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Abstract

The Taranaki Basin contains most of New Zealand’s commercial hydrocarbon reserves.
The southern parts of Taranaki Basin underwent inversion during the late Miocene, with
published AFTA and vitrinite reflectance data suggesting ~2.5 to 3 km of section eroded
from the structure on which the Fresne-1 well was drilled, consistent with estimates from
reconstructions based on seismic sections. The well-constrained tectonic and thermal
history framework for this well-section, established by earlier studies, provides an ideal
test-bed for the thermochronological technique of apatite (U-Th)/He dating. Helium ages
determined in apatites from the earlier AFTA study decrease from ~6 Ma at ~400 metres
depth to ~1 Ma at 2465 metres. While these results are qualitatively consistent with Late
Miocene cooling, quantitative modelling of (U-Th)/He ages based on best-fit thermal
histories derived from new AFTA analyses (using improved methods) suggests that
cooling was protracted, involving accelerated cooling during the Pliocene possibly
indicating a discrete Pliocene inversion phase. Integration of AFTA and (U-Th)/He dating
can provide improved thermal history constraints in sedimentary basins, particularly on
cooling rates and/or resolution of multiple thermal events. By independently defining the
timing of peak maturation in relation to formation of potential trapping structures, this
information offers the potential for improved assessment of hydrocarbon prospectivity and

reduced exploration risk.
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Introduction

The novel technique of (U-Th)/He dating of apatite is emerging as an important low-
temperature thermochronometer that can be applied to many geological settings. In this paper
we investigate the potential application of the technique as a tool for petroleum exploration in
sedimentary basins, based on a case study from the Taranaki Basin in New Zealand. A well-
constrained tectonic and thermal history framework for this region established by earlier

studies provides an ideal test for the method.

Helium is produced within apatite grains as a result of alpha decay from uranium and thorium
isotopes, which are present as impurities at ppm levels. As reviewed by Lippolt et al. (1994),
this process formed the basis of the first attempts at geochronology (Rutherford, 1907a).
However, it soon became clear (eg. Rutherford, 1907b) that at least a fraction of radiogenic
Helium was lost from the host crystal lattice, and with the advent of apparently more reliable
methods of geochronology (eg. K-Ar, Rb-Sr, U-Pb), interest in the Helium systematics of

minerals waned.

More recently, however, the realization that the partial loss of radiogenic products could
provide quantitative information on the thermal history of mineral grains has led to a
resurgence of interest in this topic (eg. Zeitler, et al 1987; Lippolt et al., 1994). In particular,
efforts at Caltech through the 1990s led to the development of (U-Th)/He dating of apatite as
a rigorous, quantitative technique (Wolf et al., 1996). Studies of the diffusion systematics of
Helium in apatite (Wolf et al., 1998; Farley, 2000) also revealed the unique temperature
sensitivity of the technique, with all Helium being lost over geological periods at temperatures
as low as 90°C or less, and a “closure temperature” as low as 75°C. Several subsequent
applications of the method (e.g. House et al., 1997; Warnock et al., 1997; Wolf et al., 1997)
have illustrated the potential of the technique to provide useful thermochronometric

information at temperatures in the 40-80°C range.

In principle, therefore, (U-Th)/He dating of apatite can be used to determine thermal histories

in samples from depths of up to 2 km or more in sedimentary basins. This should provide a
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useful complement to the information provided by apatite fission track analysis (AFTA"),
typically at paleotemperatures up to 110°C or more (eg. Green et al., 1995). In this study we
assess this possibility in detail by considering (U-Th)/He ages in apatites from a hydrocarbon
exploration well (Fresne-1 in the Taranaki Basin of New Zealand) in the context of a thermal
history framework defined by AFTA and vitrinite reflectance (VR) data. Quantitative
modelling of the (U-Th)/He ages, using the thermal history framework provided by AFTA
and VR data, is used to assess the consistency of the different techniques. Recent
investigations of (U-Th)/He ages in samples from hydrocarbon exploration boreholes in the
Otway Basin of SE Australia (House et al., 1999; in press) suggest that helium diffusion
systematics derived from laboratory measurements can be extrapolated to geological
conditions with confidence. The well-constrained thermal history framework provided by the
AFTA and VR data in the Fresne-1 well therefore provides an ideal test for this new

application of apatite (U-Th)/He thermochronometry.

Regional Geology

The Taranaki Basin lies along the western margin of North Island, New Zealand, mainly
offshore beneath the modern continental shelf and slope (Figure 1). The basin has a
composite morphology reflecting a mid-Cretaceous to Recent evolution in a variety of
tectonic regimes (King and Thrasher, 1996). The early basin history (mid-Cretaceous to
Paleocene) was dominated by extensional tectonics with locally rapid, fault-controlled
subsidence. Eocene to Oligocene development was characterized by post-drift thermal
contraction and regional subsidence. During the Neogene the eastern and southern parts of
the basin become involved in the Australia-Pacific plate boundary zone through New
Zealand, whereas other parts (Western Stable Platform) have been more akin to a passive
margin. Most of the structure at the margins and within Taranaki Basin formed during the
Neogene. Inversion structures developed mainly in the southern part of the basin parallel to

the Taranaki Fault including the Tarata Thrust Zone (Figurel).
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Several discrete anticlines form positive inversion structures. These originated through Late
Miocene reverse displacement on older existing normal faults which resulted in the inversion
of late Cretaceous-Eocene half grabens (Figures 1 and 2). Many of these structures plunge to
the north, rising to the south where they emerge onshore. Many of these inversion structures
have been successfully tested for hydrocarbons. The Maui, Kapuni and Kupe structures are
good examples. The inversion was accompanied by erosion represented by an angular
unconformity that truncates all of the structures and is a general feature in the Southern
Inversion Zone (King and Thrasher, 1996). The unconformity is flat lying in the east-west
direction and rises to the south. It is onlapped in a southward direction by loosely constrained
Late Pliocene and Pleistocene sediments, 100-200 m thick, that reflect recent submergence of

the southern part of the Taranaki Basin.

