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Abstract i

Abstract

The basement rocks of North Island, New Zealand, comprise metasedimentary
terranes that were accreted onto the eastern Gondwana margin during Mesozoic
subduction. Since the Oligocene, these terranes have been sitting at the leading edge
of the Australian Plate, as the hanging wall of the Hikurangi subduction margin,
overriding the subducting Pacific Plate. This thesis examines the thermo-tectonic
histories of the basement rocks in North Island, using fission-track and (U-Th-Sm)/He
thermochronology.

In eastern North Island, thermochronological data from the basement rocks record the
exhumation histories since the latest Jurassic, related to two subduction cycles. Zircon
fission-track analysis yields detrital or slightly reset ages (264-102 Ma); apatite
fission-track ages range from 122 to 7.9 Ma and (U-Th-Sm)/He from 33.3 to 6.0 Ma.

In central North Island, modelled thermal histories suggest that the basement rocks
were exhumed to shallow levels (<2 km) of the crust in the Early Cretaceous (~150—
135 Ma). This was followed by a period of reheating until ~100 Ma, which is
interpreted to be the result of burial by sedimentation above the accretionary wedge.

From 100 Ma, models indicate thermo-tectonic quiescence until the Late Oligocene.

During the late Cenozoic, exhumation of the basement rocks accelerated at ~27 Ma in
the western margin of the axial ranges (Kaimanawa Mountains). This acceleration in
exhumation rate is interpreted to reflect the initiation of the subduction of the Pacific
Plate beneath central North Island. Since the Late Oligocene, basement exhumation in
the axial ranges migrated towards the trough. Modelled thermal histories indicate
significant eastwards reverse faulting on the margin-parallel Ngamatea Fault between
~27 and 20 Ma and on the Wellington-Mohaka Fault between ~20 and 10 Ma.

In contrast to the activity in the axial ranges, in western North Island, the
exhumational response of the basement rocks to the Cenozoic subduction was less

significant and not revealed from the present thermochronological data.
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Since the Late Miocene, the exhumation rate in the axial ranges has varied
significantly along-strike, lower in the centre and higher to the north and south.
During the last 10 Myr, the total magnitude of exhumation has been ~4 km in the
Wellington region in the south, >1 km in the Raukumara Range in the north and
negligible (less than a few hundred metres) in the central axial ranges in the Hawke’s
Bay region. Although the accumulation of underplated material at the basal upper
plate may have contributed to the localised rock uplift and exhumation (e.g. in the
Raukumara Range), margin-normal shortening of the upper plate in the forearc of the

Hikurangi Margin has most likely dominated the unroofing process of the axial ranges.

In northwestern North Island, the Northland Allochthon, an assemblage of
Cretaceous—Oligocene sedimentary rocks, was emplaced during the Late Oligocene—
earliest Miocene, onto in situ Mesozoic and early Cenozoic rocks. Detrital zircon and
apatite fission-track ages reveal that the basal Northland Allochthon sequences and
the underlying Miocene autochthonous sedimentary rocks were predominantly
derived from the local Jurassic terrane (Waipapa Supergrop) and perhaps the Late
Cretaceous volcanics. In addition, the Early Miocene autochthon contains significant
sedimentary influx from the Late Oligocene volcanics related to the subduction

initiation in northern New Zealand.

Zircon and apatite fission-track data from the in situ Mesozoic basement were
inverted using thermo-kinematic models coupled with an inversion algorithm. The
results suggest that during the Late Oligocene, ~4-6 km thick nappes were emplaced
onto the in situ rocks in the northernmost Northland region. Prior to basement
unroofing in the Early Miocene, the nappes thinned towards the south. Following
allochthon emplacement, eastern Northland was uplifted and unroofed rapidly over a
period of ~1-6 Myr, leading to ~0.4-1.5 km erosion of the allochthon. Since the mid-
Miocene, due to the decline in tectonic activity in this region, the Northland
Allochthon and the underlying rocks have been eroded slowly.

This thesis has documented variable exhumation and burial processes that occurred in
the upper plates of both the Mesozoic Gondwana and late Cenozoic Hikurangi
subduction margins. The results provide the foundation for future studies to
investigate the kinematics and mechanism of the crustal exhumation and deformation

of the North Island basement in further detail.
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Chapter 1

Introduction

1.1 Goals

New Zealand is the subaerial, emergent portion of the continent of Zealandia (Fig. 1.1)
(Mortimer, 2006). It represents only about 10 % of the area of Zealandia, a fragment
of Gondwana that, before Late Cretaceous was contiguous with both Australia and
Antarctica. The Waipapa and Torlesse Supergroups are two major units of the
basement rocks of North Island, New Zealand. Both are Mesozoic sedimentary
sequences that were deposited, deformed and later exhumed in the accretionary wedge
of the Gondwana Margin. During the Late Cretaceous, Zealandia was separated from
the other continental fragments of Gondwana (Bradshaw, 1989). The related passive
margin setting changed to a compressional or transpressional regime during the
Middle Eocene-Late Oligocene such that the present land area of New Zealand
straddles the boundary between the modern converging Australia and Pacific Plates.
During this plate convergence, the basement rocks of North Island experienced a
period of deformation and exhumation in the hanging wall position of the new margin

(the Hikurangi Margin).

Deformation causes the advection and uplift of the crustal material, and is expressed
by both surface uplift and exhumation. Dating and quantifying the magnitudes and
rates of exhumation of crustal basement rocks in North Island, New Zealand, has the
potential to contribute important new understanding to the geodynamics of this

Andean-type margin and its subduction zone.

From the Mesozoic Gondwana to the modern Hikurangi subduction margins, this

thesis aims to resolve how the subduction cycles have impacted the thermal and



2 Chapter 1

exhumation histories of the basement rocks in North Island, New Zealand. Within this

broad topic, key questions addressed include:

e The Mesozoic Gondwana Margin,

What were the thermal and exhumation histories of the accretionary terranes?

e The late Cenozoic Hikurangi Marqin,

How did the subduction initiation in North Island impact the crustal rocks in the

upper plate?

e Impact of emplacement of the Northland Allochthon,

During the Late Oligocene—earliest Miocene, how did the emplacement and
subsequent erosion of the Northland Allochthon overprint the thermal histories of

the in situ basement rocks?

1.2 Rock uplift, surface uplift and exhumation

Vertical movement of the crustal mass in a convergent plate boundary is generally
associated with horizontal plate motions. Accurate estimates of the rates and
magnitude of the upward motion may in turn provide important constraints on the

kinematic and geodynamic evolution of a subduction margin.

For quantification of the upward motion of the crust, England and Molnar (1990)
clarified three types of measurements that are widely used in orogenic studies, which
are related as:

Rock uplift = surface uplift + exhumation (1.1)

a) Rock uplift is the vertical displacement of an individual rock particle relative to the
geoid or sea level, i.e. the change in elevation of a rock. Records of continuous GPS
stations provide direct measurements of short-term (tens of years) rock uplift relative
to sea level (e.g. Beavan et al., 2004; Beavan et al., 2010). Over a longer time scale
(thousands of years), average rock uplift rates can be estimated using well-constrained
ages and the present-day altitudes of uplifted marine and fluvial terraces and palaeo-
shoreline markers (e.g. Bull and Cooper, 1986; Litchfield and Berryman, 2006;
Litchfield et al., 2010; Litchfield, 2008; Simpson et al., 1994).
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b) Surface uplift is the vertical displacement of the land surface with respect to the
geoid. England and Molnar (1990) noted the difficulties in providing reliable and
quantitative constraints on surface uplift due to the lack of appropriate protocols. In
the past two decades, many efforts have been made to reconstruct the palaeo-
topography of mountain belts, using different approaches (e.g. Chamberlain et al.,
2012; Chase et al., 1998; Sahagian and Proussevitch, 2007). Particularly, Rowley et al.
(2001) and Rowley and Garzione (2007) introduced a protocol to estimate the local
palaeo-altitude based on the relationship between stable isotopes and elevation, and

demonstrated its application in the Himalayas and the Andes.

¢) Exhumation, or unroofing, is the upward motion of a rock towards the earth surface,
representing the difference between rock and surface uplift. Exhumation is the result
of denudation, which refers to the removal of rocks or sediments from a point at the
earth surface, during erosional or tectonic processes. Erosional denudation occurs at
the surface and is driven by the both mechanical and chemical weathering.
Denudation may also be tectonic. For example during extension, normal faulting
allows rapid exhumation of rocks in the footwall, often well illustrated in the
evolution of metamorphic core complexes (e.g. Schulte et al., 2014; Seward et al.,
2009; Spell et al., 2000).

For different time scales erosion can be constrained using various methods. Over the
10° to 10° years scale, bedrock erosion rates can be determined by measuring the
concentration of in situ-produced cosmogenic nuclides (e.g. *°Be, 2°Al; Bennett et al.,
2005; Granger et al., 1996; Nishiizumi et al., 1993; Norton et al., 2010; von
Blanckenburg, 2005). Over longer time scales (millions of years), the rock
exhumation rate can be constrained by low temperature thermochronology, which is

the approach used in this thesis.
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Lord Howe Rise
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Fig. 1.1 Topography and bathymetry (ETOPO1, NOAA) of the Australian-Pacific Plate
boundary zone. The plate boundary is emphasised (solid line) and the region of Zealandia is
indicated (dashed line) (Mortimer, 2006).

1.3 Low-temperature thermochronology

The ability to constrain time-temperature paths makes this technique a powerful tool
for constraining thermal events, especially in the upper crust. This thermal
information related to cooling and heating of rocks is usually interpreted in terms of

the causative processes of exhumation and burial, which in turn are interpreted in
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terms of tectonic and geomorphological/landscape evolution. The spatial and temporal
patterns of exhumation and landscape evolution may also provide constraints on the
kinematics and mechanism of orogenesis and other earth surface processes in

response to tectonic forces and climatic controls.

Pre-exhumation surface elevation

_______________________________

N T
=4
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Fig. 1.2 The concept of an exhumed apatite partial annealing zone (PAZ), modified from
Fitzgerald et al. (1995) and Gallagher et al. (1998). (a) The initial apatite age-profile,
established under conditions of relative thermotectonic stability over a period t,. The apatite
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fission-track age decreases rapidly downwards in the PAZ. (b) The present-day age-elevation
profile. Rapid exhumation since t1 exposes part of pre-exhumation profile. A sample from the
base of the palaeo-PAZ (marked by an asterisk) indicates the age of the onset of rapid
exhumation. (c) The expected trend in fission-track age and length with respect to elevation.
The length distribution has two components: tracks formed prior to rapid exhumation (dark)
and those formed after exhumation (white).

Low temperature thermochronology is a term generally applied to isotopic
geochronological methods that yield information on thermal histories of rocks below
about 350 <C. In this section, | briefly summarise some fundamental concepts relevant
to my thesis while more detailed reviews of the methods are given by Wagner and
Van den Haute (1992), McDougall and Harrison (1999), Farley (2002) and Reiners
and Ehlers (2005).

In low-temperature thermochronology, the three main methods in use today are (U-
Th-Sm)/He, fission-track (FT) and “°Ar/*Ar. A combination of these methods on
different minerals potentially allows for the investigation of thermal histories in a
temperature range from ~350 <C to ~50 <C.The (U-Th-Sm)/He dating, is based on the
alpha decay of U, U, #?Th and ¥’Sm to “He in a U-bearing mineral. The
radiogenic *He accumulates in, but may also progressively diffuse out of the mineral
at rates controlled by temperature and the helium diffusivity, which may vary with the
mineral being analysed. For the fission-track method, a fission track is the ionization
damage produced by spontaneous fission decay of 23U, whereby ***U splits into two
smaller atoms. This high energy event leaves a linear damage trail in the crystal that
can be revealed by chemical etching. The etched length of a newly formed fission
track is ~16 pum for apatite (Gleadow et al., 1986) and ~11 pm for zircon (Hasebe et
al., 1994). Naturally formed fission tracks anneal due to thermally activated diffusion,
represented as shortening of the track length and consequent decrease of the track
density. In the “*Ar/*Ar (or K-Ar) system, “°Ar is generated by electron capture from
K. The retention of “°Ar in a mineral is dependent on the thermally activated
diffusion, in a similar manner but slower than that of He, perhaps due to its larger
atomic radius. Traditional minerals used for the (U-Th-Sm)/He and fission-track
methods are zircon and apatite, whereas hornblende, K-feldspar, biotite and

muscovite are commonly used for “*Ar/*Ar (or K-Ar) dating.

Many laboratory and field-based studies indicate that annealing of fission tracks and

diffusion of He and Ar occur predominantly over specific temperature ranges, which
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are termed the partial annealing zone (PAZ) for fission-track (Fig. 1.2) (Gleadow and
Fitzgerald, 1987) and partial retention zone (PRZ) for the He and Ar systems
(Baldwin and Lister, 1998; Wolf et al., 1998). The temperature dependent diffusive
loss of daughter products can be described by the Arrhenius equation,

D = Dy exp (_Ea) (1.2)

RT

where D is the diffusivity at temperature T, R is the gas constant, E, is the activation
energy and Do, known as the diffusion constant, represents the diffusion coefficient at
infinitely high temperature,. Note that this equation does not account for the effect of
pressure on the retention of daughter products, which is negligible in most cases
because most thermochronometers are retentive only at relatively shallow crustal
depths. However, exceptions exist and pressure could be important for Ar
thermochronometers under low-temperature, high-pressure conditions (Lister and
Baldwin, 1996). Laboratory experiments provided the estimates for the constant in
equation 1.2 for different thermochronometers, and these estimates have been
correlated and tested with field-based studies in boreholes (Coyle and Wagner, 1996;
Gleadow and Duddy, 1981) or exhumed normal faults (Bernet, 2009; Reiners et al.,
2000; Stockli et al., 2000).

A major contribution of thermochronology is the generation of cooling paths of rocks
through the PAZ or PRZ. In the (U-Th-Sm)/He system, the variation of the closure
temperature with grain size and cooling rate allows the reconstruction of the thermal
history through the age-grain size relationship (Farley, 2002; Farley and Stockli, 2002;
Reiners, 2005). In addition, the natural spatial distribution of “He can be explored by
stepwise degassing “He/°He analysis (*He/*He thermochronometry), and the results
can be used to constrain the sample’s temperature-time path (Shuster et al., 2004;
Shuster and Farley, 2005). In the fission-track system, track lengths are used to
investigate the thermal evolution of a rock within the PAZ (Fig. 1.2c) (Gallagher,
1995; Gallagher, 2012; Gleadow et al., 1986; Ketcham, 2005; Tagami and Murakami,
2007). The ability to infer complex thermal histories from thermochronological data is
particularly useful in cases where cooling rates are slow and the rocks reside for a
long period in the PAZ or PRZ.
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Although a thermochronometer closes over a temperature range, under ideal

conditions a measured cooling age indicates a single temperature on the thermal path.

Dodson (1973) defined the effective closure temperature (T.) as the temperature at the

time indicated by a thermochronometer, providing a practical solution for

interpretation of the measured age (Fig. 1.3). The concept of T, is only meaningful in

the case where a rock cools through the PAZ or PRZ at a constant rate. Dodson (1973)
demonstrated that for a given thermochronometer, T is positively dependent on the

cooling rate, using the equation

_ Ea
¢ 7 RIn(ATDo/a?)

(1.3)

where 7 is the time taken for the diffusivity to decrease, a is the dimension of the
diffusion domain and A is a constant dependent on the geometry and decay constant
of parent (A = 25 for a sphere, 27 for a cylinder and 8.7 for a plane sheet); other
variables are the same as in Equation 1.2. In helium dating systems, the diffusion
domain usually scales with the natural size of the dated grain (Farley, 2000; Reiners
and Farley, 1999; Reiners et al., 2004), and in practise it can be modelled as an
equivalent spherical radius of a prismatic grain. For the “°Ar/**Ar methods, the sizes
of Ar diffusion domains in biotite, muscovite and hornblende appear to be equivalent
to the physical size of the dated grain. In contrast, Ar diffusion domain in a K-feldspar
can be some sub-grain structure with a smaller size than the dated grain (McDougall
and Harrison, 1999).
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Adams (2003) and Kirschner et al. (1996).

Based on equation 1.3, Reiners and Brandon (2006) calculated and summarised the
effective closure temperature of the commonly used thermochronometers for standard
mineral composition in steady cooling situations at different rates (Fig. 1.4), using
available fission-track annealing and He and Ar retention models. The closure
temperature of apatite and zircon (U-Th-Sm)/He systems are typically 50-80 <C and
140-200 <C, respectively. For the fission-track system, the closure temperatures are
typically 60-120 <C for apatite and 240 x40 <C for zircon with natural radiation
damage. For the three minerals commonly used for “°Ar/*Ar dating, K-feldspar,
biotite and muscovite, their closure temperatures are 180-260 <C, 280-360 <C and
300400 <C, respectively. In addition to the factors mentioned above, it is noticeable
that the thermal sensitivity of a thermochronometer may also depend on the variations
in mineral composition (Carlson et al., 1999; Donelick et al., 2005; Ketcham et al.,

1999) and the radiation damage of a crystal (Shuster et al., 2006; Shuster and Farley,
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2009). For the apatite (U-Th-Sm)/He system, potential factors that may affect the He

diffusion/retention are discussed in more detail in Appendix II.

Assuming cooling at a constant rate, dividing the temperature difference between the
closure temperature and that at the earth’s surface by a thermochronological age
yields the time-averaged cooling rate. Furthermore, combining ages of
thermochronometers with different closure temperature may provide constraints on
longer term temporal variations in the cooling rate. A simplistic estimate of the
exhumation rate can then be made by dividing the cooling rate by the geothermal
gradient, which is difficult to ascertain accurately and must often be assumed.
Complication occurs, for example when the upward motion of the crustal mass
compresses the isotherms towards the surface and thus increases the geothermal
gradient, especially at shallow depths (Moore and England, 2001). Thus, when
dealing with paleotopography, estimates may be inaccurate. When rock uplift and
exhumation rates have been constant for a period that is sufficiently long to establish a
steady-steady thermal structure (Willett and Brandon, 2002), the perturbation of
isotherms by exhumation can be approximated by assuming the geothermal gradient
as a function of depth (Brandon et al., 1998). However, if the thermal structure is yet
to reach a steady-state, the variation of geothermal gradient through time will add

more complexity to the interpretation of exhumation rates (Moore and England, 2001).

To avoid some of the uncertainty caused by assuming a geothermal gradient, another
approach to interpret the exhumation rate is to explore the cooling ages from the same
thermochronological system as a function of their elevation or depth. In mountainous
regions, cooling ages from a given thermochronometer usually yield positive
correlations with elevation (Fig. 1.2c), because the rock that is now located at higher
elevation would have exhumed through the closure temperature earlier than that lower
down. On a plot of the cooling age against the sample elevation, the slope of the age—
elevation relationship (AER) yields a direct estimate of the exhumation rate for the
time span indicated by the range of ages; a “break in slope” is traditionally interpreted
as a change in the exhumation rate (Fig. 1.2) (Fitzgerald and Gleadow, 1988;
Fitzgerald et al.,, 1995; Gleadow and Fitzgerald, 1987). Interpretation of the
exhumation rate from the AER is based on three assumptions: (1) the closure isotherm

was flat when the samples were exhumed through it; (2) the exhumation rates were
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identical for all samples, i.e. the exhumation was uniform in time and space; (3) the
closure temperature depth did not change over that time. Therefore in practise, the
application of the AER method requires sampling in a nearly vertical transect to
minimise the influence of spatial variation in exhumation rate and to avoid
perturbation of the closure temperature isotherm by the undulating topography.
However, a “break in slope” on the AER is only valid as a qualitative marker for the
change in exhumation rate, and its shape is determined by various factors including
the thermal history prior to the break, maximum reheating temperature, cooling rate
and geothermal gradient (Prenzel et al., 2013).

Many studies have reported the bending of subsurface isotherms associated with
topography and some also demonstrated its importance on the interpretation of the
bedrock cooling ages, especially for the apatite FT and (U-Th-Sm)/He methods (Fig.
1.5) (e.g. Braun, 2002a; Braun, 2002b; Braun and Robert, 2005; Ehlers et al., 2001;
Ehlers and Farley, 2003; Ehlers, 2005; House et al., 1998; House et al., 2001; Kohl,
1999; Mancktelow and Grasemann, 1997; Sttwe et al., 1994; Stiwe and Hintermler,
2000; Turcotte and Schubert, 2014). A typical treatment of this problem (e.g. Braun,
2003; Mancktelow and Grasemann, 1997) is to solve the temperature equation as a
function of depth in a 2D or 3D lithospheric model with fixed thickness, surface and
basal temperatures, thermal diffusivity, density, heat production rate and surface lapse
rate, complemented by topography of fixed or changing wavelength and amplitude.
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Fig. 1.5 Closure isotherms of different thermochronometers in a crustal block. The results are
calculated using Pecube (Braun, 2003; Braun et al., 2012), for a 3D thermal model of the
Kings Canyon region in the Sierra Nevada, USA. Refer to Braun (2003) for model settings
and parameters of the example.

1.4 Thesis outline

This chapter (Chapter 1) of the thesis introduces the objectives, methods and structure
of the thesis. Thermochronology and its application in the study of orogenic
exhumation are briefly reviewed. The geological background of the North Island and

previous thermochronological studies on the basement rocks are reviewed.

Chapter 2 presents new basement fission-track and (U-Th-Sm)/He data obtained
across the central North Island, in a transect normal to the hanging wall of the
Hikurangi margin. Samples extend from the central axial ranges in the fore-arc to the
west of Lake Taupo in a present back-arc position. Inverse modelling of the data
using a transdimensional method (Gallagher, 2012) reveals thermal histories of the

meta-sedimentary basement during two subduction cycles: Mesozoic subduction on
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the Gondwana margin and the “modern” subduction that was initiated in the late

Cenozoic.

Chapter 3 investigates the unroofing pattern and kinematics of basement rocks in the
present axial ranges of North Island in transects parallel to the subduction margin,
using new and published apatite fission-track and (U-Th-Sm)/He data from the
Raukumara Range in the northeast to the Wellington region in the south. The results
suggest a trough-ward migration of the rock exhumation histories in the frontal ridges
during evolution of the Hikurangi Margin. Based on the temporal and spatial
correlations of the basement unroofing history to other tectonic
processes/measurements, potential drivers for fore-arc rock uplift and exhumation are

also discussed.

Chapter 4 presents a thermochronological study on the Northland Allochthon, which
was obducted onto the in situ basement and Paleocene—earliest Miocene rocks in
northwestern New Zealand, during plate convergence in the Southwest Pacific region
in the latest Oligocene—Early Miocene. New data are reported from the Mesozoic
basement and the in situ Early Miocene sequences in the footwall position, as well as
from the overlying nappes with sedimentary ages of latest Cretaceous—Paleocene.
Data from the allochthon and the underlying Early Miocene autochthon are used to
interpret their sedimentary provenance and to model their burial histories. Data from
the Mesozoic basement are inverted using thermo-kinematic models (PECUBE)
coupled with an inversion algorithm. The kinematic models simulate the emplacement
and erosion of the Northland Allochthon. The results provide constraints on the extent,
timing and magnitude of the allochthon emplacement as well as on its subsequent

erosion.

Chapter 5 summarises the key findings drawn from the previous chapters and
synthesises the exhumation histories of the North Island basemetn. This chapter also
addresses the remaining gaps in the present research, as well as suggests some

directions for future studies.

During my PhD study, Chapters 2 to 4 were written as stand-alone papers for
publication in international scientific journals. As such, each consists of the standard

components of a manuscript, i.e. an abstract, introduction, geological setting,
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methodology, data, interpretation, discussion and conclusions. Therefore, it is
inevitable that there may be some partial overlap in material presented in the different
sections between some of the chapters. To avoid repetition, references cited in this
thesis are compiled in one bibliography section following Chapter 5.

At the time of thesis submission (March 2015), Chapter 2 has been published in the
journal Tectonics, Chapter 3 has been submitted for publication to the journal
Tectonophysics and Chapter 4 will be submitted later. | am the lead author on all three
of these papers. My co-authors include my supervisors (Diane Seward, Timothy Little
and Barry Kohn). Their contributions to each of the papers and manuscripts are
similar to those normally provided by supervisors to a Ph.D student, such as logistical
and financial support, assistance during data acquisition and interpretation, guidance
and discussion on my research strategy, and editing and commenting on my written
work. The project conception, research designs, fieldwork, laboratory data collection,
interpretation of results and writing of the manuscripts have all been the work of the

candidate.

Appendix | presents the preliminary results of a study that attempts to resolve the
larger-scale exhumation pattern of the meta-sedimentary basement rocks of New
Zealand, using the present thermochronology data. This work was not an initial
objective of my thesis and will be finalised later for publication. Appendix Il contains
details of the analytical methods used in this study. Appendix Il archives the single-

grain data of the apatite and zircon fission-track analysis.
1.5 Geological setting

1.5.1 Basement terranes

The basement rocks of New Zealand were formed along the boundary of the
Gondwana supercontinent as an amalgamation of several constituent tectonic units
(Fig. 1.6). In North Island, these rocks include mainly Permian to Early Cretaceous
metasedimentary terranes (Fig. 1.7) that are categorised from west to east as,
Murihiku, Waipapa and Torlesse Supergroups (Adams et al., 2009; Mortimer, 2004;
Mortimer et al., 2014).
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The Murihiku Terrane of North Island is distributed along the central west coast (Fig.
1.6), generally consisting of Permian to Jurassic volcaniclastic sandstone-dominated
marine successions, as well as conglomerates, mudstones and tuffs (Adams et al.,
2007; Campbell et al., 2001). Campbell and Grant-Mackie (2000) inferred that the
terrane was formed in a long-lived basin in the Mesozoic subduction margin, and that

sedimentation in either a forearc or backarc position was possible.
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Fig. 1.6 Simplified distributions of metasedimentary rocks of North Island. Data is from the
1:250 000 geological map project of New Zealand (QMAP, GNS Science). Dotted lines
indicate boundaries between the metasedimentary terranes, after Mortimer (2004), Adams et
al. (2007) and Leonard et al. (2010). M, Murihiku Terrane; Wh, Waipapa Supergroup
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(Hunua); Wm, Waipapa Supergroup (Morrinsville); Tr, Torlesse Supergroup (Rakaia); Tk,
Torlesse Supergroup (Kaweka); Tp, Torlesse Supergroup (Pahau).

The Waipapa and Torlesse Supergroups are interpreted as Mesozoic accretionary
complexes associated with the subduction beneath the eastern Gondwana margin
(Bradshaw, 1989; Mortimer, 2004). The Waipapa Supergroup rocks are largely
represented by sandstone-dominated recycled (mainly turbiditic) sedimentary rocks,
which accumulated in a complex accretionary environment. The older part of the
terrane (Hunua Facies), of Permian to Jurassic age, occurs mainly in the Auckland
and Northland regions (Fig. 1.6). The younger part (Morrinsville Facies) is chiefly
exposed south of Auckland and in the western-central North Island (Fig. 1.6). The
Hunua Facies consists of volcaniclastic successions of sandstone and siltstone with
melange and chert horizons (Edbrooke, 2001; Edbrooke and Brook, 2009), whereas
the Morrinsville Facies contains more massive, coarser successions of sandstone—fine
conglomerate with no intercalated melange and chert (Leonard et al., 2010). The
contact between the Waipapa and Torlesse Supergroups is buried by the deposits in
the Taupo Volcanic Zone (Leonard et al., 2010).

The Torlesse Supergroup crops out extensively in the east of North and South Islands
(Fig. 1.6). Rocks in the Torlesse Supergroup are similar to those in the Waipapa
Supergroup, dominated by turbiditic submarine Permian to Early Cretaceous
sandstone-mudstone successions. The older part of the composite terrane (Rakaia and
Kaweka Terranes) is generally of Permian to Late Jurassic age, and the younger part
(Pahau Terrane) was deposited during the Jurassic to Early Cretaceous (Adams et al.,
2009; Adams et al., 2012; Leonard et al., 2010).

The basement terranes of North Island have been extensively affected by low-grade
metamorphism, with the highest grade in central North Island and decreasing towards
the west and east (Fig. 1.6). In central North Island, schistose rocks of pumpellyite-
actinolite facies occur within the Torlesse Supergroup on the western flank of the
Kaimanawa Mountains. In the rest of the Kaweka and Rakaia Terranes (older
Torlesse Supergroup) and in the Waipapa Supergroup of North Island, metamorphism
has generally reached prehnite-pumpellyite facies (Adams et al., 2009; Black et al.,
1993; Edbrooke, 2001; Lee et al., 2011). In the Pahau Terrane (younger Torlesse
Supergroup) and in the Murihiku Terrane, the metamorphism generally only reaches
zeolite grade (Begg and Johnston, 2000; Leonard et al., 2010).
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Fig. 1.7 Simplified geological map of North Island and sample sites. Geology is from the
1:250 000 geological map project of New Zealand (QMAP, GNS Science). Active faults are

depicted by solid lines. Open circles mark sample sites in this study.
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Fig. 1.8 Topographic map and locations of the basement-cored ranges in North Island.
Topography is from the Shuttle Radar Topography Mission (SRTM), 3 arc-second resolution.

1.5.2 Unconformity between basement terranes and overlying rocks

In eastern North Island, the intensely deformed subduction-related basement rocks are

in general separated from the overlying younger, less deformed sedimentary rocks by

a regional unconformity. In northeastern North Island, this unconformity is well

preserved. It is estimated to have formed at approximately 115-100 Ma (Laird and

Bradshaw, 2004; Leonard et al., 2010) and represents a major change in the tectonics

of New Zealand region during the mid-Cretaceous. The unconformity marks the
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cessation of Mesozoic subduction and the onset of a passive margin setting as
Zealandia began drifting away from the eastern margin of Gondwana. During the
evolution of the Cenozoic subduction margin, this regional unconformity has been
eroded in most places during uplift and exhumation of eastern North Island.

1.5.3 Late Cretaceous—Cenozoic cover

From Late Cretaceous to Oligocene time, when the continent of Zealandia was
separating from the Australian section of Gondwana, passive margin sedimentary
rocks accumulated throughout North Island (Fig. 1.7) (Ballance, 1993; Mazengarb
and Speden, 2000). Until the Late Oligocene, tectonic quiescence dominated. During
the Eocene and Oligocene, localised deformation occurred in western North Island
(Edbrooke, 2005).

