25 Ma (Figure
4.5B).
Knowledge of the timing of slab emplacement beneath Hawke’s Bay helps us
further constrain the location of Hawke’s Bay over the past 30 Ma. Figure 1.6 depicts
two allochthonous East Coast Terrains (labeled ‘1’ and ‘2’), one on the Australian Plate,
and one the Pacific Plate at 30 Ma (Furlong and Kamp, 2009). Hawke’s Bay currently
sits between these two East Coast Terrains, but its position at 30 Ma is unknown largely
due to the ambiguity associated with mapping paleo-terrains through the formation of a
plate boundary. Terrain 2, for example, originally was part of the Australian Plate, but
transferred to the Pacific plate once subduction began. Because subduction began
beneath Hawke’s Bay at 25 Ma and the Pacific Plate under-rides the Australian Plate, I
infer that Hawke’s Bay was part of the Australian (upper) plate in an evolving zone of
terrains caught in the transition from extension to transpression/subduction tectonics.
Hawke’s Bay most likely sat just southeast offshore Terrain 1 at 25 Ma, when subduction
had not yet initiated beneath Terrain 2.
5.3 Tectonic Processes and Thermal Evolution of Hawke’s Bay Basin
In contrast to the conventional view that the burial/erosion alone history drives the
thermal maturation of Hawke’s Bay sediments, model results indicate that while
burial/erosion effects are important, incorporation of tectonic effects such as regional
extension and subduction are equally important.
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We show in Figure 5.1 three models; each assumes the burial history of Kamp
and Xu (2002). The first, using qo = 50 mW m-2 and taking into account no tectonic
extension nor subduction (e.g. Figure 3.1), produces a good fit to the AFT age profile but
fails to produce a reasonable fit to the AFT length histograms %VRo data. The second
model, using qo = 75 mW m-2 and taking into account no tectonic thermal effects,
produces a good fit to the %VRo profile but predicts AFT ages that are too young.
However, this model (green) predicts a slightly better fit to the observed AFT length
distributions, but predicts histograms peaking at smaller lengths than the Kamp and Xu
(2002) data. Our model - incorporating high Eocene-Oligocene heat flow to account for
extension, and thrust events to account for subduction - satisfies all three datasets.
These results indicate that: 1) tectonic effects have played a large part in the
thermal evolution of Hawke’s Bay Basin, in addition to burial and erosion; and 2) both
the effects of tectonic extension and convergence must be included in a model that
satisfies the given data for Hawke’s Bay.
5.4 Thermal Maturation - Oil Production
Potential hydrocarbon source rocks in Hawke’s Bay include the Whangai Fm.
(~85-65 Ma), Waipawa Fm. (~63 Ma), Wanstead fm (~55-35 Ma), and Weber Fm. (~3525 Ma). Of these the Whangai Fm. alone has been identified in Opoutama-1 well, and
exhibits the most economic hydrocarbon potential (Field and Uruski, 1997). AFT sample
9101-5 corresponds to the Whangai Fm.
Oil and gas exploration in Hawke’s Bay has focused on potential structural traps
(primarily anticlines, Figure 1.4B). These structures are thought to reflect subductionrelated shortening (Kamp and Xu, 2007; Barnes et al., 2002; Field and Uruski, 1997).
Late Miocene (~7 Ma) sediments are substantially deformed within the Opoutama-1
anticline, indicating most of the folding on these shallow (< 5 km) structures has occurred
post-7 Ma. In order for the Opoutama-1 anticline to trap hydrocarbon reserves, source
maturation and migration should also have occurred post-7 Ma.
Using the methods of Furlong and Edman (1989), we model hydrocarbon
production (Figure 5.2) for three model scenarios presented in Figure 5.1 in search of
hydrocarbon generation that may be young enough to be captured by the Opoutama-1
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anticlinal trap. We assume a type II kerogen because potential sources, including the
Whangai fm., are marine siltstones and mudstones. Maximum production is assumed to
be 630 mg/g, typical of type II kerogen (Ungerer and Petel, 1987). Hydrocarbon
production is predicted for each AFT sample unit, in addition to two points, one and two
kilometers below the present day bottom of the well respectively.
According to the Kamp and Xu (2007) burial history at qo = 50 mW m-2 (Figure
5.2A) the Whangai Fm. experiences no significant oil production. A source at the base of
the well shows some production 10 Ma-present, and potential source mudstones at 4.7
km and 5.7 km depth show significant production from ~15 Ma – present. This model
predicts high potential for the trapping of hydrocarbons by the Opoutama-1 anticline and
similar structures which formed ~7 Ma - present. According to the Kamp and Xu (2007)
burial history at qo = 75 mW m-2 (Figure 5.2B), the Whangai Fm. experiences some
production 10 Ma – present, the base of Opoutama-1 experiences significant production
from 15-10 Ma, and the 4.7 km- and 5.7 km-deep samples experience on-going oil
generation from ~90-15 Ma. This model predicts some production in the Whangai Fm.
subject to trapping by the Opoutama Anticline, but production for the deeper samples
predates the Opoutama Anticline. Model run A satisfies AFT age data and model B
satisfies %VRo data, but neither satisfies both, nor does either satisfy AFT length
distributions as well as my model (Figure 5.1).
According to my tectonic model, which satisfies AFT age, %VRo, and AFT
length distribution constraints (Figure 5.2C), the Whangai Fm. generates no significant
hydrocarbons at any point in time, and production in deeper targets occurs prior to
subduction at 25 Ma. Therefore it is possible that no oil generation occurred
contemporaneous with the formation of the Opoutama Anticline 7 Ma – present.
My results indicate that the processes responsible for peak thermal maturation at
Opoutama-1 occurred during a time of regional extension and high heat flow prior to 25
Ma, and that the processes responsible for structural trap formation (e.g.
subduction/convergence) occurred since the onset of subduction at 25 Ma. Since the
extension and subduction modeled here are regional processes, it is possible that peak
maturation/migration predates potential structural traps throughout Hawke’s Bay.
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APPENDIX A
TQTec THERMAL MODEL INPUT FILES
Kamp and Xu (2002) Burial History (Section 3.1):
k50
95
5
5.0000
50.0000
2.3000
1.0000
0
0.0000 -0.1000 -0.2500 -0.4500 -1.3000 -1.7500 -3.4500 1.0000
2.0000 10.0000
6
0.0000
1.9980
0.5500
2.6130
2.0000
5.9980
0.6000
2.7420
8.0000
36.9980
1.3000
2.5720
45.0000
32.9980
0.8000
2.5430
78.0000
3.9980
1.5000
3.0230
82.0000
2.9980
0.8000
3.0230
2
89.5000
2.9990
0.6000
92.5000
2.5000
1.3500
0