The Cook and Wakamarama anticlines are prominent structures tested by the Cook-1, Fresne-
1 and Farewell-1 wells (Figures 1 and 2), and have been described and interpreted by Knox,
(1982), Kamp and Green (1990), King et al. (1991), Green et al. (1995), and Bishop and
Buchanan (1995). The Fresne-1 well was drilled near the crest of the Wakamarama
Anticline. It encountered thick Late Cretaceous Pakawau Group (923 — 2504 m depth), which
accumulated as terrestrial deposits in a half graben bounded immediately to the east by the
Wakamarama Fault (Figure 1). This is overlain by Kapuni Group (408-923 m depth), which
also accumulated in terrestrial environments, with continuing displacement on the
Wakamarama Fault, but with a more even thickness distribution in the basin. An Eocene-
Early Oligocene unconformity separates the Kapuni Group from overlying thin Late
Oligocene to early-Middle Miocene calcareous to muddy strata (203-408 m depth). Above
another unconformity is a 120 m thick section between seabed (83 m) and 203 m depth that is

poorly dated, but based on regional correlation is of Late Pliocene to Pleistocene age.

The inversion of the Wakamarama and Cook anticlines post-dates the Middle Miocene, based
on the presence of early-Middle Miocene beds preserved on the flanks of these structures.
Inversion of both anticlines probably occurred at the same time. The bounding faults are

antithetic such that the two half grabens and intervening strata form a “pop-up” structure
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(Figure 2). In both anticlines the crest is formed above the thickest syn-rift sequence. In the
Wakamarama Anticline the top Eocene horizon is displaced about 2.5 km on the fault, but at
basement level the sense of throw remains normal, reflecting a greater amount of Late

Cretaceous extension compared with Late Neogene compression.

Several estimates have been made of the thickness of section eroded at the Middle Miocene-
Late Pliocene unconformity in Fresne-1. Based on seismic reflection data, Knox (1982)
estimated >2.0 km of removed section, Ellyard and Beattie (1990) 3.5 km, King et al. (1991)
2.8+ km, and Bishop and Buchanan (1995) ¢.3.0 km. Based on AFTA, Kamp and Green
(1990) estimated 3.0+0.3 km of missing section, and from offset in porosity versus depth
trends (Funnell et al., 1996; Armstrong et al., 1998) estimated 3.0 km of eroded section. The
only numerical ages on the timing of erosion have been established from AFTA (Kamp and
Green, 1990) at between 12 and 8 Ma. The poorly dated Late Pliocene-Pleistocene deposits
overlying the Wakamarama Anticline currently provide the only constraints on the timing of

the end of erosion.

Thermal history reconstruction using apatite fission track analysis and vitrinite

reflectance

To construct a thermal history framework within which the (U-Th)/He ages can be
understood, we have used Thermal History Reconstruction based on application of Apatite
Fission Track Analysis (AFTA) and vitrinite reflectance (VR) data. Using this approach, it is
possible to identify the timing of dominant episodes of heating and cooling that have affected
a sedimentary section, quantify the paleotemperature through the section, and characterize
mechanisms of heating and cooling (eg. Bray et al., 1992; Duddy et al., 1994; and Green et
al., 1995). This information allows the thermal history of all units within the sedimentary

section to be reconstructed within a framework constrained by measured data.
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For details on the thermal history response of fission tracks in apatite, the development of
AFTA parameters, and the use of AFTA and VR to extract thermal history solutions in

sedimentary basins, see Green et al. (2002) and Green et al. (in press).

Thermal history interpretation of AFTA and VR data

Extraction of thermal history solutions from AFTA and VR data is based on detailed
knowledge of the kinetic responses of both systems which are calibrated from studies in both
geological and laboratory conditions. Thermal history information is extracted from AFTA
data by modelling the AFTA parameters (fission track age and track length distributions)
expected from a variety of possible thermal history scenarios, and comparing these with the
measured data. By varying the magnitude and timing of the maximum paleotemperature
employed in the modelling, the range of values of these parameters, which give predictions

consistent with the measured data within 95% confidence limits, can be rigorously defined.

The basics of this modelling procedure are well established for mono-compositional apatites
(eg. Green et al., 1989), based on a series of laboratory experiments on Durango apatite
(Green et al., 1986; Laslett et al., 1987; Duddy et al., 1988). However, the annealing kinetics
of fission tracks in apatite is known to be affected by the chlorine content (Green et al., 1986).
In the studies described here, thermal history solutions have been extracted from the AFTA
data using a "multi-compositional" kinetic model, which makes full quantitative allowance for
the effect of CI content on annealing rates of fission tracks in apatite (Green et al., 1996).
This model is calibrated using a combination of laboratory and geological data from a variety
of sedimentary basins around the world. Paleotemperature estimates from AFTA are quoted
as a range (corresponding to £95% confidence limits) and have an absolute uncertainty

between +5 and +£10°C.