The rate of convergence along the plate boundary of New Zealand increased during
the Late Oligocene, leading to an abrupt change in the tectonism, which is revealed in
the sedimentary record. During this time, widespread carbonate deposition changed to
marine siliciclastic and volcanogenic sedimentation (e.g. Lee et al., 2011; Leonard et
al., 2010). Between 25 and 21 Ma, nappes comprising Cretaceous—early Cenozoic
deep marine sequences and ophiolite slabs, were emplaced to their present position in
Northland and the East Coast from the northeast of northern Zealandia (Fig. 1.7)
(Ballance and Sp&li, 1979; Hayward et al., 1989; Isaac et al., 1994; Rait, 2000). In
western North Island, large scale thrust faulting occurred on the Taranaki Fault
throughout the Oligocene and Miocene. Arc volcanism began at 25-23 Ma in
Northland (Hayward et al., 2001; Kear, 2004; Mortimer et al., 2010). In eastern North
Island, the Early Miocene initiation of subduction of the Pacific Plate was
accompanied by a short (~5 Myr) period of deformation of the Late Cretaceous—
Paleogene passive margin sequence and the older greywacke basement (Pettinga,
1982; Rait et al., 1991).

From the Miocene to Pliocene, in western New Zealand, basement downwarping and
the depocentre of sedimentary basins on the upper plate migrated gradually
southwestwards (Furlong and Kamp, 2006; Kamp et al., 2004; Stern et al., 2006).
From Late Miocene to Pliocene, in eastern North Island, widespread subsidence and

marine transgression occurred, and forearc basins developed to the east of the



20 Chapter 1

basement-cored ranges in eastern North Island (Fig. 1.8) (Lee et al., 2011). From the
Pliocene to Pleistocene, temporal changes in sedimentation in eastern North Island
reflect the oscillation between marine transgression and regression, with a general
increase in the proportion of terrestrial material resulting from the uplift and erosion
of the Mesozoic basement (Bland, 2001; Kelsey et al., 1995; Lee et al., 2011). Since
the Pleistocene, the forearc basins of the eastern North Island (Fig. 1.7) have been
uplifted becoming emergent, with lacustrine and estuarine deposition followed by
fluvial sedimentation that contains volcanic detritus derived from the Taupo Volcanic
Zone (Begg and Johnston, 2000; Lee et al., 2011; Shane et al., 1996).

1.6 Low-temperature thermochronology studies

This section provides a brief review of previous studies in western and eastern North
Island, which focused on the Mesozoic or late Cenozoic exhumation histories of the

basement rocks.

1.6.1 Eastern North Island

From the Torlesse Supergroup rocks in northeastern North Island, Kamp (1999)
reported zircon (252-108 Ma) and apatite (112—-4.4 Ma) fission-track (ZFT and AFT,
respectively) ages on samples along two transects across the northern axial ranges.
Forward modelling of the data led the author to propose an Early Miocene phase of
rapid crustal downwarping during the initiation of subduction of the Pacific Plate,
followed by basin formation and subsequent uplift and erosion; this series of
processes was inferred to migrate on a margin-parallel orientation towards the
southwest. In the Wellington region in southern North Island, Kamp (2000)
interpreted 10-12 km exhumation of the basement rocks since ~200 Ma based on
(partially) annealed ZFT ages and > 4 km exhumation since ~10 Ma based on fully

reset AFT ages.

In the central axial ranges, total-rock Rb-Sr studies (145-205 Ma) (Adams et al., 2009)
generally yielded ages older than the stratigraphic ages, and the total-rock K-Ar ages
(typically > 155 Ma) (Adams et al., 2009) of the Torlesse greywacke rocks also
overlap with the detrital U-Pb ages. Only the Kaimanawa Schist yielded K-Ar ages
between 150 and 125 Ma (Adams et al., 2009), clearly younger than both the
sedimentary age and K-Ar ages measured in other parts of the Torlesse Supergroup
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with lower grade metamorphic grade. In southern North Island, the Rb-Sr and K-Ar
ages of the older Torlesse rocks were inferred to represent metamorphism of 225-200

Ma and post-metamorphic cooling until ~170 Ma (Adams and Graham, 1996).
1.6.2 Western North Island

In northwestern North Island, Raza et al. (1999) reported a set of ZFT and AFT data
in the Auckland region, including ZFT (190-138 Ma) and AFT (119-84 Ma) results
of three samples collected from the Waipapa Supergroup. The authors inferred the
ZFT ages to be detrital and interpreted the AFT ages to represent two phases of
accelerated cooling of the basement, during the Early (~117 Ma) and Late (~84 Ma)
Cretaceous, respectively. In western North Island, Kamp and Liddell (2000) carried
out an AFT analysis (ages of 144-87 Ma) on the Murihiku Terrane, in which the
authors inferred differential sedimentation across the region during the Cretaceous
accompanied by an increase in geothermal gradient and an eastward tilting of the

terrane during the latest Cretaceous—Paleocene.

In the Waipapa Supergroup in the Northland and Auckland region, Adams and Maas
(2004) reported two components of total-rock Rb-Sr ages (217-209 Ma and 174-164
Ma, respectively) and two peaks of total-rock K-Ar ages (175-165 Ma and 160-150
Ma, respectively). The authors inferred Late Triassic-Middle Jurassic deformation
and metamorphism in the accretionary wedge of the Gondwana margin based on Rb-
Sr ages, and suggested two Jurassic episodes of rock exhumation and cooling based
on the K-Ar ages. However, these ages overlap with the youngest component of the
detrital zircon U-Pb ages (Adams et al., 2013), and thus may retain inheritance from
detrital sources. In western-central North Island, total-rock Rb-Sr ages range between
205 and 149 Ma and K-Ar ages between 169 and 126 Ma (Adams et al., 2009). These
ages were again inferred by the authors to represent latest Triassic to Early Cretaceous
metamorphism and post-metamorphism cooling in the accretionary wedge of the

Gondwana margin.
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Chapter 2

Thermal history and exhumation of
basement rocks from Mesozoic to
Cenozoic subduction cycles, central

North Island’

Abstract

A new thermochronological study of the basement rocks of the central North Island,
New Zealand, records thermal and exhumation histories related to two subduction
cycles since the latest Jurassic. The basement comprises metasedimentary terranes
accreted onto eastern Gondwana during Mesozoic subduction. Since the Oligocene,
these terranes have been located on the hanging wall of the Hikurangi subduction
margin, overriding the Pacific Plate. Results of zircon fission-track (264-121 Ma)
analysis yield detrital or slightly reset ages; apatite fission-track (122-19.8 Ma) and
(U-Th-Sm)/He (95.2-10.3 Ma) ages are fully reset. Results from inverse thermal
history modelling of the data of individual and stacked samples imply that: (1) after
their accretion, the basement rocks were cooled and exhumed to shallow depths of the
crust in the Early Cretaceous (by ~150-135 Ma). This was followed by an episode of
reheating until ~100 Ma, which we interpret to be the result of burial by

sedimentation above the accretionary wedge during extensional deformation caused

! Published as Jiao, R., Seward, D., Little, T.A. and Kohn, B.P., 2014. Thermal history and
exhumation of basement rocks from Mesozoic to Cenozoic subduction cycles, central North
Island, New Zealand. Tectonics, 33(10): 2014TC003653.
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by continued underplating and thickening of the wedge from beneath; (2) from 100
Ma, our data indicate thermo-tectonic quiescence until the Oligocene (~27 Ma); (3)
during initiation of the Hikurangi Margin, the fore-arc proto-axial ranges began to
exhume during the Late Oligocene—Early Miocene (~27-20 Ma). Subduction-
triggered unroofing removed ~1.2-2.8 km of overburden, most of which was probably
the less lithified passive margin sedimentary rocks; (4) along the western-central
North Island, the exhumational response to the Hikurangi subduction was limited,
with a total magnitude of erosion <1.5 km in the Cenozoic.

2.1 Introduction

Basement rocks of North Island, New Zealand were formed by deposition and
accretion onto the eastern Gondwana margin in the Mesozoic. These rocks now sit at
the leading edge of the upper plate of the modern Hikurangi subduction margin with
respect to the westward-subducting Pacific Plate (Figs. 2.1a and 2.1b). The basement
of central North Island has thus been modified and deformed during two major
subduction events, the late Mesozoic and the Oligocene—Neogene (King, 2000;
Mortimer, 2004), separated by a long period associated with drift from the eastern
margin of Gondwana. In this paper we strive to quantify patterns of crustal thermal
evolution during these events in order to obtain an improved understanding of 1) the
timing of the extension and break-up of the eastern Gondwana and 2) subduction
initiation and hanging wall uplift and erosion along the Hikurangi margin. These data
provide insights into the long-term evolution and dynamics of an Andean subduction

Zone.

Previous studies (Kamp et al., 2004; Litchfield and Berryman, 2006; Pulford and
Stern, 2004) in the North Island have revealed variations in uplift and exhumation
rates with distance inland from the modern trough. Nearest to the subduction zone, in
the east, stratigraphic mapping of Neogene paleoshorelines and analysis of mudstone
porosity suggested a mean rock uplift rate in the fore-arc of up to 1 mm/yr over the
last ~5 Myr (Litchfield and Berryman, 2006). Farther west in the back-arc in the
western and central parts of the North Island, a study of mudstone porosity (Pulford
and Stern, 2004) indicated that the rock uplift there since ~5 Ma has exhumed a broad
dome that has a maximum erosional amplitude of over 2 km in the centre of the dome

just south of Lake Taupo (Fig. 2.1a). These previous studies have not provided any
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insight into exhumation or uplift magnitudes or rates across this margin for the period
prior to ~5 Ma. Consequently, there is currently a large gap in our knowledge about
the tectonics and long-term vertical motion of this margin since the Late Oligocene to
Early Miocene onset of subduction.

We investigate the long-term (post Late Jurassic) thermal events interpreted in terms
of uplift and exhumation of basement rocks along an east-west section in central
North Island, New Zealand, using a combination of zircon and apatite fission-track
(ZFT and AFT, respectively) and apatite (U-Th-Sm)/He (AHe) methods. In previous
fission-track studies on the basement rocks of eastern North Island, Kamp (1999)
collected samples along several transects across the northern axial ranges. Forward
modelling of the data led the author to propose an Early Miocene phase of rapid
crustal downwarping during the initiation of subduction of the Pacific Plate, followed
by basin formation and subsequent uplift and erosion; this series of processes was
inferred to migrate towards the southwest. In another study in the Wellington region
(Kamp, 2000), (partially) annealed ZFT ages indicated maximum burial depths of 10—
12 km for the presently exposed greywacke rocks, and the fully reset AFT ages of ~10
Ma suggested at least 4 km of exhumation since the Late Miocene. These earlier data
provided first-order constraints on the exhumation magnitude related to the evolution

of subduction, but were limited to the most northern and southern ends of the island.

This paper focuses on the basement rocks of central North Island, where we
determined the first set of thermochronological data and modelled the AFT and AHe
data using a transdimensional approach (Gallagher et al., 2009; Gallagher, 2012).
Firstly, we provide timing, rates and magnitude constraints on thermal evolution of
the accretionary terranes preceding break-up of the eastern Gondwana margin in the
Cretaceous. Secondly, we are able to document the diverse impact of subduction
processes on the upper continental crust at varying distances from the subduction
trough of the modern evolving Hikurangi Margin through the uplifted fore-arc to the

present back-arc region.
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the region of Fig 2.2. (b) Crustal cross-section, modified from Barnes et al. (2002).
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2.2 Geological background

The continent of Zealandia (Mortimer, 2006) was once located on the outermost
margin of Gondwana until its extensional fragmentation and separation in the
Cretaceous. The present landmass of New Zealand represents the subaerial portion of
this continent. The North Island is underlain by a series of basement rocks that
represent Mesozoic accretionary terranes consisting chiefly of sandstone
(“greywacke”), argillite and schist (Kaimanawa Schist; Fig. 2.2a). Here we focus on
the low-temperature thermochronology of Triassic to Early Cretaceous rocks of the
Torlesse Supergroup (in the axial ranges) and Waipapa Supergroup (west of Taupo
Volcanic Zone, TVZ) of central North Island (Figs. 2.1a and 2.2a).

Based on different lines of evidence, many authors have proposed the timing of
initiation of the break-up of Zealandia from eastern Gondwana and the cessation of
the Mesozoic subduction. This was well summarised by Laird and Bradshaw (2004).
Estimates of the timing of the cessation of Mesozoic subduction range from 105 Ma
(Bradshaw, 1989) to about 85 Ma (Kamp, 1999; Mazengarb and Harris, 1994). Laird
and Bradshaw (2004) concluded that the subduction ceased and extension started at
about 100 Ma, based on tectonic, geochronological and stratigraphic evidence along
the east coast of North Island and north-western South Island. Based on U-Pb and
OAr/PAr ages of volcanic rocks from across Zealandia, Tulloch et al. (2009)
suggested that the crustal extension within Gondwana may have started at about 112
Ma and that thinning by normal faulting continued until 82 Ma. The range in age
estimates may well be due to the fact that such a major event was probably

diachronous both in time and space.

Inception of Cenozoic subduction of the Pacific Plate along the Hikurangi Trough
beneath the eastern margin of the Australian Plate caused thickening and uplift of the
hanging wall of that juvenile subduction zone, leading to subaerial exposure of what
are now the islands of New Zealand (King, 2000; Sutherland et al., 2009). The fore-
arc of this margin includes, on its eastern side, Neogene—Recent accretionary wedges
that young eastward into the still actively deforming belt of the offshore region (Fig.
2.1b); a discontinuously preserved cover of Neogene sedimentary basins (Figs. 2.1
and 2.2a); and, farther west, the axial ranges, which consist of the uplifted Mesozoic

basement. Today, the axial ranges are cut by the active North Island Fault System
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(NIFS; Figs. 2.1 and 2.2a)(Beanland, 1995; Nicol et al., 2007)(New Zealand Active
Faults Database, GNS). Farther west is the actively extending TVZ (Wilson et al.,
2010), with uplands and basins along the western margin of that rift (Figs. 2.1 and
2.2a).
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Fig. 2.2 Study area in central North Island, New Zealand. (a) Simplified geological map,
modified from the Geologicla map of New Zealand 1:10° project, produced by GNS Science,
New Zealand. Major faults in the North Island Fault System (NIFS) are named. Numbers
depict AFT (bold), AHe (italic) and ZFT (magenta) ages (Ma). (b) Shaded relief and sample
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resolution. Locations of whole-rock K-Ar ages (Adams et al., 2009) cited in this study are
shown. Lines B-B’ and C-C’ correspond to margin-normal cross sections in Figs. 2.3a and
2.3b, respectively.
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The axial ranges trend northeast-southwest subparallel to the Hikurangi subduction
trough. They include the Kaimanawa, Kaweka and Ahimanawa Ranges in central
North Island (Fig. 2.2b). These narrow (about 60 km at the widest segment), elongate
ranges reaching heights over 1.6 km (Fig. 2.2b) are chiefly composed of low-grade
(prehnite-pumpellyite facies) metamorphosed greywackes of the Torlesse Supergroup
(here mostly of Jurassic stratigraphic age, (Adams et al., 1998; Adams et al., 2009)).
Higher grade, pumpellyite-actinolite facies occurs on the western flank of the
Kaimanawa Mountains (Fig. 2.2a) (Adams et al., 2009; Beetham and Watters, 1985),
immediately to the east of the TVZ. Remnants of a pre-Pliocene erosional surface
(Lee et al., 2011) are inferred to control the elevation of aligned summit tops in the
Kaimanawa Mountains. From these uplifted deposits, a mean surface uplift rate has
been calculated for the axial ranges of ~1.0-1.3 mm/yr over the last ~1-5 Myr (Beu et
al., 1981, Litchfield and Berryman, 2006).

Previous geochronological studies on the basement terranes provided some
constraints on the timing of their low-grade metamorphism during their accretion to
Gondwana in the Mesozoic (Adams and Maas, 2004; Adams et al., 2009; Mortimer,
1994; Mortimer, 2004). Whole-rock K-Ar slate ages (Figs. 2.3a and 2.3b), which vary
inversely with metamorphic grade, have been interpreted as estimates for the timing
of cooling of the terranes from their maximum metamorphism (Adams, 2003; Adams
et al., 2009). The Kaimanawa Schist yielded K-Ar ages between 150 and 125 Ma (Fig.
2.3b), distinctly younger than such ages measured in other parts of the Torlesse (and
Waipapa) Terranes with lower grade metamorphic grade, which are typically 175-155
Ma (Figs. 2.3a and 2.3b) (Adams et al., 2009). Torlesse rocks in the Ahimanawa
Range in the northeast of the study area yielded K-Ar ages of 220-180Ma (Fig. 2.3a).
These ages overlap with those of detrital zircons as measured by U-Pb methods and
are older than the age of deposition of the strata in which they occur (Adams et al.,
2009). This observation implies that rocks in the Ahimanawa Ranges were never

heated to K-Ar closure temperature subsequent to their deposition.

West of TVZ, the basement rocks of the Waipapa Supergroup (Late Triassic—Late
Jurassic age, (Adams et al., 2009)) crop out in the rolling and relatively low-relief
uplands including the Hauhungaroa Range (Figs. 2.2a and 2.2b). Here, Cenozoic
sedimentary sequences unconformably overlying the Mesozoic basement in the

adjacent King Country basin have been extensively preserved. Sedimentation in the
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basin was continuous between the Late Oligocene and Early Pliocene (Fig. 2.2a)
(Kamp et al., 2004).
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Fig. 2.3 Thermochronological ages along profiles across central North Island (see Fig. 2.2b
for locations). Terrane depositional age and K-Ar whole-rock slate ages are taken from
Adams et al. (2009).

2.3 Thermochronological data

We analysed 38 samples, from which we obtained 32 AFT ages (18 with track-length
data), 18 ZFT ages and 22 AHe ages (62 single-grain ages). Appendix Il describes the
methods used for fission-track and (U-Th-Sm)/He analyses. Detailed results are given
in Tables 2.1, 2.2 and 2.3. We report all the FT ages as central ages (Galbraith and
Laslett, 1993) that include a +2¢ uncertainty. For AHe data, a central age (a-ejection
corrected) (Vermeesch, 2010) was calculated for samples that contained 3 or more
single-grain ages; for samples with only two single-grain ages, an error-weighted

arithmetic mean was calculated. Fig. 2.2a summarises ages for all samples in map
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form. These data are projected onto the two transects across the central North Island
in Fig. 2.3.

ZFT ages vary between 264 £31 and 121 +30 Ma (Table 2.1). All ages except those
in the Kaimanawa Schist overlap with, or predate, the sedimentary age of the rock as
previously constrained by U/Pb dating of detrital zircons (Adams et al., 2009). The
overall ZFT age pattern is comparable to that of whole-rock K-Ar ages (Adams et al.,
2009) for the same region (Fig. 2.3).

AFT ages range from 122 +17 to 19.8 £3.6 Ma (Table 2.2), and all are younger than
the corresponding sedimentation ages (Fig 2.3). Single-grain AFT age distributions
are mostly consistent within a unique population with P (x%) > 70 %. Low P (3°)
values (<50 %) exist for 7 samples, indicating variability in apatite composition
and/or complicated thermal histories. The mean length of confined tracks ranges
between 10.47 £2.06 and 13.81 + 1.47 pm.

We excluded the AHe data of one sample (JR12-13) in our interpretation, due to its
over-dispersed (120 %) single-grain ages. For all other samples, the AHe grain age
dispersions (range of the grain ages divided by the mean, as used by Brown et al.
(2013)) yield 0.7-80 %, which are typical for samples that experienced complex
thermal histories (see discussion in Appendix I1). The accepted AHe sample ages
range from 95.2 +32.6 to 10.3 +4.8 Ma, with the Fr-corrected single-grain ages
between 119.7 £17.6 and 6.9 1.0 Ma (Table 2.3).

In the following sections, we describe the data in more systematic detail for each

region across the study area.
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2.3.1 Ahimanawa Range

The Ahimanawa Range (Fig. 2.2b) is the most northerly and easterly part of the axial
ranges in the study area. Three ZFT ages (264-189 Ma; Table 2.1) are older than the
sedimentary age, 200-160 Ma (Fig. 2.3a) (Adams et al., 2009), suggesting that the
ZFT system has not been fully reset. The AFT ages (122-50.8 Ma; Table 2.2) are
younger than the sedimentation age and vyield tight grain age distributions
(P(x") >30%); these ages have been reset during the burial and low-grade
metamorphism, recording post-burial exhumation leaving little information related to
their original sources. Sampling across the Wheao and Ruahine Faults (Fig. 2.2a), part
of the North Island Fault System (NIFS, Fig. 2.1), reveals no significant age
difference over those structures, indicating that little differential vertical displacement
has accumulated on these faults over the last 100 Myr.

AHe ages in the Ahimanawa Range are between 33.3 £4.2 and 10.3 +4.8 Ma (Table
2.3). The difference of AHe ages over faults is also negligible. Thus no differential
vertical displacement over these structures could be identified using the present
thermochronological datasets. Here age-elevation relationships of AFT and AHe ages
are not used for inference of exhumation history, as we acknowledge that the shape of
age-elevation curves could result from various factors in addition to cooling rates and

onsets of accelerated cooling (Prenzel et al., 2013).

2.3.2 Kaimanawa Mountains and Kaweka Range

Four schist samples from the Kaimanawa Mountains yield ZFT ages (155-121 Ma;
Table 2.1) that are consistently younger than the corresponding sedimentary age
(~200-160 Ma, Figs. 2.2a and 2.3b), suggesting full or almost-full resetting at higher
temperatures when the rocks were in a deeper position in the crust in comparison with
similar aged greywackes exposed in other parts central North Island. The relationship
is not unexpected, because the metamorphic grade of the Kaimanawa Schist
(pumpellyite-actinolite facies; 220-350 <C) (Adams, 2003; Frey et al., 1991) is higher
than other Torlesse and Waipapa Supergroups (prehnite-pumpellyite facies; 180—
280 <C) (Adams, 2003; Frey et al., 1991) in central North Island. This relationship is
further supported by the unusually young whole-rock K-Ar slate ages reported for the
same rocks (Adams et al., 2009). At higher peaks of the Kaimanawa Mountains and in
the Kaweka Range, samples yield detrital ZFT ages (224-165 Ma; Table 2.1) similar
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to or older than the corresponding stratigraphic age (Fig. 2.3b). These have clearly not

been heated to the ZFT total annealing temperature (~240 <C).

AFT ages in the Kaimanawa and the Kaweka Ranges are between 91.5 £14.0 and
22.0 =£4.2 Ma (Table 2.2; Figs. 2.2a and 2.3b). Most are Miocene, but some relict
Cretaceous ages are locally preserved, e.g. 91.5 +14.0 Ma (R785) on the northern
flank of the Kaimanawa Mountains, and 86.1 £14.2 Ma (DS10-13) in the southeast of
the Kaweka Range. Although the average altitude is higher in the Kaimanawa than in

the Kaweka Range, the AFT age distributions across both ranges are similar.

Spatial trends in the AHe ages resemble those for AFT data. The AHe ages from the
Kaimanawa and Kaweka Ranges vary between 29.7 +12.6 and 13.9 1.7 Ma. The
single pre-Miocene age (29.7 £12.6 Ma) was measured on a sample located on the
eastern flank of the Kaweka Range (DS10-13; Fig. 2.2a).

2.3.3 Hauhungaroa Range (west of TVZ)

Waipapa Supergroup greywacke outcrops are scattered in the Hauhungaroa Range to
the west of Lake Taupo. Two samples yield ZFT ages of 193 +34 and 145 £23 Ma
(Table 2.1; Fig. 2.2a), which are within the depositional age range for the rocks (Fig.
2.3). Four AFT ages are between 117 18 and 79.1 £13.2 Ma (Table 2.2), within the
same range as those from the Ahimanawa Range. Two AHe samples yield ages of
95.2 £32.6 and 34.4 2.9 Ma (Table 2.3), both older than those from east of TVZ.
No vertical-profile sampling was made in the Hauhungaroa Range due to the low

local relief.

2.4 Apatite Fission-track and (U-Th-Sm)/He modelling

We used the QTQt software (Gallagher, 2012; Gallagher, 2013) to model thermal
histories from the AFT and AHe data. Figs. 2.4-2.8 show the inverse modelling

results. Fig. 2.9 summarises all inferred thermal history paths.

The inversion sampler (Gallagher et al., 2009) uses a Bayesian Markov chain Monte
Carlo (MCMC) method, which favours simpler solutions and thus minimises
problems of over-interpretation. The inverse modelling process starts from a random
Temperature-time (T-t) path with a set of kinetic parameters, which are used to make
predictions to compare with the observed data (using likelihood functions). Then the

thermal history and parameters are perturbed, and the likelihood between model
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predictions and observations are recalculated and compared to the initial model. If the
data fit of the posterior model is better, it is accepted and contributes to the overall
posterior collection of models; otherwise it is rejected. Such a process is repeated for
many iterations (as specified by the user) to reproduce the posterior distribution of the
thermal histories. For “stacked” samples on a vertical profile, an iteration simulates a
thermal history for the uppermost sample and the temperature offset between the
uppermost and lowermost samples, and then applies a linear interpolation to derive T-
t paths for intermediate samples. Given a fixed vertical distance between the highest
and lowest samples, a geothermal gradient and its variation through time can also be
estimated, based on the assumption that the gradient was linear in the shallow level of
the crust (from the surface to the maximum depth of apatite PAZ). Gallagher et al.
(2009) and Gallagher (2012) provided detailed introduction and demonstration of the

inversion approach.

We modelled thermal histories of the basement rocks between the time of their initial
cooling after the peak of their low-grade metamorphism and their present exposure at
the surface. For setting up the modelling, we constrained the starting time, using the
K-Ar ages (Adams et al., 2009), i.e. 155-125 Ma for schist and 175-155 Ma for
greywacke samples. Because the ZFT system has only been reset in the schist but not
in greywacke samples, the starting temperature range was set at 200-300 <C for schist
and lower at 150-250<C for greywacke models. In the end, all models were forced to
the surface temperature (20 £10<C) at 0 Ma.

To model the AFT ages, we used the multi-kinetic annealing model of Ketcham et al.
(2007) with measured Dpar (etch pit diameter parallel to the c-axis of
crystal)(Donelick, 1993) values to constrain the apatite compositional parameters; and
for the AHe ages, we used the radiation damage accumulation model of Flowers et al.
(2009). In each inversion, a sum of 200 000 iterations was run to ensure consistent
sampling from the stationary posterior distribution (see discussion in Gallagher
(2012)). To model the data of vertically stacked samples, we allowed the thermal

gradient to vary between 10 and 50 <C/km over the modelled span of geological time.
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Fig. 2.4 Inverse modelling results for eight samples on the vertical profile in the Ahimanawa

Range. (a) Expected (weighted mean) thermal histories.

T-t paths of the uppermost (blue) and

lowermost (red) samples are shown in heavy lines, with their 95% credible intervals. AFT
PAZ and AHe PRZ are approximate for standard Durango apatites. Black box is the
constraint on the modelling. (b) Predicted normalised temperature offset over time with the
95% credible interval. (c) Predicted versus observed data. AFT data are shown as central ages
(+ 20 errors) and AHe are uncorrected single-grain ages. Predicted track-length distributions

(solid curves) are plotted with 95% credible intervals
length data (histograms).

in comparison with observed track-
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2.4.1 Ahimanawa Range

A thermal history inversion of the Ahimanawa Range data was made using a vertical
profile. This profile stretching across strike-slip faults of the NIFS, yielded no
difference in the AFT or AHe data across the structures. Thus we argue that there is
no identifiable vertical component along the faults, and the samples can be treated as
in a single structural block. The modelling combined data from 8 samples (JR12-10 to
JR12-16 and JR11-08), including 8 AFT ages, 7 with track-length data and 18 AHe
grain ages (Fig. 2.4). The successful models predict cooling and exhumation of the
rocks towards the surface soon after their peak burial and metamorphism in the
Jurassic (Fig. 2.4a). Subsequently, the models suggest reheating of samples to ~75—
100 <€ by ~100 Ma. However, the accurate magnitude and beginning of reheating
cannot be effectively constrained as this part of the T-t paths lies at temperatures
outside the apatite fission-track PAZ and helium PRZ. After 100 Ma, the samples
were subject to very slow cooling throughout the Late Cretaceous and Paleogene,
continuing into the Neogene until just before 20 Ma. At this point, the cooling rates of
the models accelerated; the average rate for this final cooling episode is 1-2 <T/Myr.

The fluctuation in geothermal gradient (Fig. 2.4b) was inferred from the modelled
temperature offsets between the uppermost and lowermost samples on the modelled
profile. The models predict an increase of geothermal gradient during the Early
Cretaceous (prior to 100 Ma) reaching over 45 <C/km at 100 Ma; the uncertainty for
this period is large due to the large uncertainties in the modelled T-t paths.
Subsequently, the gradient is inferred to decrease gradually from 100 Ma to 20 Ma.
During the final cooling stage, the thermal gradient decreased quickly as all samples
are required to be at the surface temperature at the present. The modelled geothermal
gradient just prior to the Miocene acceleration of cooling is estimated to be 30 +
2 C/km. This value is similar to that at present in the Taranaki Basin on western
North Island (29 <C/km (Funnell et al., 1996)) and the gradient (27.5 2.5 <T/km)
adopted by Tippett and Kamp (1993) to calculate the exhumation of the Torlesse
greywacke rocks in South Island. Therefore this geothermal gradient (30 £2 <T/km)
is used in this study to estimate the Neogene exhumation and its rates for the

basement samples in central North Island.
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Fig. 2.5 Expected thermal histories of the vertical profile in the Ahimanawa Range, modelled
with (a) AFT and (c) AHe data alone, respectively. Age predictions from expected models are
shown in (b) and (d). See Fig. 2.4 caption for further explanation.

We also modelled the AFT and AHe data separately to compare with the integrated
modelling results, using the same model parameters and constraints. The T-t paths
simulated with AFT data alone (Fig. 2.5a) reveals less detail. The models predict a
decrease of cooling rates at ~140 Ma after the initial rapid cooling. After 100 Ma, the
modelled T-t paths passed to the temperature range near the upper boundary of PAZ
(60 <€) and the uncertainties became large. Finally, models imply that all samples
cooled monotonically to temperatures < 60 <C between 40 and 20 Ma. The predicted
AFT ages (Fig. 2.5b) fit the observed data better than when both AFT and AHe are
used. On the other hand, the AHe data modelling (Fig. 2.5c) predict that, between 40
and 30 Ma, all samples were below the base of the helium PRZ (85 <C). This
temperature would reset the AHe ages (on a geological timescale). In summary,
modelling of AFT data alone provided little information regarding the samples’ final
cooling phase in the last 30 million years, whereas the AHe data alone were unable to
provide reliable information related to thermal histories prior to ~30 Ma. Therefore,
the modelling of a combination of AFT and AHe data from multiple samples provided
more reliability and details on the thermal histories than that using one chronometer.
Furthermore, the integrated modelling could help avoid artefacts that might be
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introduced by modelling data from individual samples (Gallagher et al., 2005). Thus
our interpretation of thermal and exhumation histories will be based on the results of

integrated modelling of AFT and AHe data from multiple samples where applicable.