Field and Uruski (1997) Burial History (Section 3.2):
ur80
95
5
5.0000
80.0000
2.3000
1.0000
0
0.0000 -0.1000 -0.2500 -0.4500 -1.3000 -1.7500 -3.4500 1.0000
2.0000 10.0000
6
0.0000
40.9980
2.6000
2.6300
41.0000
29.9980
0.1500
2.5430
71.0000
4.9980
0.3500
2.5430
76.0000
1.9980
0.3500
2.5430
78.0000
4.9980
0.3500
2.5430
83.0000
9.9980
0.6000
3.0230
1
93.0000
2.0000
0.7000
1
70.0000
1.0000
15.0000
0.0000
15.0000
0
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This Study; High pre-25 Ma Heat Flow, Subduction at 25 Ma (Section 3.3):
s6
95
5
5.0000 102.0000
2.3000
1.0000
0
0.0000 -0.1000 -0.2500 -0.4500 -1.3000 -1.7500 -3.4500 1.0000
2.0000 10.0000
6
0.0000
1.9980
0.5500
2.6130
2.0000
5.9980
0.6000
2.7420
8.0000
36.9980
1.3000
2.5720
45.0000
32.9980
0.8000
2.5430
78.0000
3.9980
1.5000
3.0230
82.0000
2.9980
0.8000
3.0230
2
89.5000
2.9990
0.6000
92.5000
2.5000
1.3500
3
70.0000
1.0000
15.0000
0.0000
15.0000
70.5000
1.0000
15.0000
0.0000
15.0000
85.0000
1.0000
15.0000
0.0000
15.0000
0
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APPENDIX B
FISSION TRACK MODEL FORTRAN CODE
! AFTage FORTRAN CODE
!
! APATITE FISSION TRACK (AFT) AGE AND LENGTH DISTRIBUTION MODELING CODE
! CREATED BY MATT LEGG, 2010
!
! FILENAME = AFTage.f90
!
! Produces F.T. length distributions for 10 sediments of variable depth;
! Models final track length distributions and AFT age for each sample;
!
! Designed to accept input temperature files written using TQTec.f and
! readTQTec.f (Kevin Furlong, Pers. Comm., 2010)
!____________________________________________________________________________________
! MAIN PROGRAM
CHARACTER(20) INFILE, OUTFILE, TERMFILE, TTIFILE
INTEGER Q1
Dimension Q2(50000), T(50000,10), TERM(50000,10), TERM2(50000,10), RJ(50000,10), &
PL(50000,10,20), TEMP(50000,10), TERM3(50000,10), TERM4(50000,10), &
GR(50000,10), TIME(50000,10), Y(10,20), Y2(10,20), LLO(20), PPO(20),&
TOT0(10), TOT1(10), TOT2(10), AGE0(10), AGE1(10), AGE2(10), AGE3(10), &
FS(10,20), TOT3(50000,10), TOT4(10), FTOT(10,20), FTOT2(10), FTOT5(10),&
FTOT4(10,20), PIT(10), FTAGE(10), PAGE(50000), LINE(10), LINE2(10), &
TTI(50000,10), RN(50000,10), VRO(10)
INTEGER :: OPENSTATUS, INPUTSTATUS, I, J, L, LINE, LINE2
REAL :: Q2, T, TERM, TERM2, RJ, PL, TEMP, TERM3, TERM4, GR, TIME, Y, Y2,&
LLO, PPO, TOT0, TOT1, TOT2, AGE0, AGE1, AGE2, AGE3, TOT3, TOT4,&
FTOT, FTOT2, FTOT4, FTOT5, PIT, FTAGE, PAGE, TTI, RN, VRO
REAL :: K, R, H, N, Q, A, DTMA
!INITIAL F.T. DISTRIBUTION FROM EXPERIMENTAL DATA OF Green et al. (1986):
REAL :: LO(20) = (/15.,15.,15.,15.,15.,16.,16.,16.,16.,16.,16.,16., &
17.,17.,17.,17.,17.,17.,17.,18./)
REAL :: LOO(20) = (/0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,&
0.,0.,0./)
REAL :: MM(20) = (/1.,2.,3.,4.,5.,6.,7.,8.,9.,10.,11.,12.,13.,14.,&
15.,16.,17.,18.,19.,20./)
REAL :: NUM(10) = (/0.,0.,0.,0.,0.,0.,0.,0.,0.,0./)
!VARIABLES AND CONSTANTS EXPLAINED:
!TEMP = TEMPERATURE [DEGREES C]
!TERM = ARRAY OF TERMS TO SUM FOR RJ EQUATION
!LO = INITIAL LENGTH
!PL = FINAL LENGTH
!RJ = PL/LO
!DEFINE CONSTANTS:
K=3.2976E-27
![kcal/K] ; Boltzmann's Constant
R=0.00199
![kcal/mol/K] ; Universal Gas Constant
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H=1.58E-37
N=0.206
Q=40.6
A=1.81
LOAVE=16.2
PST=0.893