Observed VR values are converted to maximum paleotemperature using the kinetic model
developed by Burnham and Sweeney (1989) and Sweeney and Burnham (1990). Information
on the timing of these maximum paleotemperature is provided by the AFTA data. The VR

derived paleotemperature estimates are shown as single values but have a precision between 5
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and 10°C. The kinetic response of vitrinite reflectance as described by Burnham and
Sweeney (1989) is very similar to the fission track annealing kinetic model developed by
Laslett et al. (1987) to describe the kinetics of fission track annealing in Durango apatite.
Total fission track annealing in apatites with typical CI content corresponds to a VR value of

~0.7%, regardless of heating rate (Duddy et al. 1991, 1994).

As explained in more detail by Green et al. (in press), both AFTA and VR are dominated by
the maximum paleotemperature reached by a sample, and preserve no information on the
history prior to the onset of cooling from that maximum. Therefore, to interpret the data, it is
necessary to assume a value of heating rate, and the precise value of maximum
paleotemperature required to explain the data depends on the assumed value of heating rate.
An order of magnitude change in the heating rate is equivalent to a change of ~10°C in the

required paleotemperature (Green et al., 1989).

New AFTA data from Fresne-1

AFTA data from the Fresne-1 well were first reported by Kamp and Green (1990), who
obtained thermal history interpretations using a mono-compositional kinetic model (Laslett et
al., 1987). The multi-compositional model used in this study incorporates the effects of
variation in kinetic response between apatites of different composition (chlorine content), and
provides more accurate definition of both the magnitude and timing of maximum
paleotemperatures from AFTA data (Green et al., 1996; Green et al., in press). The new
model also provides an improved description of low-temperature response compared to the
Laslett et al. (1987) model, which is known to produce anomalous late stage cooling as an
artefact of the model (Green et al., in press). Samples originally analysed by Kamp and
Green (1990) have been reanalysed, using latest methods including measurement of chlorine
contents in every apatite grain analysed. Cl contents were measured using an automated
electron microprobe, which derives apatite grain locations from the computer-controlled

microscope system used for fission track analysis.
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The new fission track ages (Table 1) are generally very similar to those reported by Kamp and
Green (1990), showing a progressive reduction from values around 80 Ma in the shallowest
part of the Late Cretaceous to Early Tertiary coal measures section to values consistently
around 5 to 10 Ma at depths greater than 1500 metres (Figure 3). As discussed by Kamp and
Green (1990), this pattern is characteristic of sections that have been hotter in the past. The
depth marking the transition from rapidly decreasing ages to consistent values at greater
depths corresponds to a paleotemperature at which all samples were totally annealed prior to
the onset of cooling (taken to be 130°C by Kamp and Green (1990), reflecting the rapid

timescale of heating and cooling).

Track length data (Figure 3, Table 1) show a sympathetic trend to that of the age data, with
shallower samples giving short mean lengths and broad distributions while deeper samples
give longer mean lengths and the long mode of the distribution becomes dominant. These
length distributions represent the combined effects of shorter tracks formed prior to cooling
and longer tracks formed after cooling began. The changing trends with depth reflect
progressive length reduction of the population of tracks formed prior to the onset of cooling,
which are totally annealed in the four deepest samples, leaving only the longer tracks formed

after the onset of cooling.

The variation of fission track age with chlorine content for individual apatite grains within
each sample (Figure 4) provides further thermal history information. In samples 8694-7 and -
8, in which the “central” or “pooled” fission track ages are greater than the stratigraphic age
of the samples (implying only minor or moderate annealing), the individual grain ages show
little or no variation with CI content. In contrast, single grain fission track ages in sample
8694-9 in which the central fission track age is reduced to less than 50% of the stratigraphic
age (implying severe annealing) show a very different trend. Grains containing less than 0.1
wt% Cl have very young ages, but ages increase with CI content such that grains with greater
than 0.3 wt% ClI give fission track ages which are indistinguishable from the stratigraphic age.
Results from deeper samples show similar effects, but the transition from very young ages to

much older ages occurs at progressively higher Cl contents as depth increases. In the deepest
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sample, 8694-14, all grains except for that with the highest Cl content, between 0.6 and 0.7
wt% Cl (plus an apparent outlier containing between 0.3 and 0.4 wt% Cl) give very young

ages.

The trends of the data in Figure 4 illustrate the influence of chlorine content on the annealing
sensitivity of fission tracks in apatite. With increasing present-day depth in the well, the
fission track ages of the samples are progressively reduced, as shown in Figure 3,
corresponding to increasing maximum paleotemperatures prior to the onset of cooling. But
the rate of fission track annealing (age and length reduction) depends critically on the Cl
content, and is more rapid in apatites with little or no chlorine compared to those with higher
Cl contents. Therefore within each sample, apatites with different CI contents reached
different degrees of age and length reduction at the time of maximum paleotemperatures. In
the deeper samples, lower Cl content grains were totally annealed prior to the onset of cooling
while higher Cl content grains were only partially reset. The totally reset fission track ages
provide the best constraint on the time of cooling. The range of Cl contents of those apatites,
which were totally annealed prior to the onset of cooling (i.e. those giving very young ages)
increases with depth, so that only the highest Cl contents are not totally annealed in the

deepest samples.

Results from a small number of grains, circled in Figure 4, do not fit within the general
pattern. These results suggest that secondary controls on annealing rates exist in addition to
the first-order control exerted by CI content. Data from these grains have been removed prior

to detailed thermal history interpretation.