2.4.2 Kaimanawa and Kaweka Ranges

Along the western flank of the Kaimanawa Mountains AFT and AHe data of three
schist samples (JR11-10, JR11-50 and JR11-47), including 3 AFT ages and track-
length data and 4 AHe single-grain ages, were modelled together (Fig. 2.6). Track-
length data of the uppermost sample (JR11-47) yield a bimodal distribution, while the
lower two retain a small hint of the bimodality in their negatively skewed
distributions (Fig. 2.6b). Unlike the models of greywacke samples in the Ahimanawa
Range (Fig. 2.4a), the simulation of schist samples implies no reheating events in the
Early Cretaceous before 100 Ma. Following the initial cooling from the low-grade
metamorphism, the models (Fig 2.6) predict long residence of the samples within the
AFT PAZ throughout the Late Cretaceous and Paleogene. These samples passed into
a Miocene phase of accelerated cooling at rates > 5 <T/Myr, starting at ~26 Ma. This
cooling event ended at ~17 Ma, when the uppermost sample on the profile was cooled

to the surface temperature.

Five thermal models from different locations in the Kaweka Range were obtained (Fig.
2.7). Four models were simulated with single-site AFT and AHe data, and one other
used 3 AFT ages (JR12-07, 8 and 9) on a vertical profile but with only track-lengths
and AHe data from one sample (JR12-07). The models suggest similar thermal
histories: all invoke a prolonged period within or deeper than the apatite PAZ for
~100-80 Myr since mid- Cretaceous, until the cooling accelerated at ~27-20 Ma. In
regard to the final cooling stage, two samples (Fig. 2.7) are predicted to cool rapidly
(up to > 10 T/Myr) and to be exhumed to depths shallower than the PAZ before 15
Ma; these are comparable with the thermal history model of the Kaimanawa samples.
The other models (Fig. 2.7) reveal average cooling rates > 2 <T/Myr until the present-

day.
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Mountains. (a) Expected (weighted mean) thermal histories. Heavy lines show the uppermost
(blue) and lowermost (red) sample histories with the 95% credible intervals. AFT PAZ and
AHe PRZ are approximate for standard Durango apatites. Black box is the input constraint. (b)
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Fig. 2.7 Thermal history modelling results for the Kaweka Range. The lowest model (JR12-
07, 08 and 09) is simulated with AFT ages of three stacked samples, track-length and AHe
data from one; the others are simulated with individual sample data. Left panel: Temperature-
time history for modelled sample(s). Central panel: Predicted and observed track-length
distribution. Right panel: Predicted versus observed ages for each model. 1:1 line is plotted
for reference. See Fig. 2.8 caption for further explanation.

2.4.3 Hauhungaroa Range (west of TVZ)

Thermal history of the Hauhungaroa Range (Fig. 2.8) was modelled using AFT data
of only one Waipapa Supergroup greywacke sample (R14215). The results predict the
initial cooling of samples before ~135 Ma, similar to that implied by the Ahimanawa
samples (Fig. 2.4a). From then the sample resided at a shallow depth in the upper
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crust (temperature < 70 <C) for a very long period until the Oligocene. After ~30 Ma,
this sample was cooled to the temperature < 60 <C, and thus the AFT data provide no

constraints for its later thermal history.

Hauhungaroa Range (west of TVZ)
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Fig. 2.8 AFT modelling result in the Hauhungaroa Range, west of TVZ. See captions of Figs.
2.6 and 2.7 for explanation.

2.5 Interpretation and discussion

Data and thermal history modelling in this work document the long-term thermal
history of the basement rocks of central North Island (Fig. 2.6). This history ranges
from a major phase of Jurassic—Early Cretaceous cooling of accreted terranes on the
eastern Gondwana margin to a passive margin setting in the Late Cretacous and
Paleogene, and finally to initiation of the Hikurangi subduction zone between the

Pacific and Australian Plates during the Late Oligocene—Early Miocene.

2.5.1 Thermal and exhumation history of the eastern Gondwana margin

After deposition during the Triassic to Early Cretaceous, the rocks of the present
basement of North Island were deformed in the accretionary wedge on the eastern
Gondwana margin (Fig. 2.10a). Exhumation of these Mesozoic accretionary terranes
has been previously studied in the Otago Schist at South Island (Mortimer et al., 2012;
Nishimura et al., 2000). Little et al. (1999), based on mica “°Ar/*Ar ages, suggested
that the schist was unroofed after 135 £5 Ma from mid- to lower crust. Nishimura et
al. (2000) interpreted a period of cooling of the schist at 155-135 Ma following its
peak metamorphism, based on K-Ar ages. On the other hand, Little et al. (1999)
inferred that the K-Ar and “°Ar/*Ar methods were unsuitable for determining the
timing of cooling or unroofing of the lower-grade parts of Otago greywacke rocks,

due to their partially retained detrital signature. In the North Island, using AFT and
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AHe analyses and associated modelling, we have been able to infer an episode of
unroofing of the greywacke rocks in the Ahimanawa and Hauhungaroa Ranges that
occurred prior to ~150-135 Ma (Fig. 2.9). This exhumation event brought the rocks
from their peak metamorphic temperatures/depths in the accretionary prism and
carried them to the near surface (<2 km depth). Due to the restrictions in setting up
the modelling, we cannot refine the onsets of this cooling, but we suggest that the
models reflect the same unroofing event for rocks in the Mesozoic accretionary wedge
as that recorded in the Otago Schist. The end timing of this exhumation estimated by
our T-t models is in general agreement with the inferences of Little et al. (1999) and
Nishimura et al. (2000).
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Fig. 2.9 Summary of inferred thermal histories for basement rocks at central North Island
since the latest Jurassic. Regional tectonic settings indicated are according to Gaina et al.
(1998), King (2000) and Laird and Bradshaw (2004). Grey bars highlight changes of cooling
rates.

The magnitude of the Mesozoic exhumation and cooling is difficult to quantify
precisely. Thermal history models of the Ahimanawa Range samples (Fig. 2.4a) imply
an unroofing to the surface, but this might be a simplified solution from the inversion

process. However, it is clear from the models that after the initial cooling event, the
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samples experienced some reheating (up to 100 <C) prior to 100 Ma. This reheating
process, albeit potentially simplified by the inversion, perhaps reflects thermal events
that were indicated by periods of argon loss in the Otago Schist (Little et al., 1999).
We suggest it was the result of one or more phases of extension that deformed the top
of the now very large accretionary wedge during its waning stages (Fig. 2.10b). For
example, Platt (1986) demonstrated that sediment underplating at the subduction
interface thickens the wedge and thus may cause it to extend internally to regain
stable geometry. The development of normal faults and related basins at the upper
part of the accretionary wedge allowed sediments to accumulate, covering and
reheating the previously exhumed terrane rocks. Evidence of underplating beneath the
Mesozoic accretionary wedge of the North Island was reported by Charlier et al.
(2010), who interpreted a package of zircon ages of ~110-140 Ma from the xenolith
in the TVZ as underplated and partially melted complexes at the base of the Torlesse

and Waipapa Supergroups in the Early Cretaceous.

This period of reheating coincided with the depositional range of the Pahau Terrane
(140-100 Ma) (Adams et al., 2007; Adams et al., 2009) which was possibly formed in
a syn-subduction non- to shallow-marine depositional setting (Bassett and Orlowski,
2004). Therefore, subduction, associated accretion and underplating were still active
when the reheating and inferred extension occurred at the upper accretionary wedge.
Evidence related to progressive crustal thinning and extension of eastern Gondwana
basement terranes in the Early and Late Cretaceous have been suggested elsewhere in
the greater New Zealand region. For example, Tulloch et al. (2009) reported 112-82
Ma volcanism across Zealandia and suggested a phase of progressive crustal thinning
over a time span of ~30 Myr preceding the final break-up of the eastern Gondwana
margin. Additionally, based on dating of the lower plate rocks by “Ar/*Ar
geochronology in the Paparoa metamorphic core complex of South Island, Spell et al.
(2000) suggested that continental extension in eastern Gondwana covered an interval
of ~110-90 Ma.
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Fig. 2.10 Exhumation histories of the basement rocks of central North Island. (a) Rapid
exhumation of the terrane rocks in the accretionary wedge during the active subduction.
Cross-section is adapted from Mortimer et al. (2012) (not to scale). (b) Sedimentation and
burial on top of the accretionary wedge due to extension in the wedge, as the result of
continued underplating and thickening. (c) Accelerated exhumation of basement rocks at the
upper Australian Plate, in response to the initiation of subduction of the Pacific Plate beneath
North Island.

Although we attribute the reheating of accretionary terranes to the extension at the
upper accretionary wedge, other subduction-related processes cannot yet be
completely ruled out as potential causes. For example, Mortensen et al. (2010) in an
OAr/Ar study, identified two pulses of gold mineralization in the Otago Schist in the
Early Cretaceous (142-135 and 106-101 Ma), which led the authors to propose the
subduction of an actively spreading ridge in order to reconcile short-lived thermal

events.

From ~100 Ma, the thermal histories of the Torlesse and Waipapa Supergroups in
central North Island imply this region was very stable until the Late Oligocene (Fig.
2.9), with no significant cooling or reheating (average rates < 1 <C/Myr). The
modelled geothermal gradient for the North Island basement terranes during this
period is a slowly decreasing one (Fig. 2.4b). We interpret this period of thermal-

tectonic quiescence to be the prolonged passive margin setting, as evidenced by many
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geological studies (Ballance, 1993) (Field et al., 1997; Moore, 1988) and references
within). The onset of the thermal-tectonic quiescence at ~100 Ma is in agreement with
previous estimates of the termination of Mesozoic subduction, which were mainly
interpreted from sedimentary observations: the stratigraphic ages of the oldest
undeformed cover rocks overlying the deformed Torlesse Supergroup (on the
Raukumara Peninsula) are between late Early Cretaceous and mid- Late Cretaceous
(Bradshaw, 1989; Crampton, 1997; Isaac, 1977; Lee et al., 2011; Leonard et al., 2010;
Mazengarb and Speden, 2000; Moore and Speden, 1984).

Nowhere in our models do we see any evidence for a thermal event at ~85 Ma
associated with the onset of seafloor spreading as reported by Gaina et al. (1998) and
Sutherland (1999). This indicates that opening of Tasman Sea at ~85 Ma had no
significant impact on either the sedimentation rate or geothermal structure of the
passive basins in eastern North Island. This inference supports the study of Adams et
al. (2012), who suggested that, based on detrital zircon U-Pb age patterns in the
sedimentary terranes, by ~100 Ma sediment transport from western Zealandia to
eastern New Zealand has been cut off, perhaps due to continuous rifting/displacement
across Zealandia.

2.5.2 Cenozoic exhumation in the hanging wall of the Hikurangi Margin

Modelling of the thermochronological data has been able to reflect the end of the
passive margin setting at North Island, when the active tectonics started in the late
Cenozoic. For this episode, modelled thermal histories from the present fore-arc (axial
ranges) to back-arc (Hauhungaroa Range) regions are interpreted to represent
differential exhumational responses of the upper crust to the renewed convergence
between the Australian and Pacific Plates (Fig. 2.10c), including development of the
Hikurangi subduction margin (Ballance, 1976; Nicol et al., 2007; Rait et al., 1991;
Stagpoole and Nicol, 2008).

In the axial ranges in the fore-arc of the Hikurangi subduction margin, accelerated
exhumation started at ~20 Ma in the Ahimanawa, at ~26 Ma in the Kaimanawa and
between 27 and 20 Ma in the Kaweka Range (Fig. 2.6). Thermal history models
suggest the accelerated cooling rates were up to 10 <T/Myr (in the Kaweka Range),
corresponding to exhumation rates >0.3 km/Myr, using a pre-orogenic geothermal
gradient of 30 =2 <C/km (Fig. 2.4b). According to the samples’ paleo-positions in the
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crust prior to the accelerated exhumation, the total eroded thickness from top of the
basement was ~1.2-1.8 km in the Ahimanawa, ~2.1-2.5 km in the Kaimanawa and
~1.6-2.8 km in the Kaweka Range. In general, the magnitude of post-subduction
exhumation increased towards the southwest in the central axial ranges, and this trend
appears to extend to the entire length of the axial ranges in North Island. For example,
the Raukumara Range in the northeast of North Island has undergone the least
exhumation, without yet even having removed the overlying Cretaceous sedimentary
rocks; the Wellington Belt at the southernmost part of North Island has been eroded

more and yields fully syn-orogenic AFT ages (Kamp, 2000).

Our estimates of the accelerated cooling phase in the hanging wall of the subduction
zone concur with the period of increased crustal deformation during the Late
Oligocene—Early Miocene, e.g. the development of thrust belts (~25-20 Ma) in
eastern North Island (Chanier and Ferriere, 1991; Rait et al., 1991) and allochthon
obduction in Northland and the East Cape (~25-21 Ma) (Ballance and Sp&li, 1979;
Sp&ili, 1989). The accelerated basement unroofing increased the sediment flux into
the adjacent basins, depositing mudstone dominated sequences, including flysch
facies, into the East Coast Basins to the east of the proto- axial ranges (Delteil et al.,
2006; Lee et al., 2011). In north-eastern North Island, terrestrial conglomerates (in the
Early Miocene—earliest Pliocene Tolaga Group) were suggested to derive from local
emergent landmass, which had been uplifted during the subduction initiation
(Marsaglia et al., 2014).

For the basement rocks of eastern North Island, the first period of unroofing triggered
by the Hikurangi subduction, we suggest, was the removal of the passive margin
cover sequences (up to 2.8 km). Consequently, crustal exhumation at this stage did
not result in extensive denudation of the basement rocks per se. This explains why the
greywacke gravels only became prevalent since the early-Late Miocene age in the
western Hawke’s Bay area (Bland, 2001; Bland et al., 2007; Graafhuis, 2001; Lee et
al., 2011). Thus the well-lithified greywacke basement rocks were only exhumed to
the surface at low elevations, with insignificant relief by about 2.5 Ma. Rare outcrops
of Late Miocene to Early Pliocene beach and marine sedimentary rocks overlying the
greywacke mountains confirm their low altitude at that time (Beu et al., 1981;
Litchfield and Berryman, 2006), and the formation of the ranges themselves was later.

This interpretation is in agreement with work by Sobel et al. (2006), who proposed
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that in a basement-cored orogen (Kyrgyz Range), surface uplift accelerated and
created high local relief only after the erosion-resistant bedrocks had been extensively
exposed. Additionally, the lack of high topography in the region of the Ahimanawa
Range was probably even until 1 Ma, supported by the eastward flow of the
Kidnappers ignimbrite (~1 Ma age) (Wilson et al., 1995) from the TVZ to the East
Coast at Hawke’s Bay.

In the present back-arc region, western North Island, the thermal history model in the
Hauhungaroa Range (Fig. 2.8) represents no pulse of cooling/exhumation related to
the initiation of Hikurangi subduction. However, according to the sample’s present
exposure at the surface and its cooling rates within the PAZ (prior to 30 Ma), we
speculate that there was at least one period of accelerated cooling for this region. The
magnitude of the basement unroofing was much lower in central-western North Island
(generally < 1.5 km) than that in the axial ranges. Thus the exhumational response to

the initiation of Hikurangi subduction was insignificant in the present back-arc region.

Holt and Stern (1994) and Stern and Holt (1994) proposed a platform subsidence
(~200 km wavelength and ~1.5 km magnitude) in the western North Island during the
initiation of the Hikurangi subduction. Pulford and Stern (2004) and Kamp et al.
(2004) in their study of rock and surface uplift in western-central North Island,
inferred ~1.6 to >1.8 km exhumation in this region since ~5 Ma. Unfortunately, our
thermochronological data are unable to test these previous estimates due to the low
magnitudes of subsidence and later unroofing, which only exhumed scattered

outcrops of the Waipapa Supergroup rocks in the relative low-relief rolling hills.

2.6 Summary and conclusions

In this study, we report apatite and zircon fission-track and apatite (U-Th-Sm)/He data
in central North Island, New Zealand, providing constraints on the timing, rates and
magnitudes of the exhumation of the Mesozoic accretionary basement. Our findings
provide new insights into the large-scale evolution of North Island, New Zealand

since the latest Jurassic.

Following their accretion onto the active eastern Gondwana margin, the deformed
basement rocks, except the Kaimanawa Schist, in present-day central North Island
were never heated to temperatures greater than ZFT closure temperature (~240 <C).
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These rocks were cooled and exhumed to shallow depths of the crust (corresponding

to temperatures < 70 <C) at some time between 150 and 135 Ma.

The central North Island basement experienced some reheating prior to 100 Ma. This
might have been the result of burial by sedimentation above the accretionary wedge.
We interpret this period to have included a phase of extensional deformation affecting
the upper levels of the accretionary wedge due to the continued underplating and
thickening of wedge from beneath, although other subduction-related thermal events

cannot yet be ruled out.

From 100 Ma, our thermal history models reveal little change in temperature until the
Late Oligocene. This was a period of slow crustal extension and extremely slow
cooling, which represents a time of passive margin history as Zealandia retreated from

Gondwana.

In the late Cenozoic, tectonic activity was renewed along the eastern margin of
Zealandia with the Pacific Plate subducting underneath the Australian Plate. This is
indicated by accelerated cooling (up to 10 <C/Myr) and exhumation (up to > 0.3
km/Myr) commencing at ~27-20 Ma in the axial ranges of the eastern-central North
Island. We suggest the initial unroofing of axial ranges was chiefly expressed by the
removal of the cover sequences. In western-central North Island, the exhumational
response to the Hikurangi subduction was less significant, with a total magnitude of

erosion < 1.5 km.
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Chapter 3

Unroofing of frontal ridges at the
Hikurangi Margin, New Zealand:
constraints from low-temperature

thermochronology1

Abstract

The axial ranges of North Island, New Zealand, parallel the Hikurangi subduction
margin. They consist of uplifted and exhumed Mesozoic meta-sedimentary basement
rocks of the overriding Australian Plate, beneath which the Pacific Plate has been
subducting since the Late Oligocene. We investigate the unroofing histories of these
fore-arc mountains during the evolution of the Hikurangi Margin, based on new and
previous apatite fission-track, and (U-Th-Sm)/He data which we interpret based on
inverse modelling. The results suggest that the exhumation of rocks in the axial ranges
initiated in the west and migrated trough-wards towards the east. Onsets of
accelerated exhumation in different parts of the ranges indicate significant eastwards
reverse faulting on the margin-parallel Ngamatea Fault before ~20 Ma and on the
Wellington-Mohaka Fault before ~10 Ma. The exhumation rate has varied
significantly along-strike since the Late Miocene (~10 Ma), lower in the central part

of the axial ranges and higher to the north and south. Since ~10 Ma, the increasing

! Accepted manuscript as Jiao, R., Seward, D., Little, T.A. and Kohn, B.P.. Unroofing of
forearc ranges at the Hikurangi Margin, New Zealand: constraints from low-temperature
thermochronology. Tectonophysics (2015), in press.
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exhumation rate from the central to southern axial ranges is consistent with the
clockwise vertical-axis rotation of eastern North Island relative to the Australian Plate.
In the Hikurangi Margin, although underplating of subducted material at the basal
upper plate may have contributed to localised rock uplift (e.g. in the Raukumara
Range), we suggest that the shortening of the fore-arc upper plate was a chief driver

of unroofing of the (proto-) axial ranges.

3.1 Introduction

The oceanic crust of the Pacific Plate is obliquely subducting beneath the continental
Australian Plate along the Hikurangi Trough, off the east coast of the North Island,
New Zealand (Figs. 3.1 and 3.2). In the fore-arc of the present Hikurangi Margin,
major along-strike changes in tectonic properties and rates are known to exist (e.g.
Barker et al., 2009; Collot et al., 1996; Wallace et al., 2009). For example, the
accretionary wedges are well developed (up to ~160 km wide) in the centre and south
of the margin (Fig. 3.1b), whereas the northern margin (off Raukumara Peninsula) is
relatively sediment-starved and dominated by tectonic erosion (Collot et al., 1996;
Joanne et al., 2013; Lamarche et al., 2008). Inversion of the onshore GPS velocity
fields (Wallace and Beavan, 2004) indicates a slip rate deficit at the subduction
interface that is high (20-30 mm/yr) beneath the southern North Island, but that
decreases northwards along the margin. Similarly, earthquake seismicity patterns
indicate that coupling between subducted and overriding plates is strong beneath the
Wellington and Wairarapa regions to the south, and weak beneath northern
Raukumara Peninsula to the north (Henrys et al., 2013; Reyners, 1998; Wallace and
Beavan, 2010).

Previous workers have attributed these along-strike changes in the geological
characteristics of the Hikurangi Margin to a diversity of causes: for example,
southward propagation of the edge of the subducted slab of the Pacific Plate (Furlong
and Kamp, 2009; Walcott, 1978; Walcott, 1984); southward reduction in plate
convergence rates (Fig. 3.1b) (Barker et al., 2009); and along-strike changes in the
thickness and other physical properties of the subducting Pacific Plate (Barker et al.,
2009; Wallace and Beavan, 2004; Wallace et al., 2005).
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Fig. 3.1 Tectonic setting of the Hikurangi Margin. (a) Australian-Pacific Plate boundary in
the New Zealand region. The box is region of Fig. 3.1b. (b) Bathymetry and topography
(NIWA) and active onshore faults (New Zealand Active Faults Database, GNS Science) of
the subduction margin. Yellow shading depicts the axial ranges, comprising Mesozoic
Torlesse basement rocks. Relative plate motion vectors (black arrows) are from Beavan et al.
(2002). Lines c-c’ and d-d’ denote the cross-section locations in Figs. 3.1c and 3.1d. White
box corresponds to the region of Fig. 3.3. TVZ, Taupo Volcanic Zone; NIFS, North Island
Fault System. (c) Cross-section through the northern Hikurangi Margin. (d) Cross-section
through the southern margin. Both (c) and (d) are taken from Litchfield et al. (2007).
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Fig. 3.2 Reconstructions of New Zealand Plate boundary zone at 25, 10 and 0 Ma, after
Furlong and Kamp (2009). Extent of continental material is outlined (including the Campbell
and Challenger Plateaus).

In this paper we use thermochronology to examine timing, rates, magnitudes and
patterns of basement exhumation in the fore-arc in the upper plate of the Hikurangi
Margin subduction zone since the Late Oligocene—Early Miocene. By comparing the
history of basement exhumation in time and space against the key geological
properties that vary along the strike of the margin, we strive to better understand the
causes and tectonic significance of this variability, and the tectonic processes that
have driven the uplift and exhumation of the upper plate. This study focuses on the
NNE-SSW-striking axial ranges of North Island (Fig. 3.1b), which comprise chiefly
the Mesozoic terrane rocks that have been uplifted and unroofed during the evolution
of the Hikurangi Margin. This narrow (up to 60 km wide) mountain chain extends
over 500 km from East Cape in the northeast to Wellington in the south of the island
(Fig. 3.1b), approximately parallel to the East Coast shoreline and the subduction
trough.

The significant topography and geomorphology of the present axial ranges are
inferred to have grown since the Early Pliocene. In the centre and northeast of North
Island, palaeogeographic reconstruction based on geological and biogeographic
observations (Trewick and Bland, 2011) suggests that the landmass of the proto-axial
ranges has been elevated only since the Early Pliocene. In the Hawke’s Bay region,
the significant influx of basement-derived conglomerates into the East Coast basins
occurred since the early-Late Miocene age in the western Hawke’s Bay area (Bland et
al., 2007; Bland et al., 2013; Cutten and Heron, 1994; Graafhuis, 2001; Lee et al.,
2011), which may reflect extensive exposure and erosion of the basement rocks in the
adjacent ranges. In the southern North Island, during the early Quaternary,
volcaniclastics from the TVZ had been transported by the palaeodrainage routes
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through the site of present axial ranges to the forearc lowlands in the south and
southeast, suggesting that the Ruahine and Tararua Ranges had not attained high
altitude until ~1 Ma (Lee and Begg, 2002; Shane et al., 1996; Trewick and Bland,
2011; Wilson et al.,, 1995). However, the thermochronology of basement rocks
exposed today in the modern axial ranges preserves evidence for an older unroofing
history that can be traced back to the Late Oligocene (Jiao et al., 2014; Kamp, 1999;
Kamp, 2000), when the subduction of the Pacific Plate was initiated at the Hikurangi
Margin, prior to the evolution of the modern mountain geomorphology. Much of this
exhumation prior to the relatively recent surface uplift of the currently expressed
ranges could have involved shedding of the Late Cretaceous—Paleogene cover
successions off of the basement (Kamp et al., 2004; Pulford and Stern, 2004).
Therefore, by the application of thermochronology, this paper focuses on the long-
term, emphasising Late Oligocene and younger exhumation history of the basement
rocks that today are exposed as the much younger, topographical, modern axial ranges.
We are tracking the impact of subduction on the exhumation history of the proto-axial
ranges predating the evolution of the current topography.

We determine and interpret the thermal and exhumation histories of the axial ranges
using data from multiple thermochronometers, i.e. zircon and apatite fission-track
(ZFT and AFT, respectively) and apatite (U-Th-Sm)/He (AHe) in the Ruahine,
Tararua and Rimutaka Ranges (Fig. 3.3), spatially extending previous studies.
Furthermore, an advanced modelling approach (Gallagher, 2012) is used to retrieve
thermal histories from the thermochronological data of samples from vertical profiles.
The compilation of new and published datasets provides a new coverage for the entire
axial ranges, and allows better constraint of the comprehensive unroofing pattern of
the basement-cored axial ranges. This pattern will contribute to the understanding of
the subduction-related processes that have driven the uplift of the fore-arc of the
upper plate.
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Fig. 3.3 Geological map of study area, simplified from the Geological Map of New Zealand 1:
1 000 000, produced by GNS Science, New Zealand. Solid (active) and dashed (inactive)
black lines depict major margin-parallel faults in the axial ranges. AFT and AHe age data
from different localities, which are colour coded according to age are sourced from Kamp
(1999), Kamp (2000) (enclosed by dotted boxes) and this study. Rectangle (A—A”) depicts the
location of transects in Fig. 3.4.

3.2 Geological background

3.2.1 Tectonic setting

The Hikurangi Margin of North Island of New Zealand, has been evolving since the
Late Oligocene as a consequence of the south-westward subduction of the oceanic
Pacific Plate beneath the continental Australian Plate (Fig. 3.2) (Ballance, 1976; Nicol
et al., 2007; Rait et al., 1991; Stern et al., 2006). The margin represents a transitional

segment of the larger Pacific-Australia plate boundary zone that interconnects the
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ocean-ocean subduction at the Kermadec Trench (Fig. 3.1b), to the north of North
Island, to the continent-continent transpressive regime deforming the South Island,
farther to the south (Fig. 3.1a). Along the modern Hikurangi Margin, the obliquity of
plate convergence increases, and the rate of this convergence decreases southwards
along the margin (Fig. 3.1b) (Beavan et al., 2002). The Pacific Plate that is entering
the trough off the east coast of North Island is part of the Hikurangi Plateau, a portion
of which has already been subducted. This plateau consists of anomalous oceanic
crust that is higher and thicker than the more normal oceanic crust subducting along
the margin farther north (e.g., at the Kermadec Trench; Fig. 3.1b). Using the current
seismically resolved shape of the subducted slab (Reyners et al., 2011) and the finite
rotation poles for Pacific-Australian motion (Schellart et al., 2006), Reyners (2013)
estimated that the western edge of the Hikurangi Plateau first entered the trough at
~10 Ma.

3.2.2 Axial ranges and North Island Fault System

In North Island, the axial ranges represent the primary frontal ridges on the hanging
wall of the Hikurangi Margin. These mountains consist of the uplifted meta-
sedimentary terrane rocks, predominantly greywacke, argillite and schists, which were
accreted and intensely deformed in the accretionary wedge on the eastern Gondwana
during the Mesozoic (Mortimer, 2004). Throughout the Late Cretaceous—Paleogene,
the continent of North Island had been residing in a passive margin setting (e.g.
Ballance, 1993). The sedimentary rocks that accumulated on the basement during this
period are inferred to have been over 2 km thick in the region of the present central
axial ranges (Jiao et al., 2014). Most of these cover sedimentary rocks were eroded
during unroofing of basement rocks since the Late Oligocene. Only sparse erosional
remnants of the cover are preserved atop the ranges in the northern part of the
Hawke’s Bay region (Fig. 3.3). In addition, some post-Oligocene sedimentary rocks
outcrop in the axial ranges. In the Raukumara Range and the Ikawhenua and Huiarau
Ranges in the north (Fig. 3.3), these include erosional remnants of Oligocene—
Miocene cover sequences exposed in the eastern side of the mountains, gently folded
and generally dipping south-eastwards (Leonard et al., 2010; Mazengarb and Speden,
2000). In the central axial ranges, they consist of thin Late Miocene—Pliocene strata
that overlie the Mesozoic accretionary basement in the south and east of the
Kaimanawa and Kaweka Ranges (Beu et al., 1980; Beu et al., 1981; Beu, 1995; Lee et
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al., 2011). Farther south, in the Ruahine Range, uplifted Pliocene sequences occur
sparsely on the western flank, gently dipping towards the northwest (Lee et al., 2011).
These late Cenozoic dominantly marine sedimentary rocks indicate that the proto
ranges resided at or about sea level in Oligocene to Miocene time, and have since

been uplifted into the modern ranges.

The modern axial ranges are currently cut and bounded by a series of dextral strike-
slip faults referred to as the North Island Fault System (NIFS; Fig. 3.1b) (Beanland,
1995; Beanland and Haines, 1998; Langridge et al., 2005; Mouslopoulou et al., 2007).
Along the southern 350 km length of the NIFS, the faults strike NNE-SSW, generally
parallel with the strike of the axial ranges (Fig. 3.3). Near the northern termination of
the NIFS (in the Ikawhenua and Huiarau Ranges), the strikes of these faults change to
N-S (Fig. 3.3). Among the active strike-slip faults in the NIFS, the Wellington-
Mohaka-Whakatane Fault is the most prominent and perhaps longest structure in the
NIFS, traversing approximately 500 km from Wellington to the Bay of Plenty (Fig.
3.3). To the west of the major strands of the NIFS, the Ngamatea Fault (Fig. 3.3)
separates the Kaimanawa Mountains to the west from the rest of the axial ranges to
the east, but the history of its activity is little known (Sp&li, 1987) and it is

considered inactive at present (New Zealand Active Faults Database, GNS).