![kcal*s] ; Planck's Constant
!dimensionless ; Exponent in power-law for
!initial radial defect distribution
![kcal/mol] ; Activation energy to eliminate defect
![um] ; Rate constant for axial shortening
!Ave. initial F.T. length
!Ratio of present day ave. length for spontaneous tracks
!in Durango Apatite to LOAVE
!(Donelick and Miller, 1991)

WRITE (*,*) "Enter Temperature data FileName: "
READ (*,100) INFILE
OPEN (UNIT=9, FILE =INFILE)
REWIND 9
READ(9,175) XMIN,DTMA,Q1

30

DO 30 I=1,Q1
READ(9,160) (T(I,J),J=1,10)
CONTINUE

35
34

DO 34 J=1,10
DO 35 I=1,Q1
TEMP(I,J)=T(I,J)+273.
CONTINUE
CONTINUE
CLOSE(9)
WRITE(*,175) XMIN,DTMA,Q1
WRITE (*,*) TEMP(1,1), TEMP(2,2), TEMP(15500,10)
!CONVERT TIME FROM MA TO SECONDS
DT = DTMA*1000000*365*24*60*60
WRITE (*,*) "DT=", DT
!CREATE TERM Q2(I), THE AGE OF EACH TIME STEP
DO I=1,Q1
Q2(I)=-XMIN-(REAL(I)-1)*DTMA
END DO
!CALCULATE AGE OF EACH TIME STEP FOR PRINTOUT
!DO I=1,Q1
!
PAGE(I)=
!CALCULATE ANNEALING FOR EACH TIME STEP:
!CARLSON (1990), EQUATION 4
DO I=1,Q1
DO J=1,10
TERM(I,J)=TEMP(I,J)*DT*EXP(-Q/(R*TEMP(I,J)))
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END DO
END DO

! J LOOP
! I LOOP

!TURN ARRAY UPSIDE-DOWN TO SUM FROM I TO Q1:
DO I=1,Q1
DO J=1,10
TERM2(I,J)=TERM(Q1-I+1,J)
END DO ! J LOOP
END DO ! I LOOP
!SUM ANNEALING TERMS FROM I TO Q1:
DO I=1,Q1
DO J=1,10
TERM3(I,J)=TERM2(I,J)+TERM2(I-1,J)
TERM2(I,J)=TERM3(I,J)
END DO
END DO
!PUT ARRAY RIGHT-SIDE-UP:
DO I=1,Q1
DO J=1,10
TERM4(I,J)=TERM3(Q1-I+1,J)
END DO ! J LOOP
END DO ! I LOOP
WRITE (*,*) "term4;1,2: ", TERM4(1,1), TERM4(2,1)
WRITE (*,*) "term4;100,101: ", TERM4(100,1), TERM4(101,1)
!CALCULATE THE FINAL LENGTH PL:
!CARLSON (1990), EQUATION 4
DO I=1,Q1
DO J=1,10
DO L=1,20
PL(I,J,L)=LO(L)-(A)*((K/H)**N)*(TERM4(I,J)**N)
IF(TEMP(I,J).LT.278) PL(I,J,L)=LOO(L)-(A)*((K/H)**N)*&
(TERM4(I,J)**N)
END DO !L LOOP
END DO
!J LOOP
END DO !I LOOP
!PRINT *, "PL(50,1,10)=", PL(50,1,10)
!ELIMINATE NEGATIVE LENGTHS
DO I=1,Q1
DO J=1,10
DO L=1,20
IF(PL(I,J,L).LE.0)
IF(PL(I,J,L).GT.0)
END DO !L LOOP
END DO
!J LOOP
END DO !I LOOP

PL(I,J,L)=0
PL(I,J,L)=PL(I,J,L)