Figure 5 further highlights the importance of compositional effects in these data, illustrating
how fission track ages of lower Cl content apatites become totally annealed at lower
maximum paleotemperatures (i.e. at shallower depths) compared to those required to totally

anneal the higher Cl content apatites.
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Thermal history interpretation of AFTA and VR data from the Fresne-1 well

Using the procedure outlined earlier, thermal history solutions have been derived from the
AFTA data in the eight samples from the Fresne-1 well. Note that we do not attempt to
constrain the whole thermal history of each sample. Instead, we focus on those aspects of the
thermal history that control the development of the AFTA parameters — specifically the
maximum paleotemperature of each sample and the time at which cooling from that
paleotemperature began. Estimates of these parameters are presented for each sample in
Table 2, as ranges of allowed values, corresponding to +95% confidence intervals. These are
defined by comparing measured data with values predicted from a range of likely thermal
history scenarios. By systematically varying the timing of the onset of cooling and the peak
paleotemperature, rigorous statistical procedures are used to formally define the range of
conditions for which the modelled parameters are compatible with the measured data (within
analytical uncertainties). Estimates of maximum paleotemperature derived from VR data
(discussed by Kamp and Green, 1990, originally taken from Lowery, 1988) are also shown in
Table 2.

These results are based on assumed heating and cooling rates of 10°C/Ma. Unlike VR data,
which only provides a value for the maximum paleotemperature, AFTA data can often
provide some control on the history after cooling from maximum paleotemperature, from the
lengths of tracks formed during this period. Thus, it is often possible to resolve two or rarely
three discrete paleo-thermal episodes from AFTA data in a single sample. This is most
straightforward when an earlier heating event causes significant age and length reduction
while a subsequent event produces only moderate length reduction. However, in samples
from Fresne-1, cooling from maximum paleotemperature began relatively late in the history
(see later discussion). For this reason, apatite grains, which were not totally annealed prior to
the onset of cooling, contain only a small proportion of tracks formed during the cooling
history, whereas in samples that were totally annealed, the number of tracks present in the

apatites is very low. Therefore, track length data from Fresne-1 provide little or no
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information on the style of cooling. In thermal history interpretation of the new AFTA data
from Fresne-1 we have assumed simple, linear cooling. Available track length data are

consistent with this scenario.

Estimated times for the onset of cooling in the eight samples (Table 2) are all consistent with
the interval 9 to 8 Ma, which represents the best available estimate of the time at which
cooling began. This timing is consistent with the somewhat broader estimate of 12 to 8 Ma
provided by Kamp and Green (1990). The improved precision highlights the advantages of
the techniques employed in this study. The refined timing estimate also falls within the
period represented by the Late Miocene to Pliocene unconformity in the Fresne-1 and is
consistent with an interpretation of the observed paleo-thermal effects in terms of heating due

to deeper burial and cooling related to subsequent Late Miocene Basin inversion.

Paleotemperature profiles, palaeogeothermal gradients and removed section

Analysis of a series of samples using AFTA and VR over a range of depths reveals the
variation of maximum paleotemperature with depth that characterises a particular paleo-
thermal episode. This "paleotemperature profile" provides key information on likely
mechanisms of heating and cooling (eg. Bray et al., 1992; Duddy et al., 1994; Green et al.,
1995; Green et al., in press). Heating due solely to deeper burial should produce a more or
less linear paleotemperature profile with a similar gradient to the present temperature profile.
In contrast, heating due primarily to increased basal heat flow (perhaps also with a minor
component of deeper burial) should produce a more or less linear paleotemperature profile
with a higher gradient than the present temperature profile. Non-linear profiles are diagnostic
of lateral introduction of heat, perhaps by hot fluid circulation, but are not relevant to results

from the Fresne-1 well.

Estimates of maximum paleotemperature derived from AFTA and VR data (Table 2) are
highly consistent, and define a linear depth profile (Figure 6). The slope is similar to that of
the present-day temperature profile, suggesting that heating was due principally to deeper

burial. This can be assessed quantitatively by fitting a line to the paleotemperature profile to
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obtain an estimate of the paleogeothermal gradient at the paleo-thermal maximum.
Extrapolating the fitted linear profile to an assumed paleo-surface temperature provides an
estimate of the amount of section removed by erosion. This analysis depends on several
assumptions, as discussed in detail by Bray et al. (1992) and Green et al. (in press), but the
consistency of the results with geological constraints (discussed elsewhere) suggests that the
results are reliable. Statistical techniques can be used to define the range of each parameter

allowed by the paleotemperature constraints within 95% confidence limits (Bray et al., 1992).

Application of these methods to the paleotemperature constraints from AFTA and VR in the
Fresne-1 well defines a maximum likelihood paleogeothermal gradient of 24.5°C/km with
upper and lower 95% confidence limits of 30 and 19°C/km, respectively (Figure 7). The
present-day geothermal gradient of 28°C/km (Kamp and Green, 1990) falls within this range,
and given the relatively late timing for the main cooling phase, it is likely that the paleo-
geothermal gradient at the time at which cooling began was close to this value. (Funnell et al.
1996 estimated a present-day thermal gradient of 30°C/km for the Fresne-1 well, but the value
of 28°C/km used by Kamp and Green 1990 was derived using methods that have proven
consistent with AFTA and VR data in a range of different settings, and is preferred here.)
From Figure 7, a paleogeothermal gradient of 28°C/km corresponds to between 2550 and
2800 metres of removed section. Thus, we adopt the mid-point value of 2675 metres as the
best estimate of the amount of section removed on the Late Miocene-Pliocene unconformity

in Fresne-1.