3.2.3 Previous thermochronological work

Previous thermochronological studies reported data in the axial ranges along several
cross-strike transects (Fig. 3.3), comprising those on the Raukumara Peninsula (Kamp,
1999), along the Wellington coast (Kamp, 2000) and in the central region of the axial
ranges (Jiao et al., 2014). ZFT ages in these studies, except those from the
Kaimanawa Schist (Fig. 3.3), are usually detrital (or partially reset), indicating
maximum burial temperatures of < ~300 <T (the highest temperature of closure of the
ZFT system). The previously published AFT ages (Figs. 3.3 and 3.4) generally
decrease southwards from central to southern parts of the mountain chain, and also
include some young ages near its northern tip (on the Raukumara Peninsula). The
wide range of the reported AFT (122-4.4 Ma) and AHe (33.3-10.3 Ma) ages suggest
various magnitudes of exhumation affecting different parts of the axial ranges. These
results suggest variable depths of exposure of the basement, with structural levels
spanning from within the pre-Late Oligocene AFT and AHe partial
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annealing/retention zones, to in some cases, tapping from below them. We seek to

resolve this pattern in more detail and to understand its tectonic significance.

3.3 Fission-track and (U-Th-Sm)/He data

3.3.1 Results

AFT and AHe sample preparation and analyses follow the procedure as described in

Appendix .

New data for this study include 6 ZFT, 35 AFT (Table 3.1) and 11 accepted AHe
(Table 3.2) ages from samples collected in the central and southern axial ranges. The
ZFT ages range from 262 18 to 102 £21 Ma (Table 3.1). In all but one case, the
ZFT ages are older than, or overlap with, the stratigraphic ages (Middle Jurassic—
Early Cretaceous (Adams et al., 2007; Adams et al., 2009; Adams et al., 2012)) of the
sampled basement rocks. This suggests that the rocks have not been fully reset since
deposition and that they preserve at least partial detrital signatures. These ages are
comparable with those reported from the northern (Kamp, 1999) and central axial
ranges, excluding those in the Kaimanawa Schist (Jiao et al., 2014). Thus the ZFT
ages only provide a maximum limit on the magnitude of the Cenozoic exhumation of
the axial ranges of ~7-11 km, assuming a pre-orogenic geothermal gradient of
30 C/km (Jiao et al., 2014).

The AFT ages range between 112 *+ 18 and 7.9 * 2.4 Ma (Table 3.1), with a
predominance of Oligocene—Miocene ages, recording thermal histories temporally
associated with the evolution of the Hikurangi Margin. Only one Early Cretaceous
age (112 Ma; JR12-27) was measured; this was from the northeast Ruahine Range,
east of the Mohaka Fault. Due to the low densities of spontaneous tracks (age and
uranium dependency), confined tracks are very rare in most samples; the mean track
lengths of 7 measured samples range between 12.08 + 2.03 and 14.42 + 1.10 um
(Table 3.1).

The AHe data yield ages between 23.1 6.5 and 6.0 =0.7 Ma with intra-sample
dispersions of 2—-68 %. The dispersion quoted here equals the range of the single-grain
ages divided by the arithmetic mean (Brown et al., 2013). Generally, ages young
southwards, with older ages in the Ruahine Range (23.1-11.3 Ma) compared to the
Tararua Range (13.5-6.0 Ma).
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3.3.2 Distribution of AFT and AHe ages in the axial ranges

All existing (Jiao et al., 2014; Kamp, 1999; Kamp, 2000) and new AFT and AHe ages

of the

basement rocks in the axial ranges are presented in Fig. 3.3 and are also

projected onto an along-strike transect in Figs. 3.4a and 3.4b. Fig. 3.5 summarises the

relationship between AFT age and mean track length of all samples. These data

stretch nearly 500 km along strike and sample the full width and relief of the axial

ranges, while crossing the Wellington, Mohaka, Ngamatea and several other margin-

parallel faults (Fig. 3.3). The age variation of these samples reflects a combination of

sample elevation differences, varying palaeo-geothermal gradient, displacement on

faults, and spatial change in exhumation processes. The first-order features of the age

pattern emerging from this data set can be described as follows (Figs. 3.3 and 3.4):

(1) In the south (from 0 to 200 km on the transect; Fig. 3.4), all AHe and all but

)

one AFT ages are younger than ~30 Ma. Where both were measured, paired
AFT and AHe sample ages yield small age differences (0.3-12 Myr). These
ages increase gradually northwards from Wellington into the southern Ruahine
Range. AFT ages west of the Wellington-Mohaka Fault (Fig. 3.3) are
generally younger than those to the east of that fault for samples at the same
distance along the transect (Fig. 3.4b), even though the eastern ages are often
from lower elevations where without structural perturbation the
thermochronometers should reveal younger ages. This difference in the
apparent AFT ages across the fault increases northwards from <5 Myr along
the Wellington coast to 10-20 Ma in the Tararua Range.

In the central axial ranges (from 200 to 350 km; Fig. 3.4), both AHe and AFT
ages increase more rapidly northwards (Fig. 3.4b) albeit at different rates.
Some of the oldest (Early Cretaceous) AFT and AHe ages in the axial ranges
occur in the Ahimanawa Range (Figs. 3.3 and 3.4). No data is available to the
east of the Mohaka Fault in this sector, because the basement rocks are not

extensively exposed.
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Fig. 3.4 Variation of AFT and AHe ages along the strike of axial ranges. (a) Topographic
profile along the strike of the axial ranges showing AFT and AHe ages (coded by colour).
Location of the transect is shown in Fig. 3.3. Grey region indicates elevations of the axial
ranges; black line is the mean elevation. AFT and AHe ages and sample elevations are shown.
(b) Variation in thermochronology ages along the range strike of axial ranges. Data are
differentiated according to their positions with respect to the Wellington-Mohaka-Whakatane
Fault (WMWEF). Grey shade indicates ages related to the accelerated exhumation at the
Hikurangi Margin.

(3) In the northern axial ranges (north of 350 km; Fig. 3.4), AFT ages decrease
northwards. In this region, the NIFS embraces several major faults, including
the Waiohau, Whakatane and Waimana Faults (Fig. 3.3), and intersects the
eastern Taupo rift system—Taupo Volcanic Zone (Figs. 3.1b and 3.3)
(Mouslopoulou et al., 2007). Near Lake Waikaremoana (Figs. 3.3 and 3.4a),
AFT ages to the west of the Whakatane Fault (except one age of 4.4 Ma near
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the fault scarp) are younger than those to the east of the fault. The competing
effects of slip on these rift-associated Quaternary faults may contribute to the
relatively large variation (>100 Myr) of the AFT ages in this sector. In the
Raukumara Range (north of 400 km; Fig. 3.4), data are only available to the

east of the NIFS, where the basement rocks are exposed onshore.
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Fig. 3.5 Boomerang plot of AFT age versus mean track length, indicating a general phase of

accelerated cooling and exhumation since the Late Oligocene.

3.4 Thermal history models

The age-elevation relationship is a conventional method for the inference of
exhumation rates and timing of cooling acceleration, (e.g. Blythe et al., 2007;
Fitzgerald et al., 1995). However, Sobel et al. (2006) demonstrated that apatites with
various resistances to annealing could yield very different ages under the same
cooling paths, and on a vertical profile, these ages may represent age-elevation
relationships that are more complicated than linear curves. Furthermore, the shape of
an age-elevation plot is dependent on several factors (e.g. thermal history prior to
final cooling, maximum temperature of reheating, cooling rate and geothermal
gradient) (Prenzel et al., 2013), so the break in slope of an age-elevation curve may be
unreliable for accurately determining the acceleration/change in cooling rates.
Therefore, rather than employing an interpretation directly from apparent age-
elevation relationships, we derive the thermal histories by modelling of the AFT and
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AHe data on vertical profiles. Inverse modelling is applied to data of “stacked” or
individual samples from the Tararua, Ruahine, Ikawhenua and Huiarau Ranges and

Raukumara Ranges.

We use the programme QTQt (Gallagher, 2012) for thermal history modelling, with
the multi-kinetic annealing model of Ketcham et al. (2007) for the simulation of AFT
data and radiation damage accumulation and annealing model of Flowers et al. (2009)
for AHe data. The inversion sampler (Gallagher et al., 2009) uses a Bayesian Markov
chain Monte Carlo (MCMC) method, which favours simpler solutions and thus
minimises problems of over-interpretation. Detailed introduction and demonstration
of the inverse modelling approach are given by Gallagher et al. (2009) and Gallagher
(2012). For new data obtained from the Tararua and Ruahine Ranges, we use the
mean Dpar (etch pit diameter parallel to the c-axis of crystal)(Donelick, 1993)
measurement on each grain as a proxy for the apatite compositional parameter; for
data from the Ikawhenua and Huiarau Ranges and Raukumara Range (Kamp, 1999),
the average chlorine content of all samples is used. Inverse modelling has been
conducted for a time span from 150 to 0 Ma in the temperature range between 150
and 0 <C. In order to derive an unbiased inference of the thermal history from the
thermochronological data, we employ no pre-defined constraints on the inverse
models except for the present surface temperature of 20 10 <C. For thermal histories
represented in this paper, each inversion comprises at least 100 000 burn-in and 100
000 post-burn-in iterations to ensure consistent sampling from a stationary probability
distribution (see discussion in Gallagher (2012)). Fig. 3.6 represents the expected

thermal histories since 100 Ma predicted by the inverse modelling.

3.4.1 Wellington coast

We did not inverse model the data from the Rimutaka Range (This study) and
Wellington region (Kamp, 2000), due to the lack of suitable apatite crystals for AHe
analysis, low spontaneous fission-track densities and hence insufficient confined
tracks that can be measured in the apatites. However, the young AFT ages (12.7-5.3
Ma) and long AFT mean track lengths (14.3-16.2 um) along the Wellington coast
(Kamp, 2000) imply rapid cooling since at least the Late Miocene. For samples to the
west of the Wellington Fault, partially rest ZFT ages (232-143 Ma) (Kamp, 2000)

provide an upper limit for the pre-orogenic temperature of ~210-260 <C.
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3.4.2 Tararua Range (Mount Holdsworth)

Along the eastern flank of the central Tararua Range, the Mount Holdsworth (Figs.
3.3 and 3.4) profile comprises three samples (JR12-31 to -33) to the west of the
Wellington Fault and four to the east (JR12-34 to -36 and JR11-23). The sample sites
represent ~1.3 km difference in elevation within ~8 km horizontal distance, and
samples to the west of Wellington Fault were collected from higher elevations than to
the east (Table 3.1). All samples yield similar AFT ages (14.5-10.4 Ma; Table 3.1);
AHe ages of two samples (7.5-6.7 Ma; Table 3.2) also overlap within error.

To the west of the Wellington Fault, the modelling results (Fig. 3.6a) suggest an
accelerated cooling phase since at least Early Miocene (prior to 15 Ma), continuing to
the present day. The onset of this cooling phase cannot be further constrained
independently from the present data set, because prior to 15 Ma, the samples were at
temperatures >120 <C, beyond the scope of the AFT and AHe thermochronology.

Thermal histories for samples to the east of the Wellington Fault (Fig. 3.6b) are
constrained since ~40 Ma. During the Oligocene and Early Miocene, it is clear that
these rocks were at lower paleotemperatures (80-120 <C), at shallower levels in the
crust, compared to those to the west (at temperatures >120 <C), despite the latter
being collected from higher elevations in the present mountain range. Since Late
Miocene (~10 Ma), our thermal history models suggest a phase of accelerated cooling

at rates up to 10 <C/Myr, continuing into the present.

Fig. 3.6 Schematic unroofing pattern of the axial ranges. Map shows principal tectonic
features that are inferred to contribute to the uplift and unroofing of the axial ranges. Regions
of crustal shortening and extension since 5 Ma are according to Nicol et al. (2007). Thick
dotted lines depict approximate zones where underplated material has been imaged on
geophysical transects. Distribution of underplating beneath the northern and central axial
ranges is taken from Litchfield et al. (2007). Underplating beneath the southern axial ranges is
sketched according to Henrys et al. (2013). Black dots indicate sample sites of modelled data.
(a—i) Temperature-time (T-t) models of the basement rocks from different regions. T-t paths
of the uppermost (blue) and lowermost (red) samples are shown in heavy lines, with their 95%
credible intervals. Grey bars highlight the timing of active cooling/exhumation. AFT PAZ and
AHe PRZ are approximate for standard Durango apatites. Panel of (f) the Kaweka Range
summarises five weighted-mean inverse models (Fig. 2.7) with no credible intervals shown.
Thermal histories of (h) the Ikawhenua and Huiarau Ranges and (i) the Raukumara Range are
modelled based on the data of Kamp (1999).
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3.4.3 Tararua Range (north)

In the north of the Tararua Range (Fig. 3.3), we model the thermal history of an
individual sample (JR11-15) using its AFT age, track length and AHe data. Similar to
thermal history models from the Mount Holdsworth section, the modelling results of
this sample (Fig. 3.6¢) provide little constraint on the thermal history prior to 40 Ma.
During the Oligocene, the sample is inferred to have resided at temperatures between
85 and 120 <C. From ~21 Ma, the expected thermal history shows a phase of
accelerated cooling at rates up to 5-6 <T/Myr, continuing to the present.

3.4.4 Ruahine Range (Sunrise Track)

In the Ruahine Range, thermal history modelling was carried out for samples along
the Sunrise Track (Figs. 3.3 and 3.4) on both sides the Mohaka Fault. To the west of
the Mohaka Fault, modelling incorporates data of six samples (JR12-22 to -26 and
R14236), including AFT ages from all six samples, AFT track-length data from two
(Table 3.1) and AHe ages from two (Table 3.2). The modelling results (Fig. 3.6d)
suggest that samples were within the lower part of, or below, the apatite partial
annealing zone (PAZ) prior to the Early Miocene. Cooling rates of these samples are
inferred to increase at around 20 Ma and the accelerated (>6 <C/Myr) cooling phase

continued until the Late Miocene.

To the east of the Mohaka Fault, we simulate the thermal history from AFT and AHe
data of a single sample (JR12-27). The results (Fig. 3.6e) suggest that this sample had
cooled to <100 T by the Late Cretaceous, followed by a long period of slow
(<2 <T/Myr) and monotonic cooling, reaching the upper boundary of the partial
retention zone (PRZ) between 20 and 15 Ma.

3.4.5 Ikawhenua and Huiarau Ranges (Waikaremoana)

For many samples of Kamp (1999) in this region, the number of track lengths is less
than optimal (<30 measurements) for thermal history modelling and some of the
forward models were over complicated with fluctuations of T-t paths outside the
apatite PAZ, a result that may have led to over-interpretation of the data. To further
investigate the resolution of this data set, we apply inverse modelling to two samples
9601-55 and -57 (Kamp, 1999) on which 99 and 78 AFT lengths were measured,
respectively. These samples are located between the Whakatane and Waimana Faults.
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The modelling results (Fig. 3.6h) suggest that the samples have resided at near-surface
temperatures of <60 <T since the Late Cretaceous, without any subsequent reheating
into the PAZ. This is a similar cooling pattern, albeit at a lower temperature and
perhaps a shallower structural position, to the thermal history inferred from the
sample to the east of Mohaka Fault in the Ruahine Range (Fig. 3.6e). In comparison
with the forward modelling results of Kamp (1999), who imposed a Late Oligocene—
Early Miocene (~26-12 Ma) phase of reheating to ~85 <C in the thermal models due
to inferred basement downwarping and sedimentation, our results suggest that such a

reheating event is not necessary to reconcile the AFT data.

3.4.6 Raukumara Range (Waioeka Gorge)

In the Raukumara Range, we chose to model sample 9601-37 (Kamp, 1999), which
has the most measured track lengths (46 measurements) from the Waioeka Gorge
(Figs. 3.3 and 3.4). The modelled thermal history (Fig. 3.6i) suggests large
uncertainties on the thermal history prior to 40 Ma, when the sample was possibly in
or below the PAZ for a long period. Our modelling results predict slow cooling
(<2 <C/Myr) during the late Paleogene to Early Miocene. Accelerated cooling is
inferred to start in the Middle Miocene (~12 Ma) and to continue to the present, at
rates up to ~7 <T/Myr. Our inverse modelling does not simulate that of Kamp (1999),
who predefined an event of burial and reheating to ~110 <C between 26 and 12 Ma

on his thermal model.

3.5 Inferred history of unroofing in the axial ranges

We here interpret the pattern of basement cooling and unroofing of the eastern North
Island during the evolution of the Hikurangi Margin in the late Cenozoic, based on
our inverse modelling of the AFT and AHe data from the axial ranges.

3.5.1 Initial unroofing

All thermal history models (Fig. 3.6) of the basement rocks in the axial ranges suggest
insignificant temperature change (<2 <C/Myr) throughout the Late Cretaceous and
Paleogene, until the Late Oligocene—Early Miocene when an acceleration in cooling
rates are noted in most models. The pre-Oligocene phase of thermal quiescence is
related to the passive margin setting of the continental fragment of New Zealand, as it

drifted away from the Gondwana margin (Ballance, 1993). During this period, the
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Mesozoic basement terranes of North Island, including the proto-axial ranges, were
possibly overlain by Cretaceous and younger sedimentary sequences. These Late
Cretaceous—Paleogene sedimentary rocks are now only preserved in the ranges north
of Hawke’s Bay (Fig. 3.3) and have been eroded from elsewhere in the axial ranges.
In the central part of axial ranges, the burial (1-2 km thick) of the basement rocks in
the passive margin setting has been identified by integrated modelling of AFT and
AHe that were sampled on high relief profiles (Fig. 3.6g) (Jiao et al., 2014). In the
other parts of the ranges, we do not observe thermal records related to the reheating
from the present data set, due to the high magnitude of later cooling (from
temperatures >100 <C) during the late Cenozoic; more AFT and AHe ages along high
relief profiles may help reveal more details in the thermal histories.

In a large scale view, the AFT age vs. mean track length plot of all samples (Fig. 3.5)
clearly indicates a general phase of accelerated cooling and exhumation of the fore-
arc basement since the Late Oligocene—Early Miocene (30-20 Ma). We suggest that
this cooling/exhumation is related to the initiation of subduction of the Pacific Plate
beneath the North Island, in agreement with the timing inferred from dating of the arc
magmatism in northern New Zealand (Ballance, 1976) and the intense fore-arc

deformation documented in the onshore sector of the margin (Rait et al., 1991).

In the centre and south of the axial ranges, the initial unroofing of the basement also
presents differences in thermal histories across the margin-parallel Ngamatea and
Wellington-Mohaka Faults.

(1) Based on thermal history modelling, the earliest basement unroofing of the
axial ranges occurred at ~27 Ma in the Kaimanawa Mountains (Fig. 3.6g)(Jiao
et al., 2014), which is located to the west of the Ngamatea Fault and is the
westernmost structural block of the present frontal ridges. Between the
Ngamatea and Wellington-Mohaka Faults, the onsets of accelerated cooling
and exhumation are estimated to have occurred just prior to or at ~20 Ma (Figs.
3.5¢, 3.5d and 3.5f).

(2) For basement rocks to the east of Wellington and Waimana Faults, our thermal
history models suggest that the basement cooling and exhumation accelerated
around ~12-10 Ma in the Tararua (Fig. 3.6b) and Raukumara (Fig. 3.6i)
Ranges. In the Ruahine Range (Fig. 3.6e) and the lkawhenua and Huiarau
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Ranges (Fig. 3.6h), we identify no significant change in the

cooling/exhumation rates over the last 100 million years for rocks to the east

of Mohaka and Whakatane Faults.
Kamp (1999), in a fission-track study in the northern axial ranges, proposed a phase
of basement downwarping and subsequent uplift in the fore-arc of the Hikurangi
Margin associated with the initiation of Pacific subduction beneath the northeastern
North Island, and suggested that this localised vertical tectonics propagated
southwards along the margin. When considering the entire length of the axial ranges
however, we suggest that the unroofing of the basement rocks did not propagate along
the ranges towards the south or southwest. This inference is based on the onsets of
the exhumation phases since the Late Oligocene indicated by our inverse modelling.
We further propose that propagation of post-Oligocene crustal unroofing of the

eastern North Island has instead been transverse and towards the trough.

In the central and southern axial ranges, a trough-ward migration of basement
unroofing is evident from the thermal history models. The exhumation of the
Kaimanawa Mountains was possibly achieved through eastward reverse faulting on
the Ngamatea Fault prior to ~20 Ma. In the Ruahine and Tararua Ranges, differential
exhumation prior to ~10 Ma implies significant eastward reverse faulting on the
Wellington-Mohaka Fault in the Early Miocene. Assuming a pre-orogenic geothermal
gradient of 30 <T/km (Jiao et al., 2014), the total thickness of denuded rocks (since
the Late Oligocene) to the west of the Wellington-Mohaka Fault has been
approximately 1-2 km more than that to the east. This inference supports the
deformation history of the Wellington-Mohaka Fault interpreted by Beanland (1995),
who suggested that this active strike-slip fault was inherited from an older reverse

fault that was active in the Miocene.

In the northern axial ranges, we do not have thermal history models to the west of the
Whakatane Fault, and the distribution of the AFT ages related to the early episode of
the basement unroofing may be disturbed by displacement and reheating related to the
Quaternary back-arc rifting in the TVZ (Fig. 3.1b) (Mouslopoulou et al., 2007).
However, in the Ikawhenua and Huiarau Ranges (Waikaremoana), the AFT ages also
generally increase towards the southeast across the faults in the NIFS (Kamp, 1999),
representing a comparable age pattern with that in the northern Ruahine Range (Fig.
3.4h).
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3.5.2 Change of exhumation rates in the Late Miocene

Since the Late Miocene, there has been a significant along-strike change in
exhumation rate in the eastern North Island. We infer that the change of exhumation
rate in the trough-normal orientation across the present axial ranges has become less

significant over time.

The exhumation of the Kaimanawa (Fig. 3.6g) and Kaweka Ranges (Fig. 3.6f) in the
central North Island slowed down around 17 and 15 Ma, respectively. Farther to the
south in the Ruahine Range, west of the Mohaka Fault, the predicted cooling rates
also decreased in the Late Miocene (~7 Ma). By then, most samples from the central
part of the axial ranges had cooled to <50 <C and had been exhumed to the near
surface (<2 km depth). These predictions are in general agreement with the Neogene
sedimentary histories in these regions. In the Kaimanawa and northern Ruahine Range,
long-term erosion of the Torlesse Supergroup basement rocks is implied by an
extensive erosion surface, which is inferred to have developed since the Miocene—
Pliocene (Lee et al., 2011). On the southern and eastern flanks of the Kaimanawa,
Kaweka and Ahimanawa Ranges a thin cover of Late Miocene and Pliocene shallow
marine rocks directly overlie the Mesozoic basement (Fig. 3.3), indicating marine
transgression of the central-eastern North Island (Browne, 2004; Lee et al., 2011).
Early Pliocene marine sedimentary rocks also perch on the ridges in the north of the
Ruahine Range (Fig. 3.3) (Beu et al., 1980; Beu et al., 1981; Beu, 1995) and exist in
the lowlands in the lkawhenua and Huiarau Ranges (Leonard et al., 2010). These
remnants of marine deposits in the axial ranges reflect episodic subsidence followed
by surface uplift (Lee et al., 2011), but with only small magnitudes (<1 km) of burial
and erosion of the basement rocks leading to little impact on the thermal history

models.

In contrast, the basement exhumation continued in the northern and southern axial
ranges subsequent to the Late Miocene. In the Raukumara and Tararua Ranges, we
infer active and relatively constant basement denudation during the last ~10 Myr,
leading to cooling of the basement at an average rate of >6 <T/Myr (Fig. 3.6).
Maximum basement exhumation occurred near the south coast of Wellington,
where >4 km of overburden has been eroded in a period of less than 10 million years
(Kamp, 2000).
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3.6 Discussion

The long-term exhumation histories of the axial ranges provide an opportunity to
evaluate the tectonic causes that have driven the regional uplift of the hanging wall of
the Hikurangi Margin. In addition, we also discuss previously proposed tectonic
models that may have shaped the unroofing pattern of the fore-arc basement inferred
in this study.

3.6.1 Thrust faulting, crustal shortening and plate coupling

Along the entire length of the fore-arc of the modern Hikurangi Margin, previous
studies (Little et al., 2009; Mountjoy and Barnes, 2011; Ota and Yamaguchi, 2004;
Schermer et al., 2009; Wilson et al., 2006; Wilson et al., 2007) have documented
ongoing vertical displacements of the onshore and offshore landscape resulting from
slip on reverse (and oblique reverse) faults attributed to horizontal compression in the
upper plate. These displacements (mostly coseismic) have been aggregating to the
long-term uplift of the basement rocks of the eastern North Island. As mentioned
above, we identify significant eastwards reverse faulting on the Ngamatea Fault prior
to 20 Ma and on the (precursors to) Wellington-Mohaka Fault between 20 and 10 Ma,

based on the differential exhumation histories across the fault (Fig. 3.6).

In most parts of the axial ranges, due to the general absence of the Neogene strata
above the Mesozoic basement, absolute measurements of crustal shortening driven by
the late Cenozoic Pacific subduction are unavailable. In the adjacent fore-arc basins to
the east of the ranges, using cross sections of the upper crust compiled from seismic
reflection, drill hole and outcrop data, Nicol et al. (2007) estimated finite horizontal
shortening of the upper plate due to reverse faulting and folding during the evolution
of Hikurangi Margin. They noted that since the Late Oligocene, crustal shortening has
been dominant in the inner fore-arc of the upper plate from approximately Hawke’s
Bay to Wairarapa (Fig. 3.7a), with the average shortening rate increasing southwards,
reaching a maximum of 3-8 mm/year in the southern North Island. We estimate the
total basement exhumation in the axial ranges has also increased southwestwards
since the Late Oligocene (Fig. 3.7b). Our inferred highest magnitude of exhumation
since 30 Ma occurred in the southernmost part of the North Island (Fig. 3.7b), at a
latitude similar to where the most crustal shortening has been observed in fore-arc

basins (Fig. 3.7a) (Nicol et al., 2007). This spatial correlation suggests that crustal
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shortening in the fore-arc of the margin was a driver of the regional uplift and

unroofing of eastern North Island.
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Fig. 3.7 Composite transect along the Hikurangi Margin. Location of the transect is shown in
Fig. 3.3. (a) Margin-normal horizontal shortening strain in the fore-arc of the upper plate
since the Miocene and Pliocene, based on estimates of Nicol et al. (2007). (b) Elevation of
inferred paleo-surfaces based on thermal history models. Exhumation is calculated using a
passive-margin geothermal gradient of 30 <T/km (Jiao et al., 2014; Kamp and Liddell, 2000).
Grey region indicates the present crest of the axial ranges. (¢) Schematic figure showing the
modern subduction interface beneath the axial ranges. The shaded region depicts the depth of
the subduction interface (Williams et al., 2013) and the degree of coupling (strong coupling in
black and weak in grey) between the overriding and subducting plates (Wallace et al., 2012).
Zones of underplating are approximate (Henrys et al., 2013; Reyners et al., 1999; Reyners et
al., 2006).

In a laboratory setting, physical analogue models of the lithospheric deformation of
the Andean margin (laffaldano et al., 2012) suggests that the high degree of coupling
(shear resistance) between the subducting and overriding plates is important for the
efficient transfer of shortening strain into the overriding plate. At the Hikurangi
Margin, Wallace and Beavan (2004) estimated the interseismic coupling on the
subduction interface beneath North Island based on horizontal velocity fields.
Although the velocity fields are estimated using contemporary GPS data collected
over a period of 10-15 years, they agree well with long-term geological deformation
rates on a million-year time scale (Nicol and Wallace, 2007). Furthermore, our data
and interpretation indicate that the present inter-plate coupling distributions modelled
by Wallace and Beavan (2004) (Fig. 3.7c) are spatially correlated to the magnitude of
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basement exhumation in central and southern axial ranges since 10 Ma (Fig. 3.7b).
For example, the plate interface is strongly coupled (down to ~40 km depth) beneath
the Tararua Range and Wellington region, where since 10 Ma the crust of the upper
plate has been extensively exhumed (3—4 km unroofing). On the other hand, plate
interface coupling is weak beneath central axial ranges, where the amount of

exhumation has been less than 1 km since 10 Ma.

The distribution of finite horizontal shortening strain does not explain the exhumation
pattern in the Raukumara Range (Fig. 3.6i). We infer that the Raukumara Range has
been actively exhuming since ~12 Ma, at a time when the region was not considerably
shortened-rather it was extended in the margin-normal direction in the last 5 Myr
(Figs. 3.6 and 3.7a) (Nicol et al., 2007). This contrast suggests that, during the
evolution of the Hikurangi Margin, uplift of the axial ranges was not solely driven by
crustal shortening.

3.6.2 Sediment underplating

Based on an estimate of the volume of sediments that entered the Hikurangi
subduction zone, Walcott (1987) proposed the underplating of subducted sediments at
the base of Australian Plate to be an important driver for rock uplift in the axial ranges
of North Island. Some authors (Henrys et al., 2013; Scherwath et al., 2010) further
suggested that the underplated complexes possibly consist of both subducted fine

sediments covering the slab as well as debris eroded from the hanging wall.

Along the Hikurangi Margin, underplated material has been recognised at the
subduction interface as low-velocity zones on seismic transects, and has been inferred
to be responsible for some of the rock uplift in the upper plate, (e.g. Eberhart-Phillips
et al., 2008; Henrys et al., 2013; Reyners et al., 1999; Reyners et al., 2006). For
example, Reyners et al. (1999) interpreted an up to 20 km-thick pond of underplated
sediments beneath Raukumara Peninsula as supporting the rapid rock uplift (up to 3
mm/yr since 125 ka) (Yoshikawa et al., 1980) of the Raukumara Range. Underplated
sediments were also suggested to have accumulated beneath the Kaimanawa
(Eberhart-Phillips et al., 2008; Reyners et al., 2006) and Tararua Ranges (Henrys et al.,
2013). The accumulation of underplated material beneath the frontal ridges supports
the contribution of underplating to the thickening of the upper crust and growth of the
mountains. During the last ~10 Myr, we identify active exhumation of bedrock in the
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Raukumara, Tararua and Rimutaka Ranges, which are regions where rock uplift and
exhumation can be (partially) attributed to continuous underplating of sediments at

the base of upper plate (Henrys et al., 2013; Reyners et al., 1999).