!PRINT *, "PL(50,1,10)final=", PL(50,1,10)
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!DEFINE STARTING HISTOGRAM MATRIX
DO J=1,10
DO M=1,20
Y(J,M) = 0
END DO
END DO
!CREATE HISTOGRAM OF LENTHS IN BINS 1um WIDE FROM 1 to 20
DO J=1,10
DO I=1,Q1
DO L=1,20
IF(PL(I,J,L).GT.0.5.AND.PL(I,J,L).LE.1.5)
Y(J,1)=Y(J,1)+1
IF(PL(I,J,L).GT.1.5.AND.PL(I,J,L).LE.2.5)
Y(J,2)=Y(J,2)+1
IF(PL(I,J,L).GT.2.5.AND.PL(I,J,L).LE.3.5)
Y(J,3)=Y(J,3)+1
IF(PL(I,J,L).GT.3.5.AND.PL(I,J,L).LE.4.5)
Y(J,4)=Y(J,4)+1
IF(PL(I,J,L).GT.4.5.AND.PL(I,J,L).LE.5.5)
Y(J,5)=Y(J,5)+1
IF(PL(I,J,L).GT.5.5.AND.PL(I,J,L).LE.6.5)
Y(J,6)=Y(J,6)+1
IF(PL(I,J,L).GT.6.5.AND.PL(I,J,L).LE.7.5)
Y(J,7)=Y(J,7)+1
IF(PL(I,J,L).GT.7.5.AND.PL(I,J,L).LE.8.5)
Y(J,8)=Y(J,8)+1
IF(PL(I,J,L).GT.8.5.AND.PL(I,J,L).LE.9.5)
Y(J,9)=Y(J,9)+1
IF(PL(I,J,L).GT.9.5.AND.PL(I,J,L).LE.10.5) Y(J,10)=Y(J,10)+1
IF(PL(I,J,L).GT.10.5.AND.PL(I,J,L).LE.11.5) Y(J,11)=Y(J,11)+1
IF(PL(I,J,L).GT.11.5.AND.PL(I,J,L).LE.12.5) Y(J,12)=Y(J,12)+1
IF(PL(I,J,L).GT.12.5.AND.PL(I,J,L).LE.13.5) Y(J,13)=Y(J,13)+1
IF(PL(I,J,L).GT.13.5.AND.PL(I,J,L).LE.14.5) Y(J,14)=Y(J,14)+1
IF(PL(I,J,L).GT.14.5.AND.PL(I,J,L).LE.15.5) Y(J,15)=Y(J,15)+1
IF(PL(I,J,L).GT.15.5.AND.PL(I,J,L).LE.16.5) Y(J,16)=Y(J,16)+1
IF(PL(I,J,L).GT.16.5.AND.PL(I,J,L).LE.17.5) Y(J,17)=Y(J,17)+1
IF(PL(I,J,L).GT.17.5.AND.PL(I,J,L).LE.18.5) Y(J,18)=Y(J,18)+1
IF(PL(I,J,L).GT.18.5.AND.PL(I,J,L).LE.19.5) Y(J,19)=Y(J,19)+1
IF(PL(I,J,L).GT.19.5.AND.PL(I,J,L).LE.20.5) Y(J,20)=Y(J,20)+1
END DO !L LOOP
END DO !I LOOP
END DO
!J LOOP
!SUM TRACKS IN UNSEGMENTED DISTRIBUTION
DO J=1,10
DO M=1,20
IF(M.EQ.1) TOT0(J)=Y(J,M)
IF(M.GT.1) TOT0(J)=Y(J,M)+TOT0(J)
END DO
!M LOOP
END DO
!J LOOP
!CALCULATE RATIO OF BIN LENGTH TO AVE. INITIAL LENGTH (16.2 um), LLO
DO M=1,20
LLO(M) = MM(M)/16.2
END DO
!M LOOP
!CALCULATE CORRECTION FACTOR,PPO, FOR INTERMEDIATE LENGTHS
DO M=1,20
PPO(M) = (2.862*LLO(M))-1.2104
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END DO