Thermal history synthesis

Taking values of 28°C/km for the paleogeothermal gradient and 2675 metres of section
removed, reconstructed thermal histories for units intersected in Fresne-1 are shown in Figure
8a. Although we have assumed here that heating was solely due to deeper burial, with no
change in geothermal gradient (heat flow), alternative scenarios are possible and a variety of
combinations of paleo-gradient and removed section (shown by the shaded region in Figure 7)

are capable of satisfying the paleotemperature constraints. However, all such combinations of
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paleogeothermal gradient and removed section result in reconstructed thermal histories for the
preserved units that are very similar to those shown in Figure 8, being tightly constrained to

meet the paleotemperature constraints defined by AFTA and VR data throughout the well.

The Late Miocene-Pliocene unconformity in Fresne-1 spans the interval 15.5 to 2 Ma (Kamp
and Green, 1990), and the total amount of heating and cooling required by the AFTA and VR
data is ~75°C, and AFTA results show that cooling began at around 8.5 Ma. Thus the
heating and cooling rates of 10°C/Ma assumed in interpreting the data appear to be realistic.
With the amount of removed section highly consistent with previous estimates ranging
between 2 and 3.5 km based on geological constraints (see earlier discussion), all aspects of
the thermal history reconstruction illustrated in Figure 8a for units intersected in the Fresne-1

well can be regarded as reliable.

Apatite (U-Th)/He dating results

Having established a basic thermal history framework for the Fresne-1 well, aliquots from the
same apatite samples used for AFTA were analysed using (U-Th)/He dating (Table 3), to
investigate the consistency of such data with AFTA and VR, and to assess the suitability of
this method for application to exploration settings. Where possible at least two aliquots of a
sample were analysed to check reproducibility and to confirm the level of precision that can
be obtained. On average, each aliquot contained ~18 grains, selected on the basis of euhedral
form and clarity to ensure the absence of inclusions which can interfere with the analysis (see
Appendix). The absence of a significant contribution to the analyses from inclusions is

supported by the small number of re-extracts during He outgassing.

Considering the low ages in this suite of samples (Table 3), the reproducibility appears to be
very good. Only sample 8694-9 showed a spread in ages between the three aliquots
analysed. Such spread could arise from grain size variation between aliquots or from a minor
amount of down hole sample contamination (Table 3 and 4). Since the results in Table 4

show only minor variation in the average grain sizes for the three aliquots of sample 8694-9, it
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is more likely due to contamination of the sample. An alternative explanation might be the
presence of inclusions that totally outgassed, but did not dissolve in nitric acid, thus yielding

an older apparent age.

(U-Th)/He ages are younger than the corresponding fission track ages (Figure 9), consistent
with the lower closure temperature for He retention in apatite. In contrast to the fission track
ages, He ages decrease only slowly with increasing depth. By analogy with the AFTA
results, this suggests that helium was totally outgassed from all samples prior to the onset of
cooling. He ages around 6 Ma in the shallowest samples are similar to fission track ages in
the deepest samples, consistent with late Miocene initiation of cooling as indicated by the
interpretation of the AFTA data (Table 2). But because of continuing He loss at temperatures
below the closure temperature during cooling, the He ages do not represent the timing of any
specific particular event in their own right. To completely understand these ages more
completely, it is necessary to compare the measured data with results of modelling the (U-
Th)/He system through a variety of scenarios, in order to determine the range of thermal

history solutions consistent with the measured data.
Thermal history interpretation of (U-Th)/He ages

Experimental investigations in recent years have led to a detailed understanding of the
diffusion systematics of Helium in apatite (eg. Farley, 2000). This research, focussed on the
much-studied Durango apatite, suggests that diffusion systematics are controlled by physical
grain size. This key observation implies that for any specified thermal history, (U-Th)/He
ages can be modelled for a particular sample using the mean grain size and empirical
estimates of the key diffusion parameters E, (33 + 0.5 kcal/mol) and log (D,) (1.5+0.6

cm?/s). These values have been used in modelling (U-Th)/He ages for this study.

Because of the greater diffusive loss from smaller grains compared to larger grains, grain size
differences may be significant in the interpretation of apatites from sediments which have
been heated to paleotemperatures within the He partial retention zone. In such cases, grains

of different radii give different ages for a given thermal history (Reiners and Farley, 2001).
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Therefore, incorporation of grains size effects into the modelling is essential, and grain sizes

have been measured in all samples analysed for this study (Table 4).

Modelling of Fresne-1 He data

To more fully understand the Helium age results shown in Figure 9, we have modelled the
values expected in each sample on the basis of the thermal history framework obtained from
the AFTA and VR data (Figure 8a). This has been carried out using software provided by

Prof. Ken Farley of Caltech, based on the systematics presented in Farley (2000).

Figure 10a shows (U-Th)/He ages predicted by the thermal histories shown in Figure 8a, for
four-grain radii. Based on the mean radii in the samples analysed from Fresne-1 (Table 4),
the trend for 50 um radius grains is the most appropriate for direct comparison with the
measured ages (Figure 10). In general, the predicted and measured ages in Figure 10a show a
fair degree of agreement, particularly at the shallowest and deepest extremes of the depth
range, while predicted values from the middle of the sampled interval are higher than

measured values.