Models for Kaimanawa Mountainss indicate subdued exhumation rates over the last
~17 Myr (Fig. 3.6). If sediments also accumulated beneath the central axial ranges as
interpreted (for a high Vp/Vs zone at up to ~40 km depth) from seismic sections (Figs.
3.6 and 3.7¢) (Reyners et al., 2006), this underplated body is no longer coupled to
rapid rock uplift and exhumation at the earth surface. Underplated material has not
been identified beneath the Ruahine Range (Eberhart-Phillips et al., 2005), the
narrowest ridge in this mountain chain (Fig. 3.3). The lack of sediment accumulation
beneath the Ruahine Range is coupled with the negligible exhumation rate since Late

Miocene.

3.6.3 Plateau subduction

The subducting Pacific Plate beneath North Island is capped by the Hikurangi Plateau,
which is a triangular-shaped block of elevated (3—4 km) oceanic crust of Early
Cretaceous age (Davy and Wood, 1994; Davy et al., 2008; Hoernle et al., 2005;
Mortimer and Parkinson, 1996). The positive buoyancy and extra thickness of this
plateau, compared to normal oceanic crust farther north, were suggested as being
responsible for the crustal uplift of the eastern North Island (Davy, 1992; Kelsey et al.,
1995).

Based on our thermal history models, there has been a decrease of exhumation rates in
the central axial ranges since the subduction of Hikurangi Plateau (~10 Ma) (Reyners,
2013). We therefore discount the thickness or buoyancy of Hikurangi Plateau as being
the chief driver of rock uplift and exhumation in the axial ranges. This is in agreement
with the interpretation from numerical models (Litchfield et al., 2007), which
demonstrated that plateau subduction is most likely to imprint on the surface uplift of
the entire fore-arc region, and is therefore unlikely responsible for the uplift of the
axial ranges, which stretches over a relatively short wavelength on the margin-normal

direction.
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3.6.4 Tectonic implications

Furlong and Kamp (2009) hypothesised an unconventional collision-to-subduction
model to describe the Neogene convergence between the Australian and Pacific Plates
at the Hikurangi Margin. The model is based on the paleogeographic reconstruction of
the basement terranes (Mortimer, 2004) using the finite Euler rotation poles that were
determined by Cande and Stock (2004) for the relative Australian-Pacific motion. In
the model, Cenozoic plate convergence in the vicinity of North Island initiated as
continental transpression that significantly shortened and thickened the lithosphere
resulting in a Southern Alps, New Zealand style orogeny. This inferred orogeny
preceded delamination of the lower Australian lithosphere leading to subduction of
the oceanic Pacific Plate beneath the North Island. Furlong and Kamp (2009) also
suggest that this distinctive tectonism has migrated southwestwards since ~23 Ma and
as a result the leading edge of the subducting Pacific slab was swept southwestwards
systematically, from beneath the northeast of North Island to beneath the

northernmost South Island.

However, our data and thermal history models do not support a model of
monotonically southward migrating vertical deformation for the North Island. In the
early stage (25-10 Ma) of plate convergence in the North Island boundary zone, the
observed exhumation rates in the northern and central axial ranges (generally <0.4
km/Myr, assuming a pre-Oligocene geothermal gradient of 30°C/km (Jiao et al.,
2014)) were much lower than that in the modern Southern Alps, which are generally
1-3 km/Myr (Tippett and Kamp, 1993) and up to ~6-9 km/Myr in the central
Southern Alps near the Alpine Fault (Little et al., 2005). This difference does not
support the existence of a Southern Alps-like orogen in the northeast and centre of
North Island, resulting from continental collision/transpression during the initiation of
the Hikurangi Margin. Moreover, we do not identify any southward propagation in the
timing of onset or rate of rock exhumation during evolution of the axial ranges in the
Hikurangi Margin, which would be predicted from the southward advance of the

tectonic transition from collision to subduction (Furlong and Kamp, 2009).

Based on the inversion of GPS velocities of the modern North Island, Wallace et al.
(2005) proposed a rotation model of fore-arc blocks to accommodate the along-strike
variation of geology at the Hikurangi Margin. In this model, roll-back of the oceanic
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slab at the Kermadec Trench and the “collisional resistance” near the Chatham Rise
(Fig. 3.1b) exerted a torque, which forced the clockwise vertical-axis rotation of the
eastern North Island (relative to the Australian Plate) and led to rifting in the TVZ.
Following this proposed mechanism for the fore-arc rotation (Wallace and Beavan,
2004; Wallace et al., 2005) we use it to explain the along-strike increase in
exhumation rate from central to southern axial ranges. Moreover, we propose that
rotation of fore-arc blocks commenced as early as in the Late Miocene (~10 Ma),
when rock exhumation decreased in the central North Island. Since the Late Miocene,
in the southern North Island (Wellington region), both the margin-normal shortening
rate (3-8 mm/yr) (Nicol et al., 2007) and basement exhumation rate (>0.4 km/Myr,
assuming a constant geothermal gradient of 30°C/km) are high, due to the locking of
plate convergence adjacent to the region where the Chatham Rise collides with the
Australian Plate. Farther north in the central North Island (Hawke’s Bay region), the
continuous subduction of the oceanic Pacific Plate pulled the upper plate trenchwards
(resulting from subduction-induced mantle flow) (Conrad and Lithgow-Bertelloni,
2004; Wallace et al., 2005), so both the margin-normal shortening of the upper plate
and exhumation of the basement rocks in the central axial ranges have been

insignificant since the Late Miocene.

3.7 Conclusions

The long-term unroofing process of the basement-cored axial ranges of North Island,
New Zealand began in the Late Oligocene—Early Miocene, as a consequence of the
subduction of the Pacific Plate beneath the Australian Plate. Our thermochronology
study provides independent time constraints on the evolution of the Hikurangi Margin,
through the estimation of the time- and space variable exhumation histories of the

basement rocks in the hanging wall of the subduction zone.

Since subduction commenced along the Hikurangi Margin, basement unroofing
initiated in the west and migrated trench-wards towards the east. The unroofing of the
Kaimanawa Mountains (~27-17 Ma) was accommodated by eastwards reverse
faulting on the margin-parallel Ngamatea Fault. During the Early—Late Miocene
(~20-10 Ma), eastwards reverse faulting was evident at the site of the current
Wellington-Mohaka Fault, where accelerated exhumation of basement rocks started

prior to or at 20 Ma to its west and around 10 Ma to its east.



Unroofing of the axial ranges 85

Since the Late Miocene (~10 Ma), the rate of rock exhumation in the axial ranges has
varied along strike, lower in the central part and higher to the north and south. In the
Raukumara Range in the north, localised rock uplift may have been caused by
significant underplating at the basal upper plate. From the central to southern axial
ranges, the increase of exhumation rate is in accordance with the increase in the
margin-normal shortening in the forearc of the upper plate, which is interpreted to be
a chief driver for the regional uplift and unroofing of this section of axial ranges of
North Island.
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Chapter 4

Constraining provenance, thickness
and erosion of the Northland
Allochthon, New Zealand, using

low-temperature thermochronology”

Abstract

The Northland Allochthon, an assemblage of Cretaceous—Oligocene sedimentary
rocks, was emplaced during the Late Oligocene—earliest Miocene, onto the in situ
Mesozoic and early Cenozoic rocks (predominantly Late Eocene—earliest Miocene) in
northwestern New Zealand. Using low-temperature thermochronology, we investigate
the sedimentary provenance, burial and erosion histories of the rocks from both the
hanging and footwalls of the allochthon. In central Northland (Parua Bay), both the
overlying allochthon and underlying Early Miocene autochthon yield detrital zircon
and partially reset apatite fission-track ages that were sourced from the local Jurassic
terrane and perhaps Late Cretaceous volcanics; the autochthon contains, additionally,
material sourced from Oligocene volcanics. Thermal history modelling indicates that
the lower part of the allochthon together with the autochthon was heated to ~55—
100 <C during the Late Oligocene and Early Miocene, most likely due to the burial
beneath the overlying nappe sequences. From the Mesozoic basement exposed in
eastern Northland, we obtained zircon fission-track ages tightly bracketed between

! Manuscript submitted to Basin Research as Jiao, R., Seward, D., Little, T.A., Herman, F.
and Kohn, B.P.. Constraining provenance, thickness and erosion of the Northland Allochthon,
New Zealand, using low-temperature thermochronology.
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153 and 149 Ma; the apatite fission-track ages on the other hand, generally young
towards the northwest, from 129 to 20.9 Ma. Basement thermochronological ages are
inverted to simulate the emplacement and later erosion of the Northland Allochthon,
using a thermo-kinematic model coupled with an inversion algorithm. The results
suggest that during the Late Oligocene, the nappes in eastern Northland ranged from
~4—6 km thick in the north to zero in the Auckland region (over a distance >200 km).
Following the allochthon emplacement, eastern Northland was uplifted and unroofed
during the Early Miocene for a period of ~1-6 Myr at the rate of 0.1-0.8 km/Myr,
leading to rapid erosion of the nappes. Since Middle Miocene, the basement uplift
ceased and the erosion of the nappes and the region as a whole slowed down (~0-0.2

km/Myr), implying a decay in tectonic activity in this region.

4.1 Introduction

In northern New Zealand, as a result of the active convergence between the Australian
and Pacific Plates, a series of nappes known as the Northland Allochthon comprising
an assemblage of Cretaceous—Oligocene deep marine sediments and igneous rocks
(Ballance and Sp&li, 1979), were thrust onto the in situ continental crust of the
present Northland Peninsula during the Late Oligocene and earliest Miocene
(Hayward et al., 1989; Rait, 2000). In eastern Northland, a significant portion of the
nappes has been eroded, leading to difficulties in interpreting their emplacement
history and the potential implications for understanding the regional tectonic

evolution in northern New Zealand and the SW Pacific (Fig. 4.1a).

The main goal of this paper is to provide quantitative constraints on the original extent
and thickness of the Northland Allochthon, as well as its subsequent erosion history.
To reach this goal, we employ zircon fission-track (ZFT), apatite fission-track (AFT)
and apatite (U-Th-Sm)/He (AHe) thermochronometers. These systems are sensitive to
the thermal evolution of rocks at different temperatures within a range from
approximately 240 to 50 <C. Under the assumption that depth (and associated
geothermal gradients) is the first order control on temperature, the thermal history of a
rock is often interpreted in terms of exhumation and burial processes in the upper

crust within a few kilometres of the Earth’s surface.
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Fig. 4.1 Setting of northwestern New Zealand and the study area. (a) Geographic setting of
SW Pacific and location of Northland Peninsula. CS, Cavalli Seamount. (b) Geology of
northwestern New Zealand, simplified from the 1: 1 000 000 Geological Map of New Zealand,
produced by GNS Science (2014). White arrows indicate transport directions of the Northland
Allochthon during the Late Oligocene—earliest Miocene (Rait, 2000). Contours (dotted lines)
represent the mapped current thickness (km) of the allochthon (Isaac et al., 1994). Basement
fission-track ages are from this study and Raza et al. (1999). Line x—x’ depicts the location of
profiles in Figs. 4.4 and 4.6. (c) Structural section through the northern part of (b), after
Hayward (1993) and Sp&li and Rowland (2007).

The preserved parts of the allochthon outcrop extensively on the Northland Peninsula
(Figs. 4.1b and 4.1c) and have been recognized on seismic sections, up to a maximum
thickness of over 3.5 km off the west coast (Isaac et al., 1994). At one locality in
Parua Bay (Fig. 4.1b), we obtained ZFT, AFT and AHe data from samples within the
allochthon and also from the Early Miocene autochthon, where the contact and

relationship between nappes and the footwall are well exposed (Sp&li and Harrison,



90 Chapter 4

2004). Data are modelled to determine their sources (Section 4.3) and possible heating
during the deposition and emplacement (Section 4.4). From the underlying in situ
Mesozoic basement, new and published (Raza et al., 1999) data are predicted by a
thermo-kinematic model that simulates the allochthon emplacement and subsequent
erosion (Section 4.5). The results of different modelling approaches provide
constraints on the provenances, maximum thickness and the post-emplacement

erosion history of the Northland Allochthon (Section 4.6).

In this chapter, we use the term “basement” to refer to the Mesozoic terrane of
Northland, whereas the term “autochthon” refers to the early Cenozoic successions

between this terrane and the allochthon.

4.2 Geological setting

The Oligocene—earliest Miocene emplacement of the Northland Allochthon marks a
short period of intensive crustal deformation during the onset of the westerly directed
subduction of the Pacific Plate beneath North Island, accompanied and followed by
widespread volcanism during the Early and Middle Miocene (25-11 Ma) (Hayward et
al.,, 2001; Mortimer et al., 2010). Following the allochthon emplacement, the
basement of eastern Northland is inferred to have undergone regional uplift, leading
to extensive erosion of the overlying allochthonous sequences (Edbrooke and Brook,
2009; Evans, 1992). During this period, the basement of western and southern
Northland was tilted towards the southwest or west, as evidenced by the mean
bedding of the syn- and post-obduction Early Miocene sediments (Fig. 4.2). In eastern
Northland (Whangarei and Warkworth; Fig. 4.2), the Early Miocene sequences were
folded on NW-trending axes. By the Middle—Late Miocene, subduction-associated
volcanism and compressional crustal deformation had declined in Northland (Evans,
1992; Hayward et al., 2001), due possibly to a southeastwards migration of the
subduction zone (King, 2000; Mortimer et al., 2007).
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Fig. 4.2 Lower hemisphere equal-area projections of poles to beddings in the in situ Early
Miocene strata. White squares depict the mean vectors. Trends and plunges of the mean
vector are also indicated. Measurements are taken from the 1: 250 000 Geological Map of
New Zealand (QMAP), produced by GNS Science (2013).

The allochthonous sequences originally accumulated in a deep marine basin, which
most authors believe was located on the Pacific Plate to the northeast of Northland
(Edbrooke and Brook, 2009; Hayward et al., 1989). These sequences were intensively
deformed during their transport to the present location (Evans, 1992; Rait, 2000).
Emplacement is inferred to have occurred during the Late Oligocene to earliest
Miocene, based on the stratigraphic relationships between the deformed footwall and
hanging wall rocks, and from the overlapping cover sequences (Hayward et al., 1989).
Whattam et al. (2005) and Whattam et al. (2006) reported zircon U-Pb and whole-

rock “°Ar/°Ar ages of 32-26 Ma for an ophiolite in the uppermost sheets of the



92 Chapter 4

nappes, and suggested that the youngest suite of the nappes was formed in a

subduction-zone setting during the Oligocene.

The current extent and thickness of the allochthon have been estimated previously
from field mapping, drill hole data and geophysical studies (Hayward et al., 1989;
Isaac et al., 1994) and references within). The exposed allochthon generally thickens
northwestwards, reaching a maximum of over 3 km off the northwest coast and
perhaps as much as 4 km north off northernmost New Zealand (Fig. 4.1b) (Edbrooke
and Brook, 2009; Isaac et al., 1994). The western edge, i.e. emplacement front, of the
nappes strikes northwest-southeast, subparallel to the west coast of Northland. The
allochthon is not currently preserved to the south of Auckland, nor on the Coromandel

Peninsula, and may never have covered these regions.

Structurally beneath the allochthon, autochthonous Eocene to earliest Miocene
sequences unconformably overlie the Mesozoic basement (Fig. 4.1c). The upper,
Neogene part of the autochthonous sequences is marked by a transition of
depositional environment from shallow marine to mid-bathyal depth, implying rapid
subsidence during the Oligocene (Hayward et al., 1989). Although the thickness of
the autochthonous Cenozoic rocks is over 1 km off the west coast of Northland (Isaac
et al., 1994), field observations and drill hole data (Hayward et al., 1989; Isaac et al.,
1994) indicate that they are generally < 400 m thick, and usually < 200 m thick where

exposed on land.

Underlying the Cenozoic autochthonous sequence, the older, in situ basement of
northern New Zealand consists of Permian—Jurassic metasedimentary units, which
were formed and intensively deformed in the accretionary wedge of eastern
Gondwana before break-up in the Late Cretaceous (Laird and Bradshaw, 2004). In the
study area of eastern Northland and Coromandel Peninsula, the basement is part of the
Waipapa Supergroup, comprising massive greywacke and argillite sequences with
minor volcanics and cherts (Edbrooke and Brook, 2009). Detrital zircon U-Pb dating
results (Adams et al., 2013) place the stratigraphic age of the Waipapa Supergroup
basement at 159-152Ma.
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4.3 Thermochronological age models of the allochthon and

autochthon

Fission-track and (U-Th-Sm)/He sample preparation and analysis follow the
procedure described in the Appendix Il. Data are presented in Tables 4.1 and 4.2 and
on map in Fig. 4.1b. For the fission-track ages, we use the programme DensityPlotter
(Vermeesch, 2012) to model the detrital age mixture, based on the algorithm of
Galbraith and Green (1990). The number of age populations is determined by
minimising the Bayes Information Criterion (Galbraith, 2005). Mixture models of
subsets of the samples associated with different irradiations always yield similar age
populations. Thus in this chapter, a weighted mean pq (the induced track density of a
dosimeter glass) is used to combine the different sets of data from one sample but

with different irradiations, for the age calibration and mixture modelling.

4.3.1 Northland Allochthon

At Parua Bay (Fig. 4.1b), a sample (JR11-40c) was collected from the sandstones at
the base of the Northland Allochthon, which is inferred by Sp&li and Harrison (2004)
to be correlated with units within the Late Cretaceous—Paleocene complex (Isaac et al.,
1994) (Fig. 4.3a). The ZFT ages yield P (%) at almost zero and therefore most likely
contain inherited signatures from different detrital sources. In the mixture model, the
ZFT ages fall into two components of 84 +10 and 143 +38 Ma, respectively (Fig.
4.3b). The single-grain AFT ages of the allochthon sample yield two peaks of 67.5 £+
5.8 and 110.7 £5.0 Ma (Fig. 4.3b), younger than the two ZFT age components,
respectively. Three single-grain AHe ages (21.1-15.9 Ma) yield a central age of 18.2
+6.6 Ma (Table 4.2), which is considerably younger than the depositional age. Thus
we infer that the AHe ages are thermally fully reset.

4.3.2 Early Miocene Autochthon

Data were obtained from the Early Miocene autochthon directly underlying the
nappes at Parua Bay (Fig. 4.3a). Mixture modelling of the ZFT ages suggests two
peaks of 80 £11 and 164 *+12 Ma (Fig. 4.3c), similar to the age pattern of the
allochthon (Fig. 4.3b). AFT ages fall into three groups (Fig. 4.3c): a major component
of 26.2 £1.7 Ma includes 65.9 % of the grain ages, while the two other age peaks are
72 £11 Ma and 223 +£42 Ma, respectively.
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Fig. 4.3 ZFT and AFT ages of the allochthon and autochthon at Parua Bay. (a) Structural
positions of the stratigraphic units at Parua Bay (not to scale). (b and c¢) Distribution and
radial plots of the single-grain ZFT and AFT ages from (b) the allochthon and (c) the
autochthon. Single-grain ages are statistically split into populations (P1-P9) using
DensityPlotter (Vermeesch, 2012). The shading on the density plots represent the kernel
density estimates (KDE); coloured curves represent modelled age components. The KDE
bandwidth is 0.2; the bin width of the histograms is 0.2.

4.4 Thermal history models of the allochthon and

autochthon

Inverse modelling of the ZFT, AFT and AHe data is applied to elucidate the thermal
histories of the allochthon and autochthon.
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4.4.1 Method and model set-up

The modelling is carried out using the programme QTQt (Gallagher, 2012), which
allows the integrated simulation of the thermal histories of multiple samples. The
inversion sampler (Gallagher et al., 2009) uses a transdimensional Bayesian Markov
chain Monte Carlo (MCMC) method, which favours simpler solutions and thus
reduces the potential for over-interpretation. Detailed introduction and demonstration
of the inverse modelling approach are given by Gallagher et al. (2009) and Gallagher
(2012). Inverse modelling has been conducted for a time span from 250 to 0 Ma in the
temperature range between 250 and 0 <C. The modelled thermal history represents the

results from 100 000 burn-in and 100 000 post-burn-in iterations.

To sample the pre-depositional thermal histories, the sedimentary ages are prescribed
as temperature-time (T-t) constraints on the model: 0-30 <C between 100 and 55 Ma
for the allochthon and 0—30 <C between 33 and 21 Ma for the autochthon. Vermeesch
and Tian (2014) argued that imposing T-t constraints (bounding boxes) on QTQt
models increases the risk of misinterpretation, and the “most likely” thermal histories
may not reasonably reproduce the data set. Therefore we also tested the modelling
without any T-t constraints. The results are inconsistent with geological observations

and are thus not adopted for interpretation in this paper.

For modelling the detrital fission-track ages, we split the data set based on the mixture
models (Section 4.3; Fig. 4.3), i.e. each population is simulated as an individual
sample. Eight fission-track age populations (P1-P8; Fig. 4.3) are modelled; P9 is
excluded from modelling as it contains only six single-grain ages (Fig. 4.3c). For the
allochthon, AFT lengths were not all measured on the grains on which the ages were
determined, and therefore they are not used in the modelling. For the autochthon, the
AFT lengths measured on large, euhedral apatites are incorporated with the age
component of P7 (26.2 Ma; Fig 2c). These apatites were most likely sourced from
local and contemporaneous volcanics. The annealing model of Tagami et al. (1998)
and Ketcham et al. (1999) are used to simulate the ZFT and AFT data, respectively.
The mean Dpar measurement of each AFT age component is used as a proxy for the

apatite composition.

For the AHe data, we use the models of Gautheron et al. (2009) and Flowers et al.
(2009), both of which predict increasing helium rententivity in apatite with the
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increasing amount of alpha-recoil damage in either a linear (Gautheron et al., 2009) or
a non-linear (Flowers et al., 2009) manner. Despite the different AHe retention
algorithm used, our simulations yield similar results. Thus here we only present the
results using the model of Gautheron et al. (2009) (Fig. 4.4). The apatite grains used
in AHe analysis have one or no terminations. We consider the apatites as either
fragments, using the method proposed by Brown et al. (2013), or as intact crystals.
This choice does not change the predicted thermal history models significantly. Here
again we only present the models based on broken grains.

4.4.2 Results

The pre-Cenozoic part of the models includes enormous uncertainties and thus is not
presented. During the Cenozoic, the results (Fig. 4.4a) suggest that the allochthon was
at temperatures <50 <C prior to the Late Oligocene, whereas pre-depositional thermal
histories of the components (P5-P8) in the autochthon were markedly variable. Since
the Oligocene, the allochthon and autochthon had both undergone a period of heating
until the Early Miocene (~20 Ma). During this time, the maximum temperature is
modelled to be between 55 and 100 <C, which would have had no impact on the ZFT
ages but has fully reset the AHe and partially reset the AFT ages. This maximum
heating temperature, assuming a geothermal gradient of 30-40 <T/km and a surface
temperature of 5-15 <C, corresponds to a burial depth of ~1-3 km, which we infer to
be an approximation of the thickness of nappes at Parua Bay during their
emplacement. Following the heating, the samples experienced gradual cooling until
the present (Fig. 4.4a), which we infer to represent the final cooling due to erosion of

the nappes.
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Fig. 4.4 Thermal history modelling results from Parua Bay using QTQt (Gallagher, 2012). (a)
Thermal history models of the allochthon (green) and autochthon (orange). Solid lines
represent the expected (weighted mean) temperature-time (T-t) paths of P4 (allochthon) and
P7 (autochthon) with 95 % credible intervals. Dotted lines represent the expected T-t paths of
other components. Boxes depict prescribed constraints from sedimentary ages of the
allochthon and autochthon, respectively. AFT partial annealing zone (PAZ) and AHe partial
retention zone (PRZ) are approximate for standard Durango apatites. (b) Predicted versus
observed thermochronological data. AHe are uncorrected single-grain ages, while AFT and
ZFT are age populations (P1-P8) in mixture models (Fig. 4.3). Inset presents the predicted
AFT length distribution (curve) in comparison with the track lengths measured from the
autochthon (histogram). (c) Expected thermal history of the allochthon (P4) with probability
distribution. (d) Expected thermal history of the autochthon (P7) with probability distribution.

In general, the predicted thermal history models reconcile the observed data
reasonably well (Fig. 4.4b). However, the youngest component (P7) in the autochthon
cannot be reproduced by the weighted mean model. The possible reason is that the
post-burn-in T-t paths include a variety of pre-depositional thermal histories, which
are not consistent with the observed young age component (26.2 Ma), which we have

inferred to represent penecontemporaneous volcanic crystals.



Northland Allochthon 99

4.5 Thermo-kinematic modelling of the basement (Waipapa

Supergroup)

4.5.1 Thermochronological data

Three new ZFT samples from the Waipapa Supergroup yield a single group of ages at
153-149 Ma (Table 4.1), overlapping the whole-rock K-Ar ages (200-100Ma) of
Adams and Maas (2004), and the youngest (159-152 Ma) detrital zircon U-Pb ages
obtained from the same units (Adams et al., 2013). For each sample, the single-grain
ZFT ages represent a single population (Fig. 4.5), implying derivation from a single

Source.
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Fig. 4.5 Radial plots of the ZFT and AFT ages from the Waipapa Supergroup, using
DensityPlotter (Vermeesch, 2012).

AFT ages from the basement rocks generally young from 129 Ma in the southeast to
20.9 Ma in northern Northland (Fig. 4.1b); each sample yields a single age group
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(P(x*)>12%) (Fig. 4.5). Mean AFT lengths of four basement samples vary between
10.95 and 13.68 um (Table 4.1).

4.5.2 Modelling method

We use 2D thermo-kinematic modelling to constrain the emplacement and subsequent
erosion history of the Northland Allochthon, using fission-track data from the
Mesozoic basement rocks.

The data are inverted using the thermo-kinematic model Pecube (Braun, 2003; Braun
et al., 2012) coupled with the neighbourhood algorithm (Sambridge, 1999a;
Sambridge, 1999b). Pecube is a finite-element code that solves the heat transfer
equation in the crust under prescribed kinematic and topographic histories. The
neighbourhood algorithm is a two-stage inversion approach. In the first stage, the
model parameters are optimized through an iterative process. For each iteration, a set
of forward models is solved using Pecube to predict thermochronological data of the
rocks exposed at the surface. The ages are computed by extracting the T-t paths from
the model, using the annealing models of Tagami et al. (1998) for ZFT and Ketcham
et al. (1999) for AFT. For each model run, the fit to the data is assessed through a

misfit function:

LD

N 2
i=1

where N is the number of data points, m; are the modelled ages, o; the observed ages,
and g; is their analytical uncertainty. In this work, we conduct the inversion with 100
forward models for the initial and every other iteration, with a re-sampling ratio of 0.9.

A sum of 100 iterations is run for the inversion.

In the second stage, the neighbourhood algorithm enables the derivation of Bayesian
estimates of the constrained parameters. The ensemble of all forward models
produced in the first stage is re-sampled to calculate the posterior probability
distributions of parameter values, i.e. a marginal probability density function (PDF)
for each parameter or for a pair of two parameters. Details of the neighbourhood
algorithm are provided by Sambridge (1999a); (1999b ).



Northland Allochthon 101

4.5.3 Model set-up

We project the data points onto a transect x-x’ along the east coast of the Northland
Peninsula (Fig. 4.1b) and conduct the modelling in 2 dimensions to reduce the
complexity and increase the inversion efficiency. This is a reasonable simplification
as our data points strike approximately 300 km within a relative narrow width (< 80
km) and the topographic relief is insignificant in the modelled region. As the trend of
the 2D model is generally perpendicular to the proposed direction of allochthon (Rait,
2000) (Fig. 4.1b), the thermochronological data from the footwall basement are more
sensitive to heating from the burial of the overlying nappes rather than the true
transport direction of the allochthon movement. Thus, here we simulate the
emplacement and subsequent erosion of the allochthon as the burial and exhumation
of the basement.

NW SE
X X

a initial set-up prior to 30 Ma

P 300 km 5°C  §

25 ka
Northland basement 1015 °C

allochthon emplacement (T1)

P R A A A A S S SR SR SR S ol

TTTIT T T el TTTTT

basement uplift and exhumatioon (T2-T3)

Fig. 4.6 2D thermo-kinematic model of the eastern Northland basement, involving the
emplacement and erosion of the Northland Allochthon. (a) Initial model setting prior to 30
Ma. (b) Allochthon emplacement. (c) Post-emplacement uplift of the basement and erosion of
the allochthon. See section 4.5.3 for more details. Location of the profile is shown in Fig.4.1b.

In the model set-up, the crustal thickness is set to ~25 km (Fig. 4.6a), according to
Salmon et al. (2013). The initial thermal structure is set to approximate the present-
day geothermal gradient of 40 <C/km (Reyes, 2007). Other thermo-kinematic
parameters are as typical in Pecube models (Braun et al., 2012), listed in Table 4.3.

For simplicity no flexural isostasy is considered. The allochthon in eastern Northland
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is simulated to be emplaced at the time T1 (Fig. 4.6b), which is allowed to vary in the
range of 30-15 Ma. The basement AFT ages young towards the northwest, implying
an increase, in this same direction, in the original thickness of the allochthon; this
must be satisfied in the 2D model. To this end, we set the maximum thickness of
allochthon to H in the northwestern boundary of the transect thinning towards the
southeast (Fig. 4.6b); while H is allowed to vary from 0 to 10 km. The original extent
of the allochthon along the model transect is prescribed to 210 km (Fig. 4.6b),
corresponding to the present outcrop of the allochthon in western Northland.
Following allochthon emplacement, the basement of eastern Northland is set to be
uplifted and exhumed at rate E during a period from time T2 to T3 (Fig. 4.6¢). T2 and
T3 are searched in time ranges of 30-0 Ma and T2-0 Ma, respectively, whereas E is
allowed to vary between 0.01 and 5 km/Myr and is sampled in a logarithmic space.
Above the basement, the surface relief is set to reduce gradually due to erosion of the
allochthon, over a period from T1 to T4 (Fig. 4.6¢); T4 is searched between 15 and 0
Ma.

We prescribe a Mesozoic basement exhumation from 150 to 100 Ma at the rate of
0.15 km/Myr, in order to reproduce the oldest ZFT and AFT ages south of Auckland,

where no allochthon emplacement has been documented.