!M LOOP

!ACCOUNT FOR SEGMENTED LENGTHS FOR BINS 0-11
!A LA CARLSON (1990) EMPERICAL FIT TO FIG. 8B
DO J=1,10
DO M=1,20
IF(M.LT.12) Y(J,M)=Y(J,M)-((-0.1*M)+1.2)*Y(J,M)
IF(M.GE.12) Y(J,M)=Y(J,M)
IF(Y(J,M).LE.0.) Y(J,M)=0.
IF(M.LT.12) Y2(J,M)=Y2(J,M)-((-0.1*M)+1.2)*Y2(J,M)
IF(M.GE.12) Y2(J,M)=Y2(J,M)
END DO
!M LOOP
END DO
!J LOOP
!CORRECT HISTOGRAM FOR ETCHING/USER BIAS
!WILLETT (1997) EQUATION 4
DO J=1,10
DO M=1,20
IF(M.LE.6) Y2(J,M)=0
IF(M.GT.6.AND.M.LE.10) Y2(J,M)=Y(J,M)*((2.862*LLO(M))-1.2104)
IF(M.GT.10) Y2(J,M)=Y(J,M)*LLO(M)
IF(Y2(J,M).LT.0) Y2(J,M)=0
END DO !M LOOP
END DO !J LOOP
!SUM TRACKS IN SEGMENTED DISTRIBUTIONS
!(UNCORRECTED=TOT1, CORRECTED=TOT2)
DO J=1,10
DO M=1,20
IF(M.EQ.1) TOT1(J)=Y(J,M)
IF(M.GT.1) TOT1(J)=Y(J,M)+TOT1(J)
IF(M.EQ.1) TOT2(J)=Y2(J,M)
IF(M.GT.1) TOT2(J)=Y2(J,M)+TOT2(J)
END DO
!M LOOP
END DO
!J LOOP
!AND MULTIPLY BY TIME STEP DURATION (DTMA)
DO I=1,Q1
DO J=1,10
DO M=1,20
IF(M.EQ.1) TOT3(I,J)=PL(I,J,M)
IF(M.GT.1.AND.M.LT.20) TOT3(I,J)=PL(I,J,M)+TOT3(I,J)
IF(M.EQ.20) TOT3(I,J)=(((TOT3(I,J)+PL(I,J,M))/20)/16.2)*DTMA
END DO !M LOOP
END DO !J LOOP
END DO !I LOOP
!CALCULATE TOTAL CORRECTED TRACK LENGTH IN ORDER TO &
!NORMALIZE F.T. AGE
DO J=1,10
DO M=1,20
IF(M.EQ.1) FTOT(J,M)=Y2(J,M)*1.
IF(M.EQ.2) FTOT(J,M)=Y2(J,M)*2.
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IF(M.EQ.3) FTOT(J,M)=Y2(J,M)*3.
IF(M.EQ.4) FTOT(J,M)=Y2(J,M)*4.
IF(M.EQ.5) FTOT(J,M)=Y2(J,M)*5.
IF(M.EQ.6) FTOT(J,M)=Y2(J,M)*6.
IF(M.EQ.7) FTOT(J,M)=Y2(J,M)*7.
IF(M.EQ.8) FTOT(J,M)=Y2(J,M)*8.
IF(M.EQ.9) FTOT(J,M)=Y2(J,M)*9.
IF(M.EQ.10) FTOT(J,M)=Y2(J,M)*10.
IF(M.EQ.11) FTOT(J,M)=Y2(J,M)*11.
IF(M.EQ.12) FTOT(J,M)=Y2(J,M)*12.