Given that predictions are based purely on diffusion systematics derived from extrapolation of
results under laboratory conditions, it is not clear whether the slight mismatch between
measured and predicted ages in Figure 10a arises due to differences in thermal history from
those in Figure 8a or because of slight errors in the diffusion systematics. Comparison of
measured (U-Th)/He ages with predicted values in samples from wells in the Otway Basin of
SE Australia by House et al. (1999) suggest that the diffusion systematics can be extrapolated
to geological conditions with confidence. On this basis, we have investigated how the

thermal histories in Figure 8a might be refined to give a better fit to the measured ages.

Figure 8b shows an alternative thermal history style, characterised by rapid cooling from the
maximum at 8.5 Ma and all cooling achieved within 1 Ma. This scenario predicts much older
ages than for the slower cooling case (Figure 10b), and a much worse fit to the measured

ages. Figure 8c illustrates a scenario involving protracted cooling, involving cooling by 25°C
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between 8.5 and 4 Ma and the remaining 50°C cooling between 4 and 2 Ma. The predicted
age trends (Figure 10c) show an improved match to the measured ages, especially at depths
greater than ~1000m. But the predicted ages in the two shallowest samples are younger than
the measured values, indicating that these samples cooled earlier than the deeper samples.
This could suggest a thermal history scenario involving two discrete cooling episodes (Figure
8d), with an initial phase at 8.5 Ma and a later cooling phase beginning at 4 Ma (with 50°C of
cooling since 4 Ma). In this case the agreement between measured and predicted ages is

extremely good through the whole depth range (Figure 10d).

At present, it is not clear whether this treatment represents over-reliance on the extrapolation
of laboratory diffusion systematics, and more tests are required in controlled geological
conditions. But these results illustrate the potential of the (U-Th)/He technique to
complement AFTA and VR data in sedimentary basins and to provide further definition of

thermal histories, particularly in relation to more recent low temperature events.

Discussion

A scenario involving two discrete cooling episodes clearly provides a superior fit to the
measured (U-Th)/He ages compared to a protracted cooling scenario. Such a history would
be highly consistent with the chronology of uplift across the modern plate boundary in South
Island, to the south of Taranaki Basin. Thermochronological data from the Southern Alps
reveals clear evidence for two main pulses of uplift and erosion to the east of the Alpine Fault
(e.g. White and Green, 1986; Kamp et al 1989), with an initial phase at around 10 to 9 Ma and

the main episode of exhumation beginning at around 6 to 4 Ma.

However, because the accuracy of predicted (U-Th)/He age trends in geological conditions
has yet to be rigorously evaluated, it may be premature to place too literal an interpretation on
the modelling results discussed in the previous section. The structural and stratigraphic
development of the southern parts of Taranaki Basin, and in particular the Wakamarama

Anticline, provides no direct evidence to support the notion of two separate Late Neogene
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cooling events in that area, if the thermal events were driven by cycles of burial and
subsequent exhumation (i.e. inversion). As a history involving protracted cooling (Figures 8c
and 10c) gives an acceptable solution to both the basin stratigraphy and structure and the

integrated thermochronological data , we consider this a more likely scenario at this stage.

The particular value in this study of integrating (U-Th)/He thermochronometry with Thermal
History Reconstruction based on AFTA and VR lies in better definition of the overall style
(and to some extent the rate) of cooling following the Late Miocene paleotemperature
maximum. Because of the degree of heating and cooling (burial and exhumation) involved,
all samples reached maximum paleotemperatures sufficient to totally reset the (U-Th)/He
ages, and did not begin to retain helium until they cooled to much lower temperatures, well
after the initiation of Late Miocene cooling. For this reason, the (U-Th)/He ages do not
record the timing of initiation of cooling, which is recorded by the fission track parameters for
particular samples in the well section. On the other hand, AFTA is not as sensitive as the (U-
Th)/He thermochronometer in apatite to temperatures below 70°C, and therefore the (U-
Th)/He ages can be used to control the nature of the cooling history. In addition, modelling of
the (U-Th)/He ages helps confirm the 2 Ma timing of cessation of cooling in Fresne-1, and the
very rapid change from uplift and erosion to renewed basin subsidence and sedimentation
over the site of Fresne-1. In summary, this study shows that a more complete reconstruction
of the thermal history of the well section is possible by integration of multiple

thermochronometers than by application of any one technique alone.

The interval of inversion and erosion at Fresne-1 between 8.5 and 2 Ma coincides with the
timing of widespread compression in northwestern South Island (White and Green, 1986;
Kamp et al., 1992; Kamp et al., 1996, Kamp et al., 1999), which started at about 12 Ma and is
ongoing. The geodynamic cause of this shortening is the development of an obliquely
convergent continent-continent collision zone in South Island. The inversion structures in
Taranaki Basin represent the distal northern expression of the crustal shortening more
strongly developed on land to the south. The late and sudden transition in Fresne-1 from

cooling (exhumation) to heating (burial) at ¢.2 Ma coincides with the passage of the leading
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edge of the subducted slab of Pacific plate beneath the vicinity of the well site (Kamp, 1999;

Kamp and Xu, in press).