Table 4.3 Fixed thermo-kinematic model parameters

Parameter (unit) Value
Crustal density (kg/m®) 2700
Mantle density (kg/m®) 3200
Crustal thickness (km) 25
Thermal diffusivity (km*/Myr) 30
Basal crustal temperature (<C) 1015
Sea-level temperature (<C) 15
Atmospheric lapse rate (T/km) 6
Crustal heat production (7Myr) 0
4.5.4 Results

The inversion results are presented in Fig. 4.7, as scatter plots in the parameter space
projected onto a surface each defined by two parameters. Each dot represents a
forward model, and its colour depicts the model misfit between prediction and
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observation. 1D and 2D posterior marginal PDFs are computed for each parameter
and for parameter combinations, respectively. Predictions by the expected (weighted

mean) and “best-fit” models are summarised in Table 4.4.
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Fig. 4.7 Inversion results of the thermo-kinematic model in eastern Northland. Scatter plots
present the parameter space projected onto planes defined by pairs of parameters. Each dot
depicts a forward model colour coded according to its misfit value. 1D posterior marginal
probability density functions (PDFs) are plotted along axes. 2D posterior marginal PDFs are
plotted as 67 % (black) and 95 % (grey) confidence contours. Stars represent the “best-fit”
forward model (lowest misfit).

Results suggest that the emplacement of Northland Allochthon occurred since the
mid-Oligocene (~30-27 Ma) (T1; Fig. 4.7a), and its maximum thickness was up to

~4-6 km (H; Fig. 4.7a) in northern Northland. Following allochthon emplacement,
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the model predicts a short (~1-6 Myr; Fig. 4.7d) period of basement uplift at the rate
of ~0.1-0.8 km/Myr (E; Fig. 4.7c). Finally, the results suggest that the emplaced
allochthon has been eroded slowly over a long period until ~3-0 Ma (T4; Fig. 4.7b).

Table 4.4 Free model parameters.

. Mean =standard error
Parameter Code Range Unit

(best-fit)

Allochthon emplacement T1 30-15 Ma 28.3 £1.3 (27.7)

Maximum thickness of

allochthon at T1 H 0-10 km 3.9+1.0(4.3)

Onset of basement uplift T2 30-0 Ma 22.7 £3.0 (22.6)

End of basement uplift T3 T2-0 Ma 18.5 +4.9 (21.0)

Logarithm of basement uplift Log
rate during T2 - T3 Log (E) -2-0.7 (km/Myn) -0.46 +£0.37 (-0.19)
End of allochthon erosion T4 15-0 Ma 1.6 +£1.1 (0.09)
Lowest misfit 63

In general, both the mean and the “best-fit” models reproduce the observed data well
(Fig. 4.8b), except for the oldest ZFT age in the southeast of the model, which most
likely represents a mixed age inherited from multiple detrital sources (Raza et al.,
1999). During the Late Oligocene—Early Miocene, the basement rocks in northern
Northland are predicted to have undergone heating to over ~120 <C (Fig. 4.8a),
interpreted as the result of burial beneath the allochthon (and autochthon) sequences.
The magnitude of heating decreased towards the southeast (Fig. 4.8a), due to the

thinning of the allochthon in that direction (Fig. 4.8c).
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Fig. 4.8 Prediction of the 2D thermo-kinematic model. (a) Predicted thermal histories of
representative samples. Heavy lines represent the mean T-t paths; light lines represent the
envelopes of “good-fit” models (misfit < 100); dotted lines represent the “best-fit” models
(lowest misfit). (b) Observed (symbols) versus the predicted data by the mean (solid lines)
and the “best-fit” models (dotted lines). (¢) The current allochthon thickness in western
Northland (grey shade) (Isaac et al., 1994) versus the predicted maximum allochthon
thickness (at ~27 Ma) in eastern Northland. Solid lines represent the thickness predicted by
the mean model with the envelope of “good-fit” models (misfit < 100), whereas the dotted
line is thickness predicted by the “best-fit” model (lowest misfit). Box represents the
thickness of the allochthon at Parua Bay, predicted by the thermal models (QTQt) of the
allochthon (JR11-40c) and autochthon (JR11-40b), assuming 30-40 <C/km geothermal
gradient and 5-15 <C surface temperature at time of emplacement.
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4.6 Discussion

4.6.1 Detrital provenance of allochthon and autochthon

At Parua Bay, the new ZFT single-grain age patterns from the allochthon and Early
Miocene autochthon are similar to each other (Figs. 4.3b and 4.3c). The old ZFT age
components (143 38 Ma in the allochthon and 164 #12 Ma in the autochthon,
respectively) are consistent with (1) the youngest zircon U-Pb age component
obtained from the older Waipapa Supergroup (Adams et al., 2013) and (2) the ZFT
ages from Waipapa Supergroup reported in this study. Thus we interpret the Waipapa
Supergroup as one of the main sedimentary sources for the Late Cretaceous—
Paleocene allochthon and Early Miocene autochthon in the Northland region. This
concurs with the provenance of the allochthon sediments as inferred by Adams et al.
(2013), who determined predominant U-Pb zircon detrital components of 130-110
Ma for five Cretaceous allochthon samples and suggested that the sedimentary
sources of the allochthon included the local Mesozoic terranes and the Median
Batholith (Mortimer et al., 1999). A similar provenance, based on zircon U-Pb dating,
was identified by Mortimer et al. (2003) for the Late Cretaceous (or younger) meta-
sedimentary samples dredged from the Cavalli Seamount (Fig. 4.1a) to the northeast
of Northland Peninsula. This accordance in the detrital provenance for sediments
deposited over different periods in northern New Zealand implies continuous erosion
of the Waipapa Supergroup from the Late Cretaceous to Early Miocene, supplying
sediments to the adjacent basins.

The younger ZFT age peaks in the allochthon (84 10 Ma) and autochthon (80 =11
Ma) are again similar to one another. These ages are consistent with the Late
Cretaceous felsic volcanism in New Zealand (Tulloch et al., 2009), associated with

the final break-up of eastern Gondwana.

In addition to the two older provenances, the autochthon sample contains a significant
population of large, euhedral apatites that yield Late Oligocene—Early Miocene (26.2
+1.7 Ma) ages (Fig. 4.3c). Although these ages may have been partially reset (Fig.
4.4d) during allochthon emplacement, their modelled rapid cooling time in the

Oligocene (Fig. 4.4a) is just prior to and perhaps associated with the oldest currently
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identified ages (27-26 Ma) of the andesite in the western volcano belt in Northland
(Fig. 4.1c) (Isaac et al., 1994; Stern et al., 2006).

4.6.2 Thickness of the allochthon during its emplacement

During the Late Oligocene and Early Miocene, the 2D thermo-kinematic model
provides constraints on the burial depth of the Waipapa basement, which we interpret
as dominantly the thickness of the Northland Allochthon during its emplacement. It is
worth noting that this estimation is based on an assumption that the surface and basal

temperatures of the crust have been relatively consistent since ~30 Ma.

The thermo-kinematic model suggests that the emplaced allochthon was up to ~4-6
km thick in the northernmost part of Northland, thinning to zero near Auckland (Fig.
4.8c). At Parua Bay, the model predicts ~1-2 km thick allochthonous overburden
during Late Oligocene, within the range of that inferred from the single-site thermal

history models of the detrital samples (Fig. 4.8c).

4.6.3 Post-emplacement erosion of the allochthon

Combining the model prediction in eastern Northland and the current thickness
estimated by lIsaac et al. (1994) along the west coast, we have determined the
distribution of the Northland Allochthon over different time periods (Fig. 4.9). This
estimation is based on an assumption that along the west coast (offshore and onshore),
the allochthonous rocks have not been eroded, as they have been beneath sea level
and/or covered by younger sediments, respectively (Fig. 4.1b). The inferred palaeo-
isopach maps (Fig. 4.9) of the allochthon indicate that, in the Late Oligocene, the
thickest part of the allochthon was located in northern Northland and thinned
southwards (Fig. 4.9a). This distribution of thickness supports the proposal that the
allochthon originated northnortheast of its present location in Northland (Bradshaw,
2004; Hayward et al., 1989) and was transported generally towards the southwest
(Rait, 2000).

During the Early Miocene, the eastern Northland basement was uplifted, leading to
rapid erosion of the allochthon in northern and eastern Northland (Fig. 4.9b) and
sedimentation in the basins to the west and south (Edbrooke and Brook, 2009;
Hayward et al., 1989). The thermo-kinematic model predicts ~0.4-1.5 km basement
unroofing in a relatively short period (~1-6 Myr), although the onset (T2) and end
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timing (T3) of the exhumation are not tightly constrained (Fig. 4.7d). The uplift and
unroofing of eastern Northland basement had ceased in mid-Miocene, since when the
erosion of the allochthon has been very slow (~0-0.2 km/Myr) (Fig. 4.9c). The end of
basement unroofing predated or coincided with the decline of most subduction-related

volcanism in western and northern Northland (Hayward et al., 2001; Herzer, 1995),

reflecting the cessation of the active plate boundary in northwestern New Zealand
(Mortimer et al., 2007).
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Fig. 4.9 Isopachs of the Northland Allochthon at (a) 27 Ma, (b) 20 Ma and (¢) 10 Ma.
Contours are interpolated using Generic Mapping Tools (Wessel and Smith, 1998).
Allochthon thickness is estimated from the results of the thermo-kinematic model in eastern
Northland incorporating the current allochthon thickness along the west coast. Control points
used for interpolation are shown as circles (Isaac et al., 1994) and pluses (this study). (d) The
current thickness of Northland Allochthon, after (Isaac et al., 1994).
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4.6.4 Dependence of the model results on prescribed boundary temperatures

We assumed constant thermal parameters throughout the thermo-kinematic model, in
order to concentrate on the emplacement and erosion history of the allochthon. These
parameters were prescribed to approximate the present thermal state of crust in the
region (Reyes, 2007), but any potential variability of the crustal thermal structure may
have had an influence on the modelling results. Using the model presented above as a
reference, we tested the sensitivity of the inversion results to the prescribed surface
and basal temperatures of the model. The results (Fig. 4.10) suggest that the basal
temperature has considerable impact on the predicted allochthon thickness (H), which
decreases with an increasing basal temperature. For other searched parameters, the
influence of the surface and basal temperatures are less significant and generally
within the predicted uncertainties of the reference model (Fig. 4.10).

4.7 Conclusions

We provide constraints on the provenance, original thickness and subsequent erosion
history of a thrust sheet that has been mostly eroded, in eastern Northland, New
Zealand. At Parua Bay, mixture models of the detrital ZFT and partially annealed
AFT ages from the overlying Northland Allochthon and underlying Early Miocene
autochthon vyield similar age components. Both the allochthon and autochthon
indicate sedimentary sources from the Waipapa Supergroup and perhaps from Late
Cretaceous volcanics. In addition, the Early Miocene autochthon contains a major

sedimentary component from Oligocene subduction-related volcanism.

At Parua Bay, thermal histories of the allochthon and autochthon have been modelled
using the ZFT, AFT and AHe data. The results confirm a period of heating during the
Late Oligocene and Early Miocene, which we interpret as the result of burial by the

thrust sheets. The maximum temperature of the heating is modelled to be ~55-100 <C.

Along the east coast of Northland, ZFT and AFT data from the Waipapa Supergroup
have been inverted using a 2D thermo-kinematic model. During the allochthon
emplacement, the model suggests that the nappes were up to ~4-6 km thick in the
northernmost Northland, thinning to zero near Auckland and on the Coromandel
Peninsula. Following the allochthon emplacement, eastern Northland was uplifted and

unroofed during a short period (1-6 Myr), leading to ~0.4-1.5 km erosion. The
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basement uplift ended before mid-Miocene in Northland, and since then the erosion of

the allochthon and underlying rocks has been very slow (~0-0.2 km/Myr).

30 5 1 & u; 5 1 = 30 5 1 1
5 0 o 0 ° L o o
O - O
R . ) o P s 000 o g
-] o o
—~ 20 4 L —~ 204°4 o © o° |90
g g : T
Y Y
£ £
= 10 4 + = 10 4 r
o [
Oo o o ) 5]
0 == % o0 0 . .
0 5 10 15 20 25 0 10 15 20 25
10 : : : 5
s Surface emperature (°C)
L 2 S
8 - E
~ (<]
—~ 64 F 05 @ m
§, 2 . o a 02 & o T2
Foos g ° T4
2 4 =]
L 0.02 E ° H
0 . . . 0.01 E
0 5 10 15 20 25
Surface temperature (C)
30 1 1 1 1 1 1 30 1 1 1 1 1
> oo oo == =
5 o 5 S5 o © R
°© ° 5 509 © S 5
o o °_o 00O
o o o© oo
O%o
g 20 A r g 20 =5 — T — PR
(<]
© © ° °
£ £
= 10 { L = 10 4 F
“o%o Sa ° Q °5° >
0 T T 2 T T nV = T 0 T T T T T T
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200
10 L L L ) L A 5
S Basal emperature (°C)
L2
8100 L1 % o T1
o0 %o <
E 6 4 o F 05 Q o T2
£ 080 o 4
= S 5 0.2 o T3
T 4 1 ¢ 000 E 01 8
° o s o T4
Foos g
2 4 E )
F002 X
w
0 ; ; ; ; ; T 0.01
700 800 900 1000 1100 1200

Basal temperature (C)

Fig. 4.10 Variation of the inversion results in relationship with the prescribed (a) surface and
(b) basal temperatures in the thermo-kinematic (Pecube) model. Each circle depicts the “best-
fit” model of an inversion. All other parameters and settings are the same as the reference
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Chapter 5

Conclusions and recommendations

This thesis provides a comprehensive understanding of the exhumation histories of
the Mesozoic basement rocks (Waipapa and Torlesse Supergroups) of North Island,
New Zealand, using new and published thermochronological data covering a large
geographical extent. |1 have demonstrated that a diversity of exhumation and burial
processes occurred in the upper plates of both the Mesozoic Gondwana and late
Cenozoic Hikurangi margins. This study also forms the foundation for some future
projects, to investigate the kinematics and mechanism of the crustal exhumation and
deformation of the North Island basement through thermochronology. This chapter
summarises the key points from the thesis and synthesises the thermal and

exhumation histories of the basement rocks of North Island.

5.1 Key findings
Throughout North Island

e The zircon fission-track (ZFT) ages from the North Island basement (except those
from the Kaimanawa Schist) are mostly detrital, indicating a maximum post-
depositional heating temperature lower than ~240 <C.

e The apatite fission-track (AFT) and apatite (U-Th-Sm)/He ages (AHe) were
thermally reset during burial in the Mesozoic Gondwana margin. They provide
important constraints on the thermal and related exhumation histories of the
basement rocks.

In central North Island

e Inverse modelling of AFT and AHe reveals thermal and exhumation histories in

the both the Mesozoic and late Cenozoic margins.
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Following the burial and maximum metamorphism, the basement rocks were
exhumed to shallow depths of the crust and cooled to <70 <C between 150 and
135 Ma.

The basement experienced some reheating (up to 100 <C) prior to 100 Ma.

From 100 Ma to the Late Oligocene, thermal history models of the basement
rocks reveal little change in temperature.

Since the Late Oligocene, the exhumation magnitude was much higher in the
axial ranges in the eastern North Island than that in the western central North

Island.

In the axial ranges in eastern North Island

Unroofing of the axial ranges began in the Late Oligocene, associated with the
subduction of the Pacific Plate beneath North Island.

During the evolution of the Hikurangi Margin, basement exhumation in the axial
ranges migrated towards the trough.

During the Early Miocene, basement exhumation in the axial ranges was
accommodated by eastwards reverse faulting on the margin-parallel Ngamatea
Fault (~27-17 Ma) and Wellington-Mohaka Fault (~20-7 Ma).

Since the Late Miocene from the central to southern axial ranges, the increase in
exhumation rate is in accordance with the margin-normal crustal shortening in the
forearc of the upper plate, which is suggested as the dominant driver for the uplift
and exhumation of this section of the axial ranges.

In northwestern North Island

At Parua Bay on the east coast of central Northland, the single-grain ZFT and
AFT age distributions of the Northland Allochthon and underlying Early Miocene
autochthon indicate sedimentary sources from the Mesozoic Waipapa Supergroup
and perhaps from the Late Cretaceous volcanics. In addition, the autochthon
contains a major sedimentary component from the Oligocene volcanics.

Inverse modelling of the ZFT, AFT and AHe data from the allochthon and
autochthon suggests a period of heating (at ~55-100 <C) during the Late
Oligocene and Early Miocene, interpreted to be the result of burial by the nappes.
Thermo-kinematic modelling of the ZFT and AFT data from the basement rocks
(Waipapa Supergroup) suggests up to ~4-6 km thick nappes in the northernmost

Northland during the emplacement, thinning to zero near Auckland.
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e Following the allochthon emplacement, the thermo-kinematic model suggests
that eastern Northland was uplifted and unroofed during a short period (~1-6 Myr)
in the Early Miocene, leading to ~0.4-1.5 km of erosion of the allochthon.

e The basement uplift ended before mid-Miocene in Northland, and since then the

erosion of the allochthon and underlying rocks has been slow (~0-0.2 km/Myr).

5.2 Exhumation histories of North Island basement

5.2.1 The Mesozoic

After deposition, partial subduction and amalgamation in the accretionary wedge of
the eastern Gondwana margin, the Waipapa and Torlesse Supergroups of North Island
experienced significant exhumation during latest Jurassic—Early Cretaceous. In central
North Island, the basement rocks were cooled rapidly (at >10 <T/Myr) and were
exhumed to shallow levels of the crust between ~150 and ~135 Ma. A similar period
of cooling was documented in the Otago Schist (Torlesse Supergroup) of South Island
in previous studies (Little et al., 1999; Mortimer et al., 2012; Nishimura et al., 2000).

During the late Early Cretaceous, some of the basement rocks in central North Island
were reheated to up to ~100 <C, perhaps correlated with the argon-loss events
observed in the Otago Schist (Little et al., 1999; Mortensen et al., 2010). | speculated
the reheating to be the result of burial by sedimentation above the accretionary wedge
during its waning stage, reflecting a phase of extensional deformation, as part of the
progressive crustal thinning and extension across the margin (Tulloch et al., 2009)

preceding the final breakup of eastern Gondwana.

Since 100 Ma, all thermal history models in North Island reveal little change in
temperature until the Late Oligocene. During this period, the continent of New
Zealand was retreating from the rest of Gondwana.

5.2.2 The Cenozoic

A renewed convergent plate boundary was initiated during the Middle Eocene—Late

Oligocene, leading to a diverse thermal impact on the basement rocks of North Island.

During the Late Oligocene—earliest Miocene in northwestern New Zealand, the
initiation of subduction was marked by the emplacement of the Northland Allochthon,

which partially or totally overprinted the apatite fission-track ages from the Mesozoic
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basement (Waipapa Supergroup). During about the same period in eastern North
Island, the frontal ridges started to exhume at ~27 Ma in the west of the central axial
ranges (Kaimanawa Mountains), which | infer to be a direct response in the upper
plate to the initiation of subduction of the Pacific Plate. In contrast, the renewed plate
convergence had little impact on the rocks in western North Island (Waipapa
Supergroup to the west of Lake Taupo) that can be identified through
thermochronology.

Following the allochthon emplacement, eastern Northland was uplifted and unroofed
during the Early Miocene, leading to extensive erosion of the nappes, as predicted by
the thermo-kinematic model. At this time, the accelerated exhumation of basement
rocks became more widespread, observed in most parts of the axial ranges to the west
of the Wellington-Mohaka Fault. During this period, the intensive crustal deformation
of the upper plate was also evidenced by the development of thrust belts in eastern
North Island (Chanier and Ferriere, 1991; Rait et al., 1991).

Basement uplift ended before mid-Miocene in Northland. The end of basement
unroofing is inferred to reflect the cessation of the active plate boundary in
northwestern New Zealand (Hayward et al., 2001; Herzer, 1995; Mortimer et al.,
2010), perhaps as a result of the southeastwards migration of subduction (King, 2000;
Mortimer et al., 2007).

Throughout the Miocene, the exhumation of basement rocks in the axial ranges
continued and migrated eastwards towards the Hikurangi Trough. The exhumation
pattern indicates considerable eastwards reverse faulting on the Wellington-Mohaka
Fault during the Early Miocene; this supports previous speculations (Beanland, 1995;
Beanland et al., 1998) that the active strike-slip structure was inherited from an older

reverse fault that was active in the Miocene.

During the last 10 Myr, the exhumation rate in the axial ranges has varied
significantly along strike, lower in the central region and higher to the north and south.
From the Hawke’s Bay to the Wellington region, the increase in the magnitude of
exhumation is very consistent with the increase in the magnitude of the margin-
normal shortening strains that were measured from the forearc (Nicol et al., 2007).
Thus | suggest the unroofing of the axial ranges was predominantly driven by the

crustal shortening of the upper plate in the margin-normal direction.
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5.3 Recommendations for future study

This study indicates the importance of the margin-parallel faults in eastern North
Island for the uplift and exhumation of the basement-cored ranges during the
Hikurangi subduction. However, the understanding of the Miocene deformation
history of eastern North Island remains preliminary. More thermochronological data,
with closer spatial collections, especially employing apatite (U-Th-Sm)/He, from the
Mesozoic basement across the North Island Fault System will contribute to further
investigation of the past activities of these structures. This work would also benefit
with integration and balancing the erosion/exhumation data sets with the stratigraphy

of the Cenozoic basins in the east coast.

A large number of thermochronological data available from the basement rocks
throughout New Zealand, is now available. These are useful for constraining the
exhumation histories in various geological/geomorphic settings. A compilation and
review of these data have the potential to provide further useful information related to
the Cenozoic evolution of the plate boundary. The Appendix | of this thesis is an

attempt, albeit unfinished, of such a study.
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Appendix I

Large-scale temporal and spatial
variations in the exhumation of New
Zealand basement since 40 Ma:
inversion of thermochronological

ages—future work

6.1 Introduction

Tectonic evolution during the Cenozoic has intensively deformed the lithosphere in
the vicinity of New Zealand, leading to episodic uplift and exhumation of the
basement rocks. Focusing on the Cenozoic evolution of the plate boundary zone, this
study strives to resolve the exhumation histories of the basement rocks of New

Zealand since 40 Ma, based on inversion of an extensive thermochronological dataset.

In the past decades, different thermochronometers have been applied on the New
Zealand basement in order to constrain the rock exhumation histories, reporting a
large number of ages (Figs. 6.1 and 6.2). However, these studies were often focused
on the rock exhumation processes at specific regions. This study will complement
previous works and compile the thermochronological data obtained in the pre-Late
Cretaceous rocks of New Zealand. This compilation of data represents clear variations
in the cooling ages and thus implies variations in the rock exhumation processes of
different regions. An inversion approach will be applied on this dataset, aiming to

resolve the temporal and spatial variations in the exhumation rates. The inversion
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method is based on a one-dimensional thermal model that is used to predict each
thermochronological age, and is combined with a spectral method to estimate the
perturbation of the topography on the subsurface isotherms. This inversion approach
allows us to emphasize the first-order variations of the exhumation rates in time and
space, which could possibly be extracted from the thermochronological data. The
second-order features that may require interpretation from 2D/3D thermal models at

particular regions are beyond the scope of this study.
6.2 Methods

6.2.1 Data selection

Numerous thermochronological studies have been performed in the basement rocks of
New Zealand since 1960s. In order to investigate spatial and temporal variation of the
exhumation of these rocks during the Cenozoic, we used a large dataset consisting of
seven thermochronometers (Figs. 6.1 and 6.2), including apatite and zircon fission-
track, apatite and zircon (U-Th)/He, muscovite and biotite “°Ar/**Ar (or K-Ar) and
total rock K-Ar. Data reported before 2000 are taken from Nathan et al. (2000). A list
of extra references that contain data used in this study is given after Section 6.3.

However, some reported ages were excluded from the analysis in order to get a
relative consistent dataset and to improve the efficiency of inversion. Focusing on the
late Cenozoic exhumation histories, we only used apparent ages that are younger than
40 Ma. As only the rock exhumation in the upper crust is considered, we did not use
the “°Ar/**Ar ages of hornblende which correspond to a higher (> 500 <C) closure
temperature. K-feldspar “°Ar/*°Ar ages were not modelled, because the closure
temperature of the method is similar to the ZFT system, the ages of which are more
abundant across New Zealand. We did not model the total-rock Rb-Sr ages, which
often yield a large range of ages that overlap with the sedimentary ages of the host
rocks (Adams et al., 1999; Adams et al., 2009). Crystallization ages of mineral veins
(Adams and Graham, 1993) or plutonic intrusions (Baker and Seward, 1996) were
excluded for analysis, due to their irrelevance to the exhumation history. Tippett and
Kamp (1993) reported several AFT ages with no spontaneous tracks; we excluded
these ages from the calculation of the exhumation rates. We excluded the ages with

significant detrital signatures which are older than the stratigraphic ages of the
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sampled strata; these include the many ZFT and total-rock K-Ar ages from the
Torlesse Supergroup. Ages of “°Ar/*Ar or K-Ar methods were usually reported with
very low analytical uncertainties, which however do not reflect the reproducibility of
the ages, and thus instead we used an uncertainty of 15 % for such ages.

6.2.2 Closure temperature and annealing/diffusion models

A thermochronometer closes over a temperature range, in which the radioactive decay
products are partially retained in the crystal due to thermal diffusion (of “°Ar or *He)
or annealing (of fission tracks). This temperature range is termed as the partial
retention zone (PRZ) (Baldwin and Lister, 1998; Wolf et al., 1998) for the argon and
helium dating systems or partial annealing zone (PAZ) (Gleadow and Duddy, 1981)
for the fission-track systems. For the steady cooling of a mineral through the PRZ or
PAZ, Dodson (1973) defined the effective closure temperature (Tc) as the temperature
at the time indicated by a thermochronometer, providing a practical solution for
interpretation of the measured age. The method of Dodson (1973) demonstrated the
positive dependence of the Tc of any given thermochronometer on the cooling rate of

the mineral.

In this study, we use the annealing model of Ketcham et al. (1999) to calculate the Tc
of AFT system, assuming a uniform crystal composition as standard Durango apatite.
For the ZFT system, we choose the field-based estimates of Brandon et al. (1998),
which yield better consistence with the naturally cooled zircons than the annealing
models derived from laboratory experiments (Tagami et al., 1998; Yamada et al.,
1995) (see discussion in Bernet (2009)). We use the models of Farley (2000) and
Reiners et al. (2004) for the helium retention in apatite and zircon, respectively, and
those of Hames and Bowring (1994) and Grove and Harrison (1996) for the argon
retention in muscovite and biotite, respectively. Based on the petrology, metamorphic
facies and regional comparison with the biostratigraphic ages of the strata, Adams
(2003) argued that total-rock K-Ar ages of the Torlesse greywacke rocks represent the
timing of metamorphism or post-metamorphic cooling from 230-300 <C, close to the
closure temperature of illitic white mica 260 *x 30 <T (Hunziker et al., 1986).
Following Adams (2003), we used the revised parameters of argon retention in
detrital white mica (Kirschner et al., 1996) to predict the total-rock K-Ar ages from

the basement terranes.
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Fig. 6.1 Apatite and zircon (U-Th)/He and fission-track ages in New Zealand. Note that ages
older than 40 Ma are not used in the inversion.
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Fig. 6.2 Biotite, muscovite and total-rock “°Ar/*®Ar or K-Ar ages in New Zealand. Note that
ages older than 40 Ma are not used in the inversion.
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6.2.3 Inversion of thermochronological data

We modified the approach developed by Fox et al. (2014) and used in Herman et al.
(2013) to infer exhumation rates from thermochronological data. This approach is
targeted to extract the information of rock exhumation archived in both age-elevation
profiles and ages of multiple thermochronological systems. Fox et al. (2014) consider
the depth to the effective closure temperature as the integral of exhumation rates from

the measured thermochronological age to the present-day, using
zo= [, édt (6.1)

where z. is the closure depth (km), t is the measured thermochronological age (Ma)
and ¢ the erosion rate (km/Myr). Thus we can solve the average exhumation rate since
the time t given that the z. is estimated. Furthermore, we can examine the temporal
variations in the exhumation rates through ages of multiple thermochronological
methods. Here we impose a positivity constraint on the inverse problem by changing

the variables to the logarithmic space, using

¢ =1In(z) (6.2)
e=1In(é) (6.3)

Thus we can write Equation 6.1 as
¢ = In(f, exp(e) dt) (6.4)

which forms the inverse problem we want to solve, and & can be solved if C is

estimated.

We compute z. using the same approach of Fox et al. (2014) and Herman et al. (2013)
and then take the logarithm. This approach uses a transient one-dimensional thermal
model to solve the heat transfer equation using the finite difference method,
incorporated with a spectral solution which is used to evaluate the perturbation of the
isotherms caused by topography (Mancktelow and Grasemann, 1997). The solution
procedure initiates as an a priori condition with an unperturbed geotherm. Then the
closure depth is computed by extracting a cooling history of each sample using
Dodson (1973)’s method. Both the temperature structure and Dodson (1973)’s

approximation depend on the solution (exhumation rate), so the problem is weakly
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nonlinear and can be solved using least-squares method. The final solution is achieved
by the inverse approach as described below and convergence usually occurs after a

few iterations.

We first discretize Equation 6.4, transforming it to a summation in which the erosion
rate (i.e. exponential of €) is parameterized as a piecewise constant function over fixed
timesteps. We require that the exhumation rates are spatially correlated over each
timestep; this is imposed by defining an a priori model covariance matrix, Cy. This
matrix is constructed for all time intervals using the horizontal distance between the i

and j™ data points, d, and a Gaussian correlation function,

Cu(ij) = o2exp (— (%)2) (6.5)

where L is a specified correlation length, d the distance between samples, and o7 is
the a priori variance, which serves primarily as a weighing factor. This covariance
matrix simply implies that the exhumation histories must be identical for samples
close to each other and may be independent for those far apart. Finally, our non-linear

problem for ¢ is solved using the steepest descent algorithm,

Em+1 = Em T U (CMGtCEI(zm - (obs) + (&m — gpr)) (6.6)

where m is the number of iterations, Cp is the data covariance matrix (which is a
diagonal matrix) and p is an ad hoc parameter chosen by trial and errors. The model
and data covariance are chosen to minimize tradeoff between model and data
variance. We start the iterative process using the a priori expected value of gy, and G
corresponds to:

G(i,j) _ 0In(} chp;(e) At) (67)

which can be computed analytically,

G(i,j) = 2RO (6.8)

CJ

Ultimately, the exhumation rates are computed by taking the exponential of €. The

misfit function, S, that we minimize corresponds to

25(5) = ({m - {obs)tcl;l(zm - zobs) + (Em - gpr)tcl\jll(gm - Epr) (69)
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and the a posteriori covariance, R, corresponds to

where the diagonal elements of R represent the a posteriori variance, cspoz.