IF(M.EQ.13) FTOT(J,M)=Y2(J,M)*13.
IF(M.EQ.14) FTOT(J,M)=Y2(J,M)*14.
IF(M.EQ.15) FTOT(J,M)=Y2(J,M)*15.
IF(M.EQ.16) FTOT(J,M)=Y2(J,M)*16.
IF(M.EQ.17) FTOT(J,M)=Y2(J,M)*17.
IF(M.EQ.18) FTOT(J,M)=Y2(J,M)*18.
IF(M.EQ.19) FTOT(J,M)=Y2(J,M)*19.
IF(M.EQ.20) FTOT(J,M)=Y2(J,M)*20.
END DO !M LOOP
END DO !J LOOP
DO J=1,10
DO M=1,20
IF(M.EQ.1) FTOT2(J)=FTOT(J,M)
IF(M.GT.1) FTOT2(J)=FTOT2(J)+FTOT(J,M)
END DO !M LOOP
END DO !J LOOP
!CALCULATE TOTAL UNCORRECTED TRACK LENGTH
DO J=1,10
DO M=1,20
IF(M.EQ.1) FTOT4(J,M)=Y(J,M)*1.
IF(M.EQ.2) FTOT4(J,M)=Y(J,M)*2.
IF(M.EQ.3) FTOT4(J,M)=Y(J,M)*3.
IF(M.EQ.4) FTOT4(J,M)=Y(J,M)*4.
IF(M.EQ.5) FTOT4(J,M)=Y(J,M)*5.
IF(M.EQ.6) FTOT4(J,M)=Y(J,M)*6.
IF(M.EQ.7) FTOT4(J,M)=Y(J,M)*7.
IF(M.EQ.8) FTOT4(J,M)=Y(J,M)*8.
IF(M.EQ.9) FTOT4(J,M)=Y(J,M)*9.
IF(M.EQ.10) FTOT4(J,M)=Y(J,M)*10.
IF(M.EQ.11) FTOT4(J,M)=Y(J,M)*11.
IF(M.EQ.12) FTOT4(J,M)=Y(J,M)*12.
IF(M.EQ.13) FTOT4(J,M)=Y(J,M)*13.
IF(M.EQ.14) FTOT4(J,M)=Y(J,M)*14.
IF(M.EQ.15) FTOT4(J,M)=Y(J,M)*15.
IF(M.EQ.16) FTOT4(J,M)=Y(J,M)*16.
IF(M.EQ.17) FTOT4(J,M)=Y(J,M)*17.
IF(M.EQ.18) FTOT4(J,M)=Y(J,M)*18.
IF(M.EQ.19) FTOT4(J,M)=Y(J,M)*19.
IF(M.EQ.20) FTOT4(J,M)=Y(J,M)*20.
END DO !M LOOP
END DO !J LOOP
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DO J=1,10
DO M=1,20
IF(M.EQ.1) FTOT5(J)=FTOT4(J,M)
IF(M.GT.1) FTOT5(J)=FTOT5(J)+FTOT4(J,M)
END DO !M LOOP
END DO !J LOOP
!CALCULATE AFT AGES
DO J=1,10
AGE0(J)=(TOT0(J)/20)*DTMA !Unsegmented AGE
AGE1(J)=(TOT1(J)/20)*DTMA !Uncorrected AGE
AGE2(J)=(TOT2(J)/20)*DTMA !Segmented/Corrected Age
END DO
!J LOOP
DO J=1,10
LINE(J) = NINT((-XMIN/DTMA)-(FTAGE(J)/DTMA))
LINE2(J) = NINT((-XMIN/DTMA)-(AGE2(J)/DTMA))
END DO
!J LOOP