Implications for hydrocarbon exploration

Aside from high-level stratigraphic traps in Late Miocene sequences in Taranaki Peninsula,
all the known condensate and oil fields in Taranaki Basin are present in structural traps.
Positive inversion structures in the southern part of the basin provide traps for three oil and
gas fields (Maui Kapuni and Kupe South), as well as several other fields (Toru, Moki) (King
and Thrasher, 1996). A critical element in assessing particular prospects is the timing of
maximum temperatures, and the consequent expulsion of oil and gas, in relation to the timing
of structure (trap) formation. Armstrong et al. (1996) has undertaken comprehensive
modelling of the thermal and hydrocarbon generation history of the succession encountered in
Fresne-1 and other well sections in the basin. Because of the rapid deposition of thick (>4000
m) Late Cretaceous deposits (Rakopi Formation, Pakawau Group), oil generation and
expulsion at the level of the top of basement in Fresne-1 began about 70 Ma. The
Wakamarama Anticline was clearly not a potential trap for this phase of hydrocarbon
generation and expulsion. Subsequently, maximum temperatures at all horizons declined by
about 20°C during the late rift-drift phase of basin evolution (Armstrong et al., 1996). During
the Middle to Late Miocene, maximum temperatures increased by about 70°C and the
Pakawau Group re-entered the oil generation and expulsion window. This phase of
generation and expulsion also predated the age of formation of the potential trap
(Wakamarama Anticline), which occurred during the Late Miocene-Pliocene. As a result, the

hydrocarbons generated during this phase would have migrated elsewhere.

Although hydrocarbons from source beds low in the Wakamarama Anticline succession
dispersed before the structure formed, they could possibly have migrated into it from
elsewhere in the basin after the onset of inversion. The accumulations in the Maui field, for

example, are interpreted to have migrated there after the Late Miocene inversion (Thrasher,
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1989). In central and northern parts of Taranaki Basin most potential source rocks (Pakawau
and Kapuni Groups) probably reached maturity for hydrocarbon expulsion during or
following deep burial during the past 10 m.y. (Armstrong et al., 1996; King and Thrasher,
1996). Hence, (long distance) migration would need to have occurred for petroleum fluids to
reach structures in the southern parts of the basin. In such situations, understanding and
prediction of present-day hydrocarbon accumulations in the region will require precise
estimation of the chronology of inversion and its variation across the region. With protracted
cooling (perhaps involving two discrete inversion phases) clearly indicated by the integrated
AFTA and (U-Th)/He data, the possibility exists that hydrocarbons may have undergone
repeated cycles of migration. The modification of structural traps by progressive (or separate

phases of) inversion must also be taken into account.

This study shows that better constraints can be established on the timing and duration of
structure (trap) formation by integrated application and modelling of low temperature
thermochronological methods such as AFTA and (U-Th)/He dating. The application of these
techniques to more structures in Taranaki Basin (and similar approaches in other prospective
basins) will provide improved resolution in the chronology of inversion, and has the potential
to significantly reduce exploration risk by focussing on more prospective areas where the final

phase of hydrocarbon migration post-dated formation of structures.
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APPENDIX: (U-Th)/He dating: analytical procedures

The He extraction and analysis facility used in this study comprises an all-metal He extraction
and gas-handling line connected to a dedicated on-line Balzers Prisma™ 200 quadrupole mass
spectrometer. Gas extraction was performed using a vacuum resistance furnace, where
samples are heated to ~900°C for ~15 minutes. The line and furnace are evacuated via ion,
turbo and backing pumps. Active gases, particularly hydrogen, are removed using SAES
getters. The analysis procedure is operated by LabVIEW™ automation software supplied by

Prof. Ken Farley, Caltech.

Apatite grains are carefully handpicked to avoid U- and Th-rich mineral inclusions that may
produce excess He (eg. zircon). Images of selected grains are captured by a close circuit
digital video camera mounted on the microscope and measured using image analysis
techniques for the purposes of an alpha ejection correction calculation (Farley et al., 1996). .
Aliquots of ~5-30 similar sized grains (radius typically >40um and <150um) are sealed into

stainless steel capsules and are heated to ~900°C for ~15 minutes.

Abundances of *He are determined by isotope dilution using a pure *He spike, which is
calibrated on a regular basis against an independent *He standard. Hot blanks of “He (or re-
extracts) are performed routinely before and after each sample. The U and Th content of
degassed apatite samples are determined on a Perkin Elmer Sciex 5000a ICP-MS using the
Isotope Ratio application. 100p1 of each **U and **°Th spike solution (about 5ng and 6ng, U
and Th respectively) and 200ul of concentrated nitric acid are added to a vial containing the
capsule and degassed apatite. 100ul of 0.25ppm U and Th standard solutions (Johnson
Matthey) are similarly spiked and acidified. We have determined the > U/**U ratio of the

Johnson Matthey U-standard solution to be 135, close to the natural value of 138.

Helium diffusion rates in apatite are related to grain radius (Farley, 2000). Because the
closure temperature varies with grain size it becomes an important parameter in modelling the
expected patterns of He age for a specified thermal history. The overall variation in closure

temperature for samples with grain radii of 50-150 microns is only 5°C. This difference may
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be significant in the interpretation of apatites from drill holes which have resided within the
partial retention zone for prolonged periods of time (House et al, in press). In general,
aliquots comprised of larger grains are expected to yield an older age than aliquots of the
same sample that consist of smaller grains, especially in the case of slow cooling (House et

al., in press; Farley, 2000).

Wolf et al. (1996) and House et al. (in press) suggest that the composition of the apatite does
not appear to affect the sensitivity of the He closure temperature, which is in contrast to the

effect CI content has on AFTA annealing kinetics.
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Figure captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Map of central-western New Zealand showing the location of Taranaki
Basin (west of Taranaki Fault and north of South Island) and some of the
main oil and gas fields. Also shown are the location of Fresne-1 drill hole

and the line of cross-section A-A’ illustrated in Fig 2.