6.3 Preliminary results: an example

| obtained a statistically acceptable solution for the exhumation model of the New
Zealand since 40 Ma. This solution represents the result of inversion that uses 1) an a
priori exhumation rate of 0.05 km/Myr with a standard deviation of 2 km/Myr; 2) a
2-Myr length for each time interval; 3) a representative thermal model including
crustal thickness of 30 km, surface temperature of 15 <C, a basal temperature of
750 <C, thermal diffusivity of 30 km*Myr and crustal heat production of
0.0001 <C/Myr; and 4) a specified correlation length of 20 km. During the inversion
process, the model residual has reduced significantly after several iterations (Fig.
6.3a). Predicted residuals for all data point are summarised in Fig. 6.3b, as the
difference between the closure depth and the integral of exhumation rate over the

period indicated by the apparent age.

Figs. 6.4-6.23 present maps of exhumation rates since 40 Ma from the example
exhumation model, based on the palaeogeographic reconstruction of New Zealand
after (King, 2000). Note that this example represents only one of many solutions, as

the solution is non-unique but dependent on several a priori settings.
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Fig. 6.3 (a) Change in residual of the model during the inversion. (b) Difference between the
closure depth and the integral of exhumation rate over the period indicated by the apparent
age.
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Fig. 6.4 Exhumation model of New Zealand for the time interval 40-38 Ma. (a) Inferred map
of exhumation rates during the interval 40-38 Ma. (b) Temporal resolution of the exhumation
model.
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Fig. 6.5 Exhumation model of New Zealand for the time interval 38-36 Ma.
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Fig. 6.6 Exhumation model of New Zealand for the time interval 36-34 Ma.
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Fig. 6.7 Exhumation model of New Zealand for the time interval 34-32 Ma.
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Fig. 6.8 Exhumation model of New Zealand for the time interval 32-30 Ma.
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Fig. 6.9 Exhumation model of New Zealand for the time interval 30-28 Ma.
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Fig. 6.10 Exhumation model of New Zealand for the time interval 28-26 Ma.
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Fig. 6.11 Exhumation model of New Zealand for the time interval 26-24 Ma.
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Fig. 6.12 Exhumation model of New Zealand for the time interval 24-22 Ma.
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Fig. 6.13 Exhumation model of New Zealand for the time interval 22—20 Ma.
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Fig. 6.14 Exhumation model of New Zealand for the time interval 20-18 Ma.
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Fig. 6.15 Exhumation model of New Zealand for the time interval 18-16 Ma.
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Fig. 6.16 Exhumation model of New Zealand for the time interval 16-14 Ma.
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Fig. 6.17 Exhumation model of New Zealand for the time interval 14-12 Ma.
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Fig. 6.18 Exhumation model of New Zealand for the time interval 12-10 Ma.
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Fig. 6.19 Exhumation model of New Zealand for the time interval 10-8 Ma.
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Fig. 6.20 Exhumation model of New Zealand for the time interval 8-6 Ma.
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Fig. 6.21 Exhumation model of New Zealand for the time interval 6-4 Ma.




Exhumation model of New Zealand 169

4 -2 Ma
%S
>5
=
2| t2
x 1
o
o 0.5
S
A5 S © 0.2
€
3
< 0.1
w
a 170°E 180° 0.05
4 -2 Ma
H° S
1.0
8 0.8
C
©
—
g 0.6
e}
(5]
2| Loa
0 ﬁ )
45° S £
—
o
A z 0.2
b 170°E 180° 0.0

Fig. 6.22 Exhumation model of New Zealand for the time interval 4-2 Ma.
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Fig. 6.23 Exhumation model of New Zealand for the time interval 2-0 Ma.
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Appendix II

Sample preparation and analytical

methods

This appendix describes the laboratory routines for apatite and zircon fission-track
analyses at VUW, and for apatite (U-Th-Sm)/He analysis at University of Melbourne.

7.1 Mineral preparation

For preparation of samples for fission-track and (U-Th-Sm)/He analyses, the zircon
and apatite crystals were separated from greywacke rocks from North Island. Mineral
separation was carried out at Victoria University of Wellington (VUW) and included
the steps of sample crushing, sieving (to <250m grain size), Wifley table separation,
magnetic and heavy liquid separation (various densities of methylene iodide).
Following the above steps, hand-picking under binocular microscope was sometimes

required to obtain purer mineral concentrates.

7.2 Zircon and apatite fission-track
The external detector method (EDM) (e.g. Hurford and Carter, 1991) was used

fission-track analyses. Zircons were mounted on Teflon sheets on a hotplate at 250 °C.

Apatites were mounted in epoxy resin on glass plates.

Grinding and polishing were completed to expose the crystals and obtain 4w geometry.
This thickness corresponds to a half of the etchable track length, which is ~6 pm for
zircon and ~8 pum for apatite. Zircon and apatite mounts were ground on wet
sandpaper of 1200 grit (~9 um) followed by polishing on nylon cloth with diamond

suspension liquid of 3pum and 1pum grain size.
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Latent fission tracks are only ~1nm in width, invisible under optical microscopes, and
thus require enlargement by chemical etching. Zircons were etched in eutectic KOH-
NaOH (1:1 mole ratio) melt at ~215 <C (Gleadow et al., 1976) for 24-60 hours until
the spontaneous tracks are fully revealed. The zircon etching process was done in a
temperature-controlled furnace with the etchant in a Teflon or platinum crucible. The
apatites were etched in 5.5 M HNOj for 20 seconds at 21 T (Donelick et al., 2005).

After etching of spontaneous tracks in the zircon or apatite crystals, a muscovite sheet
was attached to the etched sample mount for recording fission tracks induced by
thermal neutron irradiation. The muscovite detector and the sample mount were
tightly wrapped together with tape. A muscovite sheet was also attached to the
dosimeter glasses (CN5 for apatite and CN1 for zircon) for monitoring thermal
neutron fluence during irradiation. Samples and dosimeter glasses were stacked and
packed in a “delron” tubes for irradiation at Oregon State University Radiation Center,

USA.

After irradiation, the muscovites were etched in 40 % HF at room temperature for 45
minutes to reveal the induced fission tracks. After etching, the etched muscovite was
washed with running water for at least 30 minutes. Finally, the sample and
corresponding muscovite were aligned on a glass slide with super glue or resin, ready

for analysis.

Track counting and length measurements were made using a Zeiss M1m microscope
with a magnification of x1000 with the Autoscan system; oil immersion was applied
only for counting zircons. Counting and measurement were performed only on
crystals with exposed surfaces parallel to the c-axes. The zeta method (Hurford and
Green, 1983) was used for age calibration, and all the FT ages reported in this thesis
are central ages (Galbraith and Laslett, 1993) that include a +2¢ uncertainty (unless
otherwise stated). Three-dimensional confined tracks were measured for track-length
distribution, including their angles to the c-axis. The mean etch pit diameter (Dpar)
was measured for each grain as a proxy for the compositional parameter to be used in

annealing models (Ketcham et al., 2007).

To increase the number of measurable confined track lengths in apatites for thermal

history modelling, *>*Cf irradiation (Donelick and Miller, 1991) was carried out on
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selected samples. The 2°*Cf irradiation was performed at the University of Melbourne

and each mount was irradiated for 3—4 hours.

Table 7.1 Zeta values evaluated by R. Jiao for apatite (CN5) and zircon (CN1).

Apatite Zircon
Irradiation code  Standard  Zeta +1c Irradiation code  Standard  Zeta +1c
eth-27 Durango 401 %21 vuw2-37 FCT 135 +7
eth-27-8 Durango 424 £23 vuwl12-45 FCT 146 +8
eth5-10 Durango 358 +35 vuw16-28 FCT 150 +8
eth245-8 FCT* 327 28 vuw5s-17 FCT 141 +6
vuw?7-8 Durango 293 +16 VUW6-16 FCT 140 +6
vuw7-22 Durango 313 %19 vuw6-41 FCT 141 +6
vuw13-23 FCT 269 +45 vuws-31 FCT 159 +8
vuwl13-2 Durango 352 +21 vuwl6-24 FCT 136 +6
vuwl14-17 Durango 329 20
vuw9-17 Durango 349 22
vuw9-6 Durango 323 +20
vuw8-14 Durango 342 x22

Weighted mean: 339 6.5

Weighted mean: 143.6 2.4

*Fish Canyon Tuff
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Fig. 7.1 Zeta values evaluated by R. Jiao for apatite (CN5) and zircon (CN1).

7.3 Apatite (U-Th-Sm)/He

Analyses followed a laboratory routine that was developed by House et al. (2000) for
extracting He from single sample aliquots, i.e. single apatite crystals in this study.
Euhedral grains with average grain radii in a close size range with each aliquot were
handpicked under an Olympus SZX12 binocular microscope, and then were immersed
in ethanol and checked under polarised light to exclude grains with visible mineral
inclusions. Grain geometry was imaged, measured and recorded in order to apply a
correction for a-ejection (Farley et al., 1996). Then grains were placed into acid-
treated platinum capsules. The grains in the capsules were outgassed at ~900 °C for 5
minutes, using a semiconductor diode Coherent Quattro FAP laser, set on a
wavelength of 820 nm with fibre-optic coupling to the sample chamber to provide

optimal coupling with samples and heating without melting, ablation or fusion. He
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volume was determined by isotope dilution using a pure *He spike, calibrated against
an independent “He standard and measured using a Balzers quadrupole (QMS 200 —
Prisma) mass spectrometer. A hot blank was run after each gas extraction to verify
complete outgassing of the apatite grains. Most samples yielded negligible amounts of
gas even after the first re-extract, and for all samples the second re-extract contributed

less than 0.5 % of the total measured “He.

Table 7.2 Apatite (U-Th-Sm)/He age data for Durango apatite age standard.

Sample Lab. Hes “He Mass E ThIU  Corrected  Error
No. (ncc) (mg) ratio  age (Ma) (#o)
Durango 5938 17218 7.210 - 1.00 20.96 31.6 2.0
Durango 5939 17298 11.661 - 1.00 19.88 32.0 2.0
Durango 6166 18089 17.624 - 1.00 21.05 30.6 1.9
Durango 6130 18104 3.910 - 1.00 21.22 32.8 2.0
Durango 7993 23637 5.033 - 1.00 20.18 31.4 1.9
Durango 8036 23751 4.653 - 1.00 20.61 28.2 1.8
Durango 8400-1 25163 2.785 - 1.00 18.34 33.1 2.1
Durango 8400-2 25166 2.817 - 1.00 20.77 32.7 2.0
Durango 8400-3 25169 3.691 - 1.00 20.30 31.8 2.0
Durango 8400-4 25172 3.791 - 1.00 19.81 32.5 2.0
Durango 8400-5 25175 3.730 - 1.00 20.20 33.1 2.1
Durango 8483 25371 1.444 - 1.00 19.31 31.3 1.9
Durango 8505 25380 3.014 - 1.00 21.23 33.3 2.1
Durango 8517 25523 8.776 - 1.00 21.15 32.7 2.0
Durango 8536 25580 6.748 - 1.00 20.11 32.1 2.0
Durango 8587 25737 4.558 - 1.00 20.53 31.0 1.9

Weighted mean: 31.7940.97 (95% confidence)

*F is the a-ejection correction, which is not required as only internal pieces are analysed.

No mass is calculated as dimensions on the crystal pieces are not measured and therefore only
a Th/U ratio is calculated rather than the U, Th and Sm content.

Samples were removed from the laser chamber. The outgassed apatites (still in the
platinum capsules) were then dissolved in HNOs, for determination of 22U, **°U,
22Th and '¥Sm using an Agilent 7700x inductively coupled plasma mass

spectrometer (ICP-MS). The reference material BHVO-1 was used to calibrate the
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analyses. With each batch of samples, Mud Tank apatite and international rock
standard BCR-2 were run and used as check standards. (U-Th-Sm)/He ages were
calculated and corrected for a-ejection (Farley et al., 1996). Analytical uncertainties
for He line in the University of Melbourne are conservatively assessed to be ~6.2 %
(x1o). This incorporates the a-ejection-related constituent, an estimated 5 um
uncertainty in grain dimension measurements, gas analysis (estimated as <1%) and
ICP-MS analytical uncertainties, but not those related to possible heterogeneous U
and Th distributions. Accuracy and precision of U, Th, and Sm content is typically
lower than 1%, ranging up to 2% (+2c) for some aliquots. An internal piece of
Durango apatite (McDowell et al., 2005) was also analysed within each batch of

samples to check the analytical accuracy.

The intra-sample variation in the grain age is not unusual in apatite (U-Th-Sm)/He,
and in some cases could be significant (> 100 %) (see Brown et al. (2013) and
references within). AHe age dispersion may arise for diverse reasons (e.g. Brown et
al., 2013; Cognéet al., 2011; Fitzgerald et al., 2006). These include:

(1) Undetected U-Th-rich inclusions (Lippolt et al., 1994). The crystal selection
procedure excludes visible inclusions identified under polarized light. Those smaller

than a few pum are unlikely to produce significant He age variation (Vermeesch et al.,
2007).

(2) Helium implantation from external sources (Danisik et al., 2010; Spencer et al.,
2004; Spiegel et al., 2009). This effect is important for very low U-Th (< 3 ppm)
grains surrounded by high U rich minerals or matrix, but the eU (effective U
concentration, a parameter that weights the decay of the two isotopes for their alpha
productivity, computed as [U] + 0.235[Th]) of most apatite grains analysed is > 5

ppm.

(3) Zonation in U and Th. U-Th zonation in crystals was reported as an issue in
interpretation of a helium age (Meesters and Dunai, 2002). However, Ault and
Flowers (2012) suggested that the U-Th zonation in apatite usually leads to less than

15 % age dispersion, but it is usually safe to assume that most grains are unzoned.
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(4) Grain size variation (Reiners and Farley, 2001). Age and grain size are
correlated in some (R793, JR12-04 and JR12-16; Table 2.3) but not all samples. The

grain size is used as the diffusion domain in the thermal history modelling.

(5) Radiation damage. The accumulation of a-recoil damage, traps helium in the
apatite structure to produce old apparent ages (Flowers et al., 2009; Gautheron et al.,
2009; Shuster et al., 2006; Shuster and Farley, 2009), especially for the high-eU
samples that have slowly cooled through or have had prolonged residence in the
helium PRZ. This effect is quantified by the radiation damage accumulation models
(Flowers et al., 2009; Gautheron et al., 2009) using fission-track data and incorporated

in the thermal history modelling programme (Gallagher, 2013).

(6) Crystal breakage. Most grains in this study are broken with one or no
terminations (Table 2.3), which could yield either younger or older ages than the

whole grain age (Brown et al., 2013).

(7) Chemical influence. (Gautheron et al., 2013) suggested that different grain
chemistry (CI content) can cause up to ~12-15 % AHe age dispersion by changing the
annealing rate of a-recoil damage, but the true relation between He diffusion and Cl

content in apatite has not yet been validated.

Among the reasons listed above, three have been comprehensively evaluated and
considered in different He diffusion models proposed by different authors, i.e.
variation in grain size (Farley, 2000), accumulation of a-recoil damage (Flowers et al.,
2009; Gautheron et al., 2009; Shuster et al., 2006) and crystal breakage (Brown et al.,
2013). For samples that experienced complex thermal histories, each of the three
causes could lead to intra-sample age dispersion over 50 %, and the combined effect
could lead to dispersion over 100 % (Brown et al., 2013). In order to obtain a
consistent AHe data set for interpretation, each single-grain AHe age in this thesis is
cross-checked using the corresponding AFT age, and those outliers that overlap, or
are older than, the corresponding AFT ages are excluded for interpretation. Rejection
of some results in this manner was suggested by several authors (e.g. Cognéet al.,
2012; Fitzgerald et al., 2006; Flowers and Kelley, 2011) for the retrieval of a
meaningful or representative AHe data set.
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Appendix 111

Single-grain fission-track data

Age calculation and radial plot (Galbraith, 1990) of fission-track data were carried out
with the program TrackKey (Dunkl, 2002). Age is calculated using the equation

1

Age =
ge 1.

In(1 + A4$PratioPad)

where A, = 1.55125, g = 0.5, n = number of counted grains; other parameters are listed

as follows.
Ns: Number of spontaneous tracks counted
Ni: Number of induced tracks counted
Area: Number of microscope squares. One grid includes 100 squares.
RhoS: Density of spontaneous tracks (10° cm™)
Rhol: Density of induced tracks (10° cm™)
Pooled Age: Pooled age +1c (Ma), calculated with pyatio = %
Mean Age: Mean age +=1c (Ma), calculated with pratio = M
Central Age: Central age =10 (Ma), according to Galbraith and Laslett (1993)
Chi-sq: %, according to Green (1981)
P(%): Probability of 5 for n-1 degrees of freedom
RhoD: Track density on a U standard (10° cm™)
Nd: Number of induced tracks counted on a U standard
U standard: Standard glass used as an external detector
Zeta: (factor+ lo
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Sample number: 12937
. _Mineral: Apatite Horizontal value: [Ma]
Irradiation code: eth-6 o
2 E
N§: 27 15
Ni: 800 12
Area: 511
-9
RhoS: 0.528 T
Rhol: 15.66
Pooled Age: 8.7 +1.7 2
Mean Age: 8.2%x15 ——T
Central Age: 8.8 %17 8070 60
Rel. error [*%]
Chi-sq.: 14.59
P(%) 74.85
Dispersion:  0.10
RhoD: 15.3
Nd: 4633
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 5 49 20 2.50 24.50 26.41 12.41 18.42
2 0 14 21 0.00 6.67 0.00 0.00 5.01
3 1 43 25 0.40 17.20 6.03 6.10 12.93
4 1 48 40 0.25 12.00 5.40 5.46 9.02
5 1 79 30 0.33 26.33 3.28 3.30 19.79
6 1 31 35 0.29 8.86 8.36 8.50 6.66
7 0 10 25 0.00 4.00 0.00 0.00 3.01
8 4 57 20 2.00 28.50 18.17 9.41 21.42
9 2 38 25 0.80 15.20 13.63 9.90 11.43
10 1 89 28 0.36 31.79 291 2.93 23.89
11 0 31 25 0.00 12.40 0.00 0.00 9.32
12 0 10 16 0.00 6.25 0.00 0.00 4.70
13 1 26 20 0.50 13.00 9.97 10.16 9.77
14 2 39 28 0.71 13.93 13.29 9.64 10.47
15 1 39 28 0.36 13.93 6.65 6.73 10.47
16 1 41 32 0.31 12.81 6.32 6.40 9.63
17 1 34 20 0.50 17.00 7.62 7.74 12.78
18 2 62 25 0.80 24.80 8.36 6.01 18.64
19 2 43 30 0.67 14.33 12.05 8.72 10.77
20 1 17 18 0.56 9.44 15.24 15.68 7.10
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Sample number: 14236
Mineral:  Apatite ]
Irradiation code: vuw007-24 Horzomal vakpe:
14.3 +
Ns: 143 + SR
Ni: 1760 1
Area: 511 T *
o etk
RhoS: 2.798 - A
Rhol: 34.44 N
a4
Pooled Age: 16.2+1.4
Mean Age: 143 x£1.7 ST
Central Age: 16.2+1.4 70 5040 30
Rel. ermor [%]
Chi-sq.: 7.42
P(%) 99.16
Dispersion:  0.00
RhoD: 11.79
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 0 24 25 0.00 9.60 0.00 0.00 9.36
2 1 14 25 0.40 5.60 14.26 14.77 5.46
3 3 20 12 2.50 16.67 29.92 18.53 16.25
4 0 7 16 0.00 4.38 0.00 0.00 4.27
5 29 368 24 12.08 153.33 15.73 3.05 149.53
6 8 58 10 8.00 58.00 27.51 10.39 56.56
7 0 8 48 0.00 1.67 0.00 0.00 1.63
8 38 21 1.43 18.10  15.76 9.46 17.65
9 20 36 0.28 5.56 9.99 10.24 5.42
10 24 273 15 16.00 182.00 17.55 3.75 177.48
11 3 39 42 0.71 9.29 15.36 9.21 9.06
12 5 55 30 1.67 18.33 18.15 8.48 17.88
13 1 16 30 0.33 5.33 12.48 12.87 5.20
14 3 29 32 0.94 9.06 20.65 12.53 8.84
15 2 26 30 0.67 8.67 15.36 11.27 8.45
16 21 275 25 840  110.00 15.25 3.47 107.27
17 9 131 24 3.75 54.58 13.72 4,74 53.23
18 14 161 16 8.75 100.63  17.36 4.85 98.13
19 15 180 20 7.50 90.00 16.64 4.48 87.77
20 1 18 30 0.33 6.00 11.10 11.40 5.85
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Sample number: DS10-03
Mineral:  Apatite
Irradiation code:  vuw007-26 Horizomal value:
28.1
Ns: 84
Ni: 1160 3
Area: 265
RhoS: 3.17
Rhol:  43.77 4
Pooled Age: 14.1+1.6
Mean Age: 28.2 8.1
Central Age: 14.1+1.6 20 5040 30
Rel. error [%]
Chi-sq.: 34.16
P(%) 1.76
Dispersion:  0.00
RhoD: 11.5
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 3 8 2.50 3.75 128.71  117.52 3.75
2 5 86 16 3.13 53.75 11.33 5.22 53.73
3 2 58 16 1.25 36.25 6.72 4.84 36.24
4 2 3 6 3.33 5.00 128.71  117.52 5.00
5 2 10 12 1.67 8.33 38.88 30.13 8.33
6 4 99 16 2.50 61.88 7.87 4.02 61.86
7 3 22 9 3.33 24.44 26.54 16.34 24.44
8 4 15 12 3.33 12.50 51.79 29.16 12.50
9 8 81 15 5.33 54.00 19.23 7.14 53.98
10 3 63 20 1.50 31.50 9.28 5.49 31.49
11 3 47 9 3.33 52.22 12.43 7.41 52.21
12 0 19 20 0.00 9.50 0.00 0.00 9.50
13 2 17 12 1.67 14.17 22.90 17.13 14.16
14 1 29 16 0.63 18.13 6.72 6.84 18.12
15 2 54 16 1.25 33.75 7.22 5.20 33.74
16 1 10 12 0.83 8.33 19.47 20.42 8.33
17 1 10 12 0.83 8.33 19.47 20.42 8.33
18 29 406 20 1450 203.00 1391 2.69 202.94
19 2 26 6 3.33 43.33 14.98 11.00 43.32
20 8 102 12 6.67 85.00 15.28 5.62 84.97




Fission-track Data

Sample number: DS10-06
Mineral:  Apatite
Irradiation code:  vuwO007-7 Horizontal vakie: Ma]
21283
Ns: 54
Ni: 554 s .. 40
Area: 250 . T i s
PR e - 30
RhoS: 2.16 .15
Rhol: 22.16 ol - 25
1 P o+5 -2
Pooled Age: 23.4+3.4
Mean Age: 28.4 4.7 -
Central Age: 24.1+3.8 5 R
7060 50 40
. Rel. eror [%]
Chi-sg.: 16.29
P(%) 50.34
Dispersion:  0.20
RhoD: 14.19
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 3 6 1.67 5.00 79.69 92.04 4.05
2 1 22 9 1.11 2444 1093 11.17 19.81
3 2 12 12 1.67 10.00 39.97 30.54 8.10
4 3 45 9 3.33 50.00 16.02 9.56 40.52
5 1 5 25 0.40 2.00 47.93 52.52 1.62
6 3 36 6 5.00 60.00 20.02 12.03 48.62
7 1 9 12 0.83 7.50 26.67 28.12 6.08
8 1 24 20 0.50 12.00 10.02 10.22 9.72
9 0 3 20 0.00 1.50 0.00 0.00 1.22
10 1 20 20 0.50 10.00 12.02 12.32 8.10
11 3 16 4 7.50 40.00 44.95 28.29 32.41
12 4 58 16 2.50 36.25 16.57 8.57 29.38
13 6 30 9 6.67 33.33 47.93 21.46 27.01
14 6 33 16 3.75 20.63 43.59 19.37 16.71
15 1 17 12 0.83 14.17 14.14 14.55 11.48
16 2 22 12 1.67 18.33 21.83 16.13 14.86
17 9 149 30 3.00 49.67 1451 4.99 40.25
18 9 50 12 7.50 41.67 43.16 15.65 33.76
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Sample number: DS10-13
Mineral:  Apatite
Irradiation code: vuw007-28
Horizontal value: [Ma]
Ns: 355 87.4 + \ 160
Ni: 795 5 o i A
Area: 428 120
1 1- 100
RhoS: 8.294 0 dss3 - 90
Rhol: 18.58 - 80
1 - 70
Pooled Age: 84.3+5.7 2 &0
Mean Age: 87.5 8.1
Central Age: 84.9 6.8 o
70 5040 30
Chi-sq.:. 27.02 Rel. eror [%]
P(%) 17.03
Dispersion:  0.17
RhoD: 11.22
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 27 49 12 22.50 40.83 103.91 24.99 41.87
2 18 56 20 9.00 28.00 60.81 16.52 28.71
3 32 101 12 26.67 84.17 59.95 12.22 86.31
4 38 90 15 25.33 60.00 79.77 15.52 61.53
5 19 35 30 6.33 11.67  102.38 29.25 11.96
6 22 32 2.19 6.88 60.20 26.15 7.05
7 3 11 20 1.50 5.50 51.64 33.65 5.64
8 2 9 32 0.63 281 42.11 32.93 2.88
9 13 36 15 8.67 24.00 68.28 22.14 24.61
10 11 18 24 4,58 750 11514  44.13 7.69
11 4 10 9 4.44 11.11 75.59 44,75 11.39
12 35 35 20 17.50 1750 187.35 44,95 17.95
13 1 4 15 0.67 2.67 47.35 52.95 2.74
14 12 15 12 10.00 1250 150.31 58.30 12.82
15 38 76 15 25.33 50.67 94.35 18.85 51.96
16 10 27 20 5.00 13.50 70.02 25.96 13.84
17 6 7 20 3.00 3.50 160.91 89.59 3.59
18 15 38 16 9.38 23.75 74.60 22.80 24.36
19 9 30 20 4.50 15.00 56.78 21.61 15.38
20 30 70 15 20.00  46.67 80.96 17.74 47.86
21 7 13 24 2.92 5.42 101.56 47.66 5.56
22 18 43 30 6.00 14.33 79.09 22.26 14.70




Fission-track Data

Sample number: DS10-14
Mineral:  Apatite
Irradiation code: vuw007-21 4 4
Horizontal value:
Ns: 192 B8
Ni: 566 T
Area: 245 2 5
1
RhoS: 7.837 04
Rhol: 23.1 1
2
Pooled Age: 69.2 £6.0
Mean Age: 66.5+12.0
Central Age: 61.7 +11.2 .. BN
806050 40 30
Chi-sq.: 68.97 Flekiemor (4]
P(%) O
Dispersion:  0.66
RhoD: 12.1
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 8 9 2.22 8.89 51.09 40.40 8.45
2 1 16 12 0.83 13.33 12.81 13.21 12.67
3 2 21 28 0.71 7.50 19.51 14.44 7.13
4 3 10 12 2.50 8.33 61.26 40.35 7.92
5 3 12 10 3.00 12.00 51.09 33.00 11.40
6 18 43 9 20.00 47.78 85.32 24.02 45.39
7 9 19 9 10.00 21.11 96.46 39.08 20.06
8 17 20 9 18.89 2222 172.08 56.88 21.11
9 1 18 15 0.67 12.00 11.39 11.70 11.40
10 25 50 6 41.67 83.33  101.78 25.02 79.17
11 6 94 9 6.67 104.44  13.08 5.52 99.23
12 21 34 6 35.00 56.67  125.50 34.93 53.84
13 13 12 0.83 10.83 15.76 16.36 10.29
14 16 9 1.11 17.78  12.81 13.21 16.89
15 9 15 2.67 6.00 90.55 54.45 5.70
16 13 14 12 10.83  11.67 187.76  72.42 11.08
17 7 12 0.83 5.83 29.24 31.27 5.54
18 17 15 0.67 11.33  12.06 12.41 10.77
19 26 67 12 21.67 55.83 79.13 18.36 53.05
20 37 78 24 15.42 32.50 96.60 19.38 30.88

187



188 Appendix I

Sample number: DS10-16
Mineral:  Apatite
Irradiation code: vuw007-20

Horizontal value:
N§. 140 540
Ni: 866 F e
Area: 477 1 Y
RhoS: 2.935 Ok BT
. R e A T}
Rhol: 18.16 L oo
Pooled Age: 33.3+3.1 + g
Mean Age: 34.0 +1.9 1] ]
Central Age: 33.3%3.1 i
e - 80 6050 40 30
Chi-sg.: 5.75 . Rel. enor [2]

P(%) 99.85
Dispersion:  0.00

RhoD: 12.19
Nd: 19085
U standard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 3 25 16 1.88 15.63 24.74 15.13 14.74
2 3 22 9 3.33 24.44 28.11 17.31 23.07
3 7 25 15 4.67 16.67 57.59 24.65 15.73
4 3 19 18 1.67 10.56 32.54 20.23 9.96
5 3 18 36 0.83 5.00 34.34 21.43 4.72
6 11 63 36 3.06 17.50 35.97 11.78 16.51
7 9 42 15 6.00 28.00 44.12 16.23 26.42
8 3 16 25 1.20 6.40 38.62 24.31 6.04
9 4 30 35 1.14 8.57 27.49 14.64 8.09
10 4 31 12 3.33 25.83 26.60 14.14 24.38
11 2 13 20 1.00 6.50 31.71 24.09 6.13
12 9 53 35 2.57 15.14 34.99 12.63 14.29
13 1 5 12 0.83 4.17 41.19 45.13 3.93
14 11 62 24 4.58 25.83 36.55 11.98 24.38
15 5 29 30 1.67 9.67 35.52 17.22 9.12
16 13 93 20 6.50 46.50 28.81 8.55 43.88
17 20 119 25 8.00 47.60 34.63 8.40 44.92
18 5 59 36 1.39 16.39 17.48 8.15 15.46
19 10 67 18 5.56 37.22 30.76 10.45 35.12