PRINT *, "LINE2=", LINE2
!WRITE FINAL LENGTHS TO OUTPUT FILE:
WRITE(*,*)'TYPE NAME OF F.T. OUT FILE'
READ *, OUTFILE
OPEN (UNIT=11, FILE=OUTFILE)
WRITE(11,*) "AFT ages="
WRITE(11,185) 0,(AGE2(J),J=1,10)
WRITE(11,*) "AFT ages' corresponding temperatures="
WRITE(11,185) 0,(T(LINE2(J),J),J=1,10)
WRITE(11,*) "AFT LENGTH HISTOGRAMS:"
DO 60 M=1,20
WRITE(11,180) M,(Y2(J,M),J=1,10)
60 CONTINUE
WRITE(11,*) "TEMPERATURE DATA:"
!PRINT EVERY 20th TERM IN TIME-TEMP HISTORY FOR GRAPHING
DO 70 I=1,Q1,20
WRITE(11,190) Q2(I),(T(I,J),J=1,10)
70 CONTINUE
CLOSE(11)
!WRITE TTI/VRO FILE:
DO I=1,Q1
DO J=1,10
IF(T(I,J).LT.30.)
RN(I,J) = -500.
IF(T(I,J).GE.30..AND.T(I,J).LT.40.)
RN(I,J) = -7.
IF(T(I,J).GE.40..AND.T(I,J).LT.50.)
RN(I,J) = -6.
IF(T(I,J).GE.50..AND.T(I,J).LT.60.)
RN(I,J) = -5.
IF(T(I,J).GE.60..AND.T(I,J).LT.70.)
RN(I,J) = -4.
IF(T(I,J).GE.70..AND.T(I,J).LT.80.)
RN(I,J) = -3.
IF(T(I,J).GE.80..AND.T(I,J).LT.90.)
RN(I,J) = -2.
IF(T(I,J).GE.90..AND.T(I,J).LT.100.)
RN(I,J) = -1.
IF(T(I,J).GE.100..AND.T(I,J).LT.110.)
RN(I,J) = 0
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IF(T(I,J).GE.110..AND.T(I,J).LT.120.)
IF(T(I,J).GE.120..AND.T(I,J).LT.130.)
IF(T(I,J).GE.130..AND.T(I,J).LT.140.)
IF(T(I,J).GE.140..AND.T(I,J).LT.150.)
IF(T(I,J).GE.150..AND.T(I,J).LT.160.)
IF(T(I,J).GE.160..AND.T(I,J).LT.170.)
IF(T(I,J).GE.170..AND.T(I,J).LT.180.)
END DO !J LOOP
END DO !I LOOP