Cross-section (see line on Fig.1) through the Southern Inversion Zone of
Taranaki Basin showing the inversion structures penetrated by the Fresne-1,
Cook-1 and North Tasman-1 wells. Abbreviations: PS, Pleistocene; PI,
Pliocene; MI, Miocene; EO, Eocene; PC, Paleocene; KU, late Cretaceous;
’Y’, near base Pliocene horizon; ‘Q’, near base Oligocene horizon; ‘P’, near

top Cretaceous horizon; ‘R’, top basement seismic horizon.

Pooled or central fission track ages and mean confined track lengths in
samples from Fresne-1 (all values summarised in Table 1), plotted against
depth.  Distributions of confined track lengths are also shown for each
sample. These new results are very similar to values originally reported by

Kamp and Green (1990).

Fission track ages of individual apatite grains in samples from the Fresne-1
well, plotted against Cl content of each grain (Cl contents were measured
using an electron microprobe). These results illustrate the influence of
chlorine content on fission track annealing rates, as discussed in the text.
Horizontal lines show the trend of age vs Cl content in each sample
predicted by the best-fit thermal history solutions derived from these data.
A small number of grains (circled) do not fall within this overall pattern,
highlighting possible secondary controls on annealing rates, which are, as

yet, undefined.
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Figure 5:

Figure 6:

Figure 7:

Pooled or central fission track ages for discrete compositional groups within
samples from Fresne-1, plotted against depth. The behaviour of the data in
this plot are more erratic than those in Figure 3, due mainly to the small
numbers of grains involved in each data point. However, the trend is clear
with apatites with higher Cl contents achieving a particular degree of age
reduction at progressively deeper levels, corresponding to higher maximum
paleotemperatures. This is emphasised by the curves, which show the
variation of fission track age with depth for different CI contents predicted
by the final reconstructed thermal histories of individual samples

(corresponding to the horizontal lines in Figure 4).

Late Miocene paleotemperatures from AFTA and VR data in the Fresne-1
well (from Table 2), plotted against depth. These constraints can be used to
constrain possible values of paleogeothermal gradient and removed section,

as illustrated in Figure 7.

The shaded region shows the allowed ranges (within 95% confidence limits)
of paleogeothermal gradient and removed section, which are consistent with
the Late Tertiary paleotemperature constraints from AFTA and VR.
Maximum likelihood estimates are represented by the black dot. The
correlation in the allowed values of the two parameters results because the
removed section estimate are obtained by extrapolation of fitted linear
paleotemperature profiles (Bray et al.,, 1992), with higher gradients
requiring lower amounts of removed section and vice versa. Assuming that
the thermal gradient has been constant over the last 10 Ma, a
paleogeothermal gradient equal to the present-day value of 28°C/km
requires between 2550 and 2800 metres of removed section on the Late

Miocene-Pliocene unconformity in Fresne-1.
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Figure 8:

Figure 9:

Figure 10:

Reconstructed thermal histories for the eight AFTA samples from the
Fresne-1 well based on the interpretation of AFTA and VR data. All four
scenarios are based on Late Miocene heating due to burial by 2675 m of
section, with a constant paleogeothermal gradient of 28°C/km, and cooling
beginning at 8.5 Ma. Four different styles of cooling have been used to

model (U-Th)/He ages.

(U-Th)/He and fission track ages measured in apatite grains from the
Fresne-1 well, plotted versus depth. The variation of stratigraphic age with

depth through the section is also shown, for comparison.

Variation of apatite (U-Th)/He age with depth predicted by the four thermal
history scenarios illustrated in Figure 8, compared with measured apatite
(U-Th)/He ages. A scenario involving two discrete cooling episodes (d)
provides the best fit to the measured ages, but this is difficult to reconcile
with the basin stratigraphy and structure, and on this basis the scenario
involving protracted cooling (c) is considered more likely. Modelling
predictions are based on He diffusion systematics reported by Farley

(2000).
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Figure 5

Figure 6
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a) Linear heating and cooling c) protracted cooling
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Fission track age $, (U-TH)/He agem (Ma)
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a) Linear heating and cooling c) protracted cooling

He age (Ma) He age (Ma)
0 2 4 6 8 10 0 2 4 6 8 10
O T o7

500 500

E 1000 E 1000
= =
& 5
3 1500 o 1500
2000 2000
2500 I 2500
b) rapid cooling d) two separate cooling events
He age (Ma) He age (Ma)
0 2 4 6 8 10 0 2 4 6 8 10
Or—r—71r—r7 1T L L B B S
500 500
E 1000 1000 -
= i
o i
& 1500 1500 -
2000 2000 |
2500 2500 L
Grain radii: ~ ------meee- 25uym - --——- 75 um
50 — 100 pm

Figure 10



	Appraisal of (U-Th)/He apatite thermochronology as a thermal history tool for hydrocarbon exploration: an example from the Taranaki Basin, New Zealand
	Acknowledgments
	Abstract
	Introduction
	Regional Geology
	Thermal history reconstruction using apatite fission track analysis and vitrinite reflectance
	Apatite (U-Th)/He dating results
	Discussion
	Implications for hydrocarbon exploration
	APPENDIX:  (U-Th)/He dating:  analytical procedures
	References

	Figure captions
	Figures 1 & 2
	Figure 3
	Figure 4
	Figures 5 & 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10