RN(I,J)
RN(I,J)
RN(I,J)
RN(I,J)
RN(I,J)
RN(I,J)
RN(I,J)

=
=
=
=
=
=
=

1.
2.
3.
4.
5.
6.
7.

DO I=1,Q1
DO J=1,10
IF(I.EQ.1) TTI(I,J) = DTMA*(2.**RN(I,J))
IF(I.GT.1) TTI(I,J) = TTI(I-1,J)+(DTMA*(2.**RN(I,J)))
END DO !J LOOP
END DO !I LOOP
!Calculate VRO from TTI, based on power law fit to data &
!In Table 4 (Waples, 1980)
DO J=1,10
VRO(J) = (TTI(Q1,J)/40.996)**(0.2177)
END DO !J LOOP
PRINT *, 'TTI1,6000=', TTI(600,1), 'VRO(1)=', VRO(1)
!WRITE TTI/VRO OUTPUT FILE:
WRITE(*,*)'TYPE NAME OF Time-Temp. Index OUT FILE'
READ *, TTIFILE
OPEN (UNIT=13, FILE=TTIFILE)
WRITE (13,*) TTIFILE
WRITE (13,*) "Predicted VRo="
WRITE(13,190) 0.,(VRO(J),J=1,10)
WRITE (13,*) "TTI="
WRITE(13,190) 0.,(TTI(Q1,J),J=1,10)
WRITE (13,*) "TTI list:"
DO 80 I=1,Q1,20
WRITE(13,190) Q2(I),(TTI(I,J),J=1,10)
80 CONTINUE
CLOSE(13)
100
160
162
165
170
175
180
185
190

FORMAT(A20)
FORMAT(10F8.3)
FORMAT(10F9.1)
FORMAT(10F7.3)
FORMAT(10ES10.3)
FORMAT(2F10.3,I6)
FORMAT(I7,10F8.0)
FORMAT(I7,10F8.2)
FORMAT(F7.3,10F8.2)
STOP
END
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