N
o
[ERN
S

75 40 3.50 18.75 38.45 11.22 17.69
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Sample number: DS10-18
Mineral:  Apatite
Irradiation code:  vuw007-19 Horizontal value: [Ma]
11229
Ns: 144
Ni: 1304 3
Area: 395
RhoS: 3.646 ol ++i+
Rhol: 33.01 +- ik
Pooled Age: 22.9+2.1 g 1 7
Mean Age: 22.9 +0.8 1] /
Central Age: 229 +2.1 T T T .
80 6050 40 30
Rel. error [%]
Chi-sg.: 3.48
P(%) 100
Dispersion:  0.00
RhoD: 12.27
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 10 30 0.33 3.33 20.77 21.78 3.12
2 6 53 15 4.00 35.33 23.50 10.14 33.11
3 5 45 12 4.17 37.50 23.07 10.89 35.14
4 2 17 25 0.80 6.80 24.42 18.27 6.37
5 1 8 16 0.63 5.00 25.95 27.53 4.69
6 1 10 8 1.25 12.50 20.77 21.78 11.72
7 1 8 6 1.67 13.33 25.95 27.53 12.50
8 1 7 16 0.63 4.38 29.65 31.70 4.10
9 10 75 35 2.86 21.43 27.67 9.33 20.08
10 22 172 24 9.17 71.67 26.55 6.04 67.16
11 19 173 25 7.60 69.20 22.80 5.53 64.85
12 9 87 24 3.75 36.25 21.48 7.53 33.97
13 8 69 30 2.67 23.00 24.07 9.00 21.56
14 9 96 24 3.75 40.00 19.47 6.80 37.49
15 20 146 25 8.00 58.40 28.43 6.80 54.73
16 1 11 20 0.50 5.50 18.88 19.73 5.15
17 6 56 6 10.00 93.33 22.25 9.57 87.47
18 10 116 20 5.00 58.00 17.91 5.91 54.36
19 5 62 18 2.78 34.44 16.75 7.80 32.28
20 7 83 16 4.38 51.88 17.52 6.90 48.62
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Sample number: DS10-20
Mineral:  Apatite
Irradiation code: vuw007-18 Horizontal value: [Ma]
46.1
Ns: 101
Ni: 499 L
Area: 161 & -
i g
RhoS: 6.273 O - 45
Rhol:  30.99
“1- 40
Pooled Age: 42.2 4.7 1 T
Mean Age: 46.2 £3.6 i
Central Age: 422 +4.7 TT T T 1
80 6050 40 30
Rel. eror [%]
Chi-sg.: 9.43
P(%) 9257
Dispersion:  0.01
RhoD: 12.36
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 7 50 6 11.67 83.33 29.25 11.82 77.57
2 8 31 6 13.33  51.67 53.82 21.37 48.09
3 8 29 10 8.00 29.00 57.51 23.00 26.99
4 3 13 9 3.33 14.44 48.15 30.85 13.45
5 7 48 15 4.67 32.00 30.47 12.34 29.79
6 3 27 9 3.33 30.00 23.23 14.14 27.93
7 2 7 10 2.00 7.00 59.56 47.77 6.52
8 6 50 12 5.00 41.67 25.08 10.85 38.79
9 4 31 11 3.64 28.18 26.97 14.34 26.23
10 23 84 15 15.33  56.00 57.09 13.49 52.13
11 4 16 8 5.00 20.00 52.14 29.17 18.62
12 3 9 9 3.33 10.00 69.43 46.31 9.31
13 3 22 9 3.33 24.44 28.49 17.55 22.75
14 3 14 4 7.50 35.00 44.72 28.47 32.58
15 2 8 6 3.33 13.33 52.14 41.24 12.41
16 1 3 4 2.50 7.50 69.43 80.18 6.98
17 4 16 9 4.44 17.78 52.14 29.17 16.55
18 10 41 9 11.11 45.56 50.88 17.97 42.41
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Sample number: DS11-03
Mineral:  Apatite
Irradiation code: vuw007-14

Horizontal value: [Ma]
== 120
Ns: 450 ’
Ni: 1216 21 - 100
Area: 592 i - 90
ot - 80
RhoS:  7.601 0 i ‘
Rhol: 20.54 1 o
Pooled Age:  80.4 4.7 2 + ol
Mean Age: 77.0 £5.3 &
Central Age: 78.0 6.3 mTTT T T T
705040 30 20
Rel. %
Chi-sq.: 29.76 shienarfl
P(%) 3.98

Dispersion: 0.21

RhoD: 12.89
Nd: 19085
U standard CN_5

Zeta+lo 339 +6.5

counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 67 163 20 3350 8150 89.21 13.07 72.70

2 13 36 24 5.42 15.00 78.44 25.43 13.38
3 6 20 30 2.00 6.67 65.23 30.39 5.95
4 11 78 50 2.20 15.60 30.75 9.92 13.92
5 43 117 40 10.75  29.25 79.82 14.33 26.09
6 19 41 35 5.43 11.71 10049  27.96 10.45
7 16 54 30 5.33 18.00 64.43 18.39 16.06
8 8 37 30 2.67 12.33 47.08 18.38 11.00
9 9 30 18 5.00 16.67 65.23 24.83 14.87
10 7 28 16 4.38 17.50 54.40 23.02 15.61
11 58 133 32 18.13  41.56 94.61 15.01 37.07
12 24 56 32 7.50 17.50 92.99 22.77 15.61
13 4 13 36 1.11 3.61 66.89 38.27 3.22
14 18 34 20 9.00 17.00 114.67 33.51 15.16
15 15 32 20 7.50 16.00 101.64 3187 14.27
16 77 145 42 18.33 3452 115.02 16.39 30.80
17 6 20 30 2.00 6.67 65.23 30.39 5.95
18 37 147 72 5.14 20.42 54.77 10.14 18.21

[y
©

12 32 15 8.00 21.33 81.44 27.62 19.03
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Appendix I

Sample number: JR11-04
Mineral:  Apatite
Irradiation code: vuw007-13
Horizontal value: [Ma]
Ns: 314
Ni: 638 o MY
Area: 554 140
RhoS: 5.668 -120
Rhol: 11.52 e
s - 100
Pooled Age: 108.2 +7.8 1 e & , - 90
Mean Age: 109.6 9.1 i
Central Age: 108.1 +£8.0 2
| 53 B I I
Chi-sg.: 17.82 806050 40 30
P(%) 59.96 Rel. eror [%]
Dispersion:  0.06
RhoD: 13.08
Nd: 19085
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 40 58 30 13.33 19.33  151.10 31.21 17.00
2 7 14 36 1.94 3.89 109.90 50.92 3.42
3 5 6 15 3.33 4.00 182.14  110.35 3.52
4 5 16 15 3.33 10.67 68.91 35.33 9.38
5 9 18 24 3.75 7.50 109.90 44.92 6.60
6 4 5 18 2.22 2.78 17495 11742 2.44
7 2 8 20 1.00 4.00 55.18 43.64 3.52
8 14 32 25 5.60 12.80 96.27 30.91 11.26
9 25 27 24 10.42 11.25  202.06 56.24 9.89
10 31 61 28 11.07 21.79  111.69 24,74 19.16
11 12 36 25 4.80 14.40  73.47 24.54 12.66
12 9 12 3.33 7.50 97.78 58.79 6.60
13 1 7 16 0.63 4.38 31.59 33.78 3.85
14 13 35 2.29 3.71 135.00 60.73 3.27
15 30 67 25 12.00 26.80 98.51 21.73 23.57
16 34 62 36 9.44 17.22  120.44 25.82 15.14
17 34 79 42 8.10 18.81  94.71 19.52 16.54
18 16 32 20 8.00 16.00  109.90 33.73 14.07
19 5 11 42 1.19 2.62 99.99 53.97 2.30
20 11 23 12 9.17 19.17  105.16 38.61 16.85
21 17 54 54 3.15 10.00 69.41 19.36 8.79




Fission-track Data

Sample number: JR11-35
Mineral:  Apatite
Irradiation code: vuw007-12
Horizontal value: [Ma]
Ns: 183 24038
Ni: 1966 ok
Area: 616 1] T
ozt
RhoS: 2971 i3 # - 25
Rhol:  31.92 1 i 3 it ”
Pooled Age:  20.9 +1.7 1 R &
Mean Age: 23.8 +2.4 i
Central Age: 20.9 £1.7 2 +
l710I SIU 4IU 3l 2IU
Chi-sg.: 10.33 Rel. error [%]
P(%) 94.43
Dispersion:  0.00
RhoD: 13.26
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 5 21 25 2.00 8.40 53.31 26.55 7.28
2 21 213 24 8.75 88.75 22.13 5.08 76.95
3 2 16 30 0.67 5.33 28.04 21.04 4.62
4 0 10 20 0.00 5.00 0.00 0.00 4.34
5 35 340 30 11.67 11333 23.10 4.13 98.26
6 17 265 25 6.80 106.00 1441 3.62 91.91
7 4 23 36 1.11 6.39 38.98 21.13 5.54
8 23 264 36 6.39 73.33 19.56 4.27 63.58
9 1 11 35 0.29 3.14 20.41 21.32 2.73
10 18 30 0.67 6.00 24.93 18.59 5.20
11 18 192 36 5.00 53.33 21.04 5.21 46.24
12 2 11 25 0.80 4.40 40.75 31.34 3.82
13 3 35 42 0.71 8.33 19.24 11.58 7.23
14 20 239 24 8.33 99.58 18.79 4.39 86.34
15 2 17 42 0.48 4.05 26.40 19.74 3.51
16 9 87 12 7.50 72.50 23.22 8.14 62.86
17 7 73 30 2.33 24.33 21.52 8.53 21.10
18 1 13 20 0.50 6.50 17.27 17.93 5.64
19 3 30 70 0.43 4.29 22.44 13.60 3.72
20 8 88 24 3.33 36.67 20.41 7.55 31.79
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Appendix I

Sample number: JR11-39
Mineral:  Apatite
Irradiation code: vuw007-2 .
Horizontal value: [Ma]
Ns: 174 5|33 ¥
Ni: 1050
Area: 245 1 Foaa™ ¥ fa
RhoS:  7.102 04 -_".fi_;:_"ff%"“
Rhol: 42.86 g i - 35
1 L
Pooled Age: 42.3+3.6 +
Mean Age: 37.9 4.7 2 +
Central Age: 40.4 4.6 SR— [
705040 30 20
Chi-sq.:  19.01 Rek:enpr[]
P(%) 12.29
Dispersion:  0.23
RhoD: 15.12
Nd: 19085
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 55 270 20 2750 135.00 52.00 7.77 102.68
2 7 42 9 7.78 46.67 42.57 17.40 35.50
3 12 55 18 6.67 30.56 55.68 17.78 23.24
4 4 18 8 5.00 22.50 56.70 31.37 17.11
5 1 20 16 0.63 12.50 12.80 13.12 9.51
6 8 50 20 4.00 25.00 40.88 15.59 19.02
7 31 173 21 14.76 82.38 45.76 8.97 62.66
8 3 64 30 1.00 21.33 12.00 7.09 16.23
9 1 16 9 1.11 17.78 16.00 16.49 13.52
10 20 76 12 16.67 63.33 67.09 16.92 48.17
11 12 68 15 8.00 45.33 45.07 14.14 34.48
12 2 15 12 1.67 12.50 34.08 25.67 9.51
13 6 61 20 3.00 30.50 25.16 10.78 23.20
14 12 122 35 3.43 34.86 25.16 7.63 26.51
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Sample number: JR11-40a
Mineral:  Apatite

) . M
Irradiation code: vuwO007-9 ks [M]
78.2 +
. 14
Ns: 178 B g al
Ni: 574 -
Area: 352 S +
0.\‘:':;7:.{.‘77“-*-1. : % i -804
RhoS:  5.057 A
. +- P R
Rhol: 16.31 o 20
+
1 +
Pooled Age: 72.2 6.4 +
Mean Age: 78.3 %55 — :
Central Age: 72.2+6.4 70 50 40 30
Rel. ermor [%]

Chi-sg.: 6.2
P(%) 99.17
Dispersion:  0.00

RhoD: 13.82
Nd: 19085
U standard CN_5

Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 4 12 15 2.67 8.00 77.62 44.84 6.66
2 5 11 12 4.17 9.17 105.62  57.01 7.63
3 15 42 6 25.00 70.00 83.13 25.06 58.25
4 1 3 15 0.67 2.00 77.62 89.64 1.66
5 11 6 11.67 18.33 14738  71.32 15.26
6 13 38 10 13.00 38.00 79.65 25.64 31.62
7 17 57 9 18.89  63.33 69.49 19.26 52.70
8 12 42 30 4.00 14.00 66.59 21.84 11.65
9 34 104 30 11.33  34.67 76.14 15.12 28.85
10 5 20 6 8.33 33.33 58.30 29.18 27.74
11 5 15 4 1250 37.50 77.62 40.11 31.20
12 10 39 9 11.11 4333 59.79 21.23 36.06
13 10 41 20 5.00 20.50 56.89 20.10 17.06
14 5 16 20 2.50 8.00 72.80 37.33 6.66
15 6 24 16 3.75 15.00 58.30 26.64 12.48
16 14 32 2.19 4.38 116.08  53.79 3.64
17 16 64 100 1.60 6.40 58.30 16.34 5.33

[N
(0]
[op]

21 12 5.00 17.50 66.59 30.85 14.56
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Appendix I

Sample number: JR11-40b
Mineral:  Apatite
Irradiation code:  vuw007-10 it v (Ma]
Ns: 232 e
Ni: 1973 g
Area: 1006 ! 1 &
e il S
RhoS: 2.306 04 a4
Rhol:  19.61 .
Pt
Pooled Age: 27.1+2.0 1 + 4+
Mean Age: 31.3 £2.4 tt
Central Age:  27.2 +2.0 2 e ——
70 5040 30
Chi-sq.: 189 Rel. eror [%]
P(%) 39.82
Dispersion:  0.06
RhoD: 13.64
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 19 222 100 1.90 22.20 19.75 4,74 18.72
2 17 185 50 3.40 37.00 21.20 5.39 31.21
3 14 160 25 5.60 64.00 20.19 5.64 53.98
4 10 112 35 2.86 32.00 20.60 6.81 26.99
5 5 39 80 0.63 4.88 29.56 14.06 4.11
6 8 75 64 1.25 11.72  24.61 9.17 9.88
7 13 70 49 2.65 14.29 42.78 12.95 12.05
8 6 32 20 3.00 16.00 43.19 19.23 13.50
9 4 56 18 2.22 31.11 16.49 8.54 26.24
10 32 237 60 5.33 39.50 31.13 5.90 33.32
11 5 26 56 0.89 4.64 44.29 21.65 3.92
12 9 55 49 1.84 1122 3771 13.58 9.47
13 7 32 48 1.46 6.67 50.36 21.04 5.62
14 17 121 64 2.66 18.91 32.39 8.42 15.95
15 15 78 100 1.50 7.80 44.29 12.52 6.58
16 11 98 36 3.06 27.22 25.89 8.25 22.96
17 5 28 60 0.83 4.67 41.14 19.99 3.94
18 37 12 3.33 30.83 24.94 13.14 26.01
19 31 310 80 3.88 38.75 23.07 4.37 32.68




Sample number:
Mineral:
Irradiation code:

Ns:
Ni:
Area:

RhoS:
Rhol:

Pooled Age:
Mean Age:
Central Age:

Chi-sq.:
P(%)
Dispersion:

RhoD:

Nd:

U standard
Zetaxlo

counted by

Crystal

Fission-track Data

JR11-40c
Apatite
vuw007-11 Horizontal value:

34.4

633
1687
1233

5.134
13.68 ey S

85.0 +4.3 kL
94.5 +9.0 i

859 £7.5 ”BIDl 4IU BID 2l0

Rel. ermor [%]

55.41
0
0.29

13.45
19085
CN_5
339 +6.5
RJ

Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1

© 00 N o OB~ WwN

I R o e e e T o e =
O ©W O N U~ WNRE O

16 33 60 2.67 5.50 109.60  33.46 4.70
72 142 100 7.20 1420 11457 16.74 12.14
43 134 36 1194  37.22 72.74 12.84 31.83
90 190 36 25.00 52.78 107.09 13.88 45.13
30 67 100 3.00 6.70 101.28  22.35 5.73
8 18 100 0.80 1.80 100.54 4277 1.54
61 185 49 1245  37.76 74.74 11.14 32.28
8 55 70 1.14 7.86 33.08 12.53 6.72
27 80 100 2.70 8.00 76.49 17.10 6.84
14 15 30 4.67 5.00 209.34 7791 4.28
25 150 100 2.50 15.00 37.88 8.22 12.83
13 23 9 14.44 2556 12759 4435 21.85
7 39 60 1.17 6.50 40.79 16.76 5.56
19 77 64 2.97 12.03 56.01 14.39 10.29
9 19 48 1.88 3.96 107.09  43.39 3.39
82 180 100 8.20 18.00 103.03 13.89 15.39
36 66 80 4.50 8.25 123.17  25.64 7.05
17 43 18 9.44 23.89 89.51 25.71 20.43
47 156 64 7.34 24.38 68.32 11.45 20.84
9 15 9 10.00 16.67 13536  57.14 14.25
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Appendix I

Sample number: JR11-42
Mineral:  Apatite
Irradiation code: vuw007-3 .
Horizontal value:
Ns: 117 1 191
Ni: 227 JawE Vi
Area: 310 - ++ .-
aprst ¥
t+
RhoS: 3.774 04 s ++
Rhol:  7.323 g
Pooled Age: 129.2 +14.9 *
Mean Age: 131174 1] +
Central Age: 129.2 +14.9 N
7060 50 40
Chi-sq.. 4.22 Rel. ermor [%]
P(%) 99.69
Dispersion:  0.00
RhoD: 14.93
Nd: 19085
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 6 25 1.20 2.40 125.35 88.67 1.85
2 11 21 9 12.22 23.33 131.25 48.93 17.97
3 6 12 9 6.67 13.33 125.35 62.73 10.27
4 2 6 12 1.67 5.00 83.83 68.47 3.85
5 11 22 24 4.58 9.17 125.35 46.36 7.06
6 4 9 8 5.00 11.25 111.54 67.07 8.66
7 8 24 24 3.33 10.00 83.83 34.27 7.70
8 10 16 54 1.85 2.96 156.31 63.09 2.28
9 7 14 16 4.38 8.75 125.35 58.08 6.74
10 6 10 15 4.00 6.67 150.13 77.59 5.13
11 8 11 42 1.91 2.62 181.53 84.43 2.02
12 7 12 12 5.83 10.00 146.00 69.50 7.70
13 9 13 8 11.25 16.25 172.91 75.06 12.51
14 3 6 16 1.88 3.75 125.35 88.67 2.89
15 9 25 18 5.00 13.89 90.49 35.23 10.70
16 13 20 18 7.22 11.11 162.48 57.98 8.56




Fission-track Data

Sample number: JR11-44
Mineral:  Apatite
Irradiation code:  vuw007-4 I U P T Ma]
86.7
Ns: 156 1) e
Ni: 475 IS 24100
Area: 432
gt
RhoS: 3.611 01452
Rhol: 11 +~+. + J
Pooled Age: 81.6 +7.7 #l R
Mean Age: 86.7 £5.5 i
Central Age: 81.6 7.7 T T T
70 50 40 30
i Rel. ermor [%]
Chi-sg.: 5.66
P(%) 99.86
Dispersion:  0.00
RhoD: 14.75
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 10 20 1.50 5.00 74.57 49.11 3.90
2 2 8 20 1.00 4.00 62.20 49.19 3.12
3 4 12 28 1.43 4.29 82.80 47.83 3.34
4 37 116 35 10.57 33.14 79.25 15.05 25.84
5 4 11 9 4.44 12.22 90.27 52.74 9.53
6 11 30 25 4.40 12.00 91.02 32.14 9.36
7 5 12 20 2.50 6.00 103.33 55.04 4.68
8 9 30 28 3.21 10.71 74.57 28.38 8.35
9 6 15 12 5.00 12.50 99.23 47.98 9.75
10 21 82 24 8.75 34.17 63.71 15.64 26.64
11 5 16 8 6.25 20.00 77.66 39.82 15.60
12 8 16 15 5.33 10.67  123.80 53.67 8.32
13 3 5 15 2.00 3.33 148.28  108.33 2.60
14 13 48 30 4.33 16.00 67.35 21.10 12.48
15 7 17 28 2.50 6.07 102.13 45.91 4.73
16 1 4 35 0.29 1.14 62.20 69.55 0.89
17 1 5 25 0.40 2.00 49.81 54.57 1.56
18 3 10 14 2.14 7.14 74.57 49.11 5.57
19 2 6 9 2.22 6.67 82.80 67.63 5.20
20 11 22 32 3.44 6.88 123.80 45.79 5.36
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Appendix I

Sample number: JR11-45
Mineral:  Apatite
Irradiation code:  vuw007-6 Hoitrootd vakoe: [Ma]
11987
Ns: 161 -120
Ni: 394 +
Area: 606 +_ E
+ 7+
RhoS: 2.657 IR e e ~1
Rhol:  6.502 T
il cies) 90
Pooled Age: 98.8 £9.5 ol
Mean Age: 98.7 £5.3 1 +
Central Age: 98.8 9.5 T T
806050 40 30
. Rel. eror [%]
Chi-sg.: 5.16
P(%) 99.93
Dispersion:  0.00
RhoD: 14.38
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 10 21 18 5.56 11.67  115.02 44.25 9.33
2 15 9 7.78 16.67 112.74  51.66 13.33
3 2 7 70 0.29 1.00 69.26 55.55 0.80
4 26 57 48 5.42 11.88  110.22 26.18 9.50
5 7 20 25 2.80 8.00 84.74 37.25 6.40
6 10 18 12 8.33 15.00 133.99 52.92 12.00
7 4 12 32 1.25 3.75 80.73 46.64 3.00
8 4 7 36 1.11 1.94 137.78 86.40 1.56
9 17 37 42 4.05 8.81 111.01 32.61 7.05
10 7 14 35 2.00 4.00 120.72 55.94 3.20
11 2 6 9 2.22 6.67 80.73 65.93 5.33
12 4 11 24 1.67 4,58 88.02 51.42 3.67
13 9 20 70 1.29 2.86 108.75 43.71 2.29
14 9 17 35 2.57 486  127.75  52.73 3.89
15 3 6 20 1.50 3.00 120.72 85.40 2.40
16 3 10 12 2.50 8.33 72.70 47.88 6.67
17 9 31 20 4.50 15.50 70.37 26.68 12.40
18 7 24 20 3.50 12.00 70.69 30.40 9.60
19 16 43 20 8.00 21.50 90.05 26.43 17.20
20 5 18 49 1.02 3.67 67.34 34.07 2.94




Fission-track Data

Sample number: JR11-46
Mineral:  Apatite
Irradiation code:  vuwO007-7 Hortrioial valos: Ma]
Ns: 63 1% \ 120
Ni: 166
+ Eal
Area: 174 o
o -100
RhoS: 3.621 I Cf s
Rhol: 9.54 e o
+
Pooled Age:  90.7 +13.5 i
Mean Age: 94.0 £11.5 11 2
Central Age: 90.7 £13.5 T T T
80 6050 4 30
i Rel. eror [%]
Chi-sq.: 4.82
P(%) 85
Dispersion:  0.00
RhoD: 14.19
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 12 15 1.33 8.00 39.97 30.54 6.48
2 4 13 16 2.50 8.13 73.60 42.11 6.58
3 1 3 20 0.50 1.50 79.69 92.04 1.22
4 3 5 20 1.50 2.50 142.74  104.29 2.03
5 7 14 20 3.50 7.00 119.17 55.22 5.67
6 3 6 18 1.67 3.33 119.17 84.30 2.70
7 14 29 20 7.00 1450 115.10 37.53 11.75
8 2 12 16 1.25 7.50 39.97 30.54 6.08
9 7 13 9 7.78 1444  128.25 60.18 11.71
10 20 59 20 10.00 29.50 81.03 21.03 23.91
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Appendix I

Sample number: r785
Mineral: ~ Apatite Horizontal value:
Irradiation code:  vuw007-29 074 %
14 +
Ns: 294 g
Ni: 607 ek
Area: 285 P _
RhoS: 10.32 ! -3 L&
Rhol: 21.3
+ T4
Pooled Age: 90.3 +6.7 1 ;
Mean Age: 87.4 %49 8 L T T
Central Age: 90.3 6.7 70 SF? ;.Uenjro[z] 20
Chi-sg.: 9.01
P(%) 97.33
Dispersion:  0.00
RhoD: 11.07
Nd: 19085
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 5 13 15 3.33 8.67 7177 37.80 9.00
2 13 18 12 10.83 15.00 134.12 48.89 15.58
3 15 34 10 15.00 34.00 82.26 25.55 35.32
4 18 34 12 15.00 28.33 98.58 28.81 29.43
5 17 31 16 10.63 19.38  102.09 30.88 20.13
6 15 25 15 10.00 16.67  111.62 36.53 17.31
7 11 24 20 5.50 12.00 85.44 31.16 12.47
8 9 14 6 15.00 23.33 11951 51.12 24.24
9 60 111 21 28.57 52.86  100.64 16.26 5491
10 11 30 16 6.88 18.75 68.44 24.16 19.48
11 6 15 16 3.75 9.38 74.62 36.08 9.74
12 6 16 12 5.00 13.33 69.99 33.53 13.85
13 14 24 6 23.33 40.00 108.54 36.57 41.55
14 2 5 12 1.67 4.17 74.62 62.45 4.33
15 5 16 30 1.67 5.33 58.37 29.93 5.54
16 7 25 24 2.92 10.42 52.33 22.40 10.82
17 31 52 12 25.83 43.33 110.91 25.27 45.02
18 15 40 8 18.75  50.00 69.99 21.24 51.94
19 7 18 6 11.67 30.00 72.56 32.36 31.17
20 27 62 16 16.88  38.75 81.20 18.80 40.26
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Sample number: DS10-15
Mineral:  Apatite
Irradiation code: vuw011-19

Horizontal value: [Ma]
64.0
Ns: 446 + L
Ni: 1310 i +
T zeiik
Area: 634 F hs
RhoS: 7.035 0PN A
Rhol: 20.66 +*4’+ i “‘+'*
+
1
Pooled Age: 63.1£3.7
Mean Age: 64.0 £3.1 i)
Central Age: 63.1 +3.8 ; T T T T T
60 40 30 20 15
Rel. eror [%]

Chi-sq.: 12.94
P(%) 84.15
Dispersion:  0.02

RhoD: 10.99
Nd: 8043
U standard CN_5

Zeta+lo 339 +6.5

counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 39 155 55 7.09 28.18 46.70 8.43 29.49

2 35 84 15 23.33  56.00 77.15 15.62 58.61
3 8 25 20 4.00 12.50 59.33 24.14 13.08
4 4 12 20 2.00 6.00 61.79 35.70 6.28
5 13 27 24 5.42 11.25 89.07 30.13 11.77
6 12 41 30 4.00 13.67 54.29 17.86 14.30
7 16 42 0.95 3.81 46.40 25.96 3.99
8 7 24 24 2.92 10.00 54.10 23.27 10.47
9 25 53 25 10.00 21.20 87.27 21.26 22.19
10 10 33 35 2.86 9.43 56.20 20.32 9.87
11 6 24 36 1.67 6.67 46.40 21.20 6.98
12 41 110 42 9.76 26.19 69.06 12.73 27.41
13 44 110 30 14.67  36.67 74.08 13.32 38.37
14 82 266 42 1952  63.33 57.17 7.33 66.28
15 18 61 40 4.50 15.25 54.73 14.73 15.96
16 14 41 28 5.00 14.64 63.29 19.64 15.32
17 11 35 25 4.40 14.00 58.28 20.19 14.65
18 34 109 49 6.94 22.25 57.84 11.43 23.28
19 10 24 28 3.57 8.57 77.15 29.09 8.97

N
o

29 60 24 12.08  25.00 89.41 20.32 26.16
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Sample number: DS11-05
Mineral:  Apatite
Irradiation code: vuw011-17

Horizontal value: [Ma]
Ns: 293 &3
Ni: 611 1
Area: 392 ¥Et o4 =100
e A
RhoS: 7.474 0 s DO a0
Rhol: 15.59 e T
Pooled Age: 91.0 +6.8 1 + }- 80
Mean Age: 895 +4.9 ++
Central Age: 91.0 £6.8 G L
705040 30 20
Chi-sq.: 9.44 - Rel. eror [%]

P(%) 94.85
Dispersion:  0.00

RhoD: 11.27
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 6 15 9 6.67 16.67 75.99 36.75 17.00

2 15 25 6 25.00 4167 11366 37.21 42.50
3 10 17 32 3.13 531 111.45  44.48 5.42
4 16 32 16 10.00  20.00 94.85 29.12 20.40
5 62 108 30 20.67  36.00 108.79 17.50 36.72
6 7 21 20 3.50 10.50 63.39 27.70 10.71
7 9 20 2.00 4.50 84.38 50.74 4.59
8 25 73 40 6.25 18.25 65.12 15.16 18.62
9 5 12 8 6.25 15.00 79.14 42.16 15.30
10 6 14 8 7.50 17.50 81.39 39.75 17.85
11 23 50 12 19.17  41.67 87.31 22.08 42.50
12 25 45 30 8.33 1500 10530  26.37 15.30
13 7 11 14 5.00 7.86 120.48  58.31 8.02
14 10 16 40 2.50 4.00 11835  47.78 4.08
15 8 15 24 3.33 6.25 101.13  44.33 6.38
16 22 46 16 13.75  28.75 90.76 23.61 29.33
17 5 18 12 417 15.00 52.87 26.75 15.30
18 6 23 30 2.00 7.67 49.66 22.79 7.82

31 61 25 1240  24.40 96.39 21.37 24.89

[y
©




Fission-track Data

Sample number: JR11-05
Mineral:  Apatite
Irradiation code: vuw011-2 Horizontal value: [Mal
11729
Ns: 260 &
Ni: 957 o
Area: 311 +
+ 5=
RhoS: 8.36 ol gt
. 8. Ayt
Rhol:  30.77 chitk T b
Pooled Age: 69.6 +5.1 *
Mean Age: 729 %3.1 1 ¥
Central Age: 69.6 5.1 T T T
B0 40 30 15
Rel. eror [%]
Chi-sg.: 3.72
P(%) 99.99
Dispersion:  0.00
RhoD: 15.2
Nd: 8043
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 9 16 1.25 5.63 57.01 44,59 4.26
2 7 21 6 11.67 35.00 85.33 37.29 26.48
3 11 42 9 12.22 46.67 67.14 22.79 35.30
4 20 91 20 10.00  45.50 56.39 13.98 34.42
5 12 41 9 13.33 45.56 74.99 24.67 34.46
6 5 17 6 8.33 28.33 75.35 38.37 21.43
7 5 21 9 5.56 23.33 61.07 30.42 17.65
8 4 15 16 2.50 9.38 68.36 38.50 7.09
9 11 40 12 9.17 33.33 70.48 24.05 25.21
10 21 75 16 13.13  46.88 7176 17.79 35.46
11 3 9 20 1.50 4.50 85.33 56.92 3.40
12 5 19 20 2.50 9.50 67.46 33.94 7.19
13 15 55 12 12.50 45.83 69.90 20.42 34.67
14 8 28 9 8.89 31.11 73.21 29.40 23.53
15 16 62 12 13.33 51.67 66.16 18.61 39.08
16 10 25 32 3.13 7.81 102.27 38.33 5.91
17 87 329 30 29.00 109.67 67.79 8.31 82.96
18 11 32 30 3.67 10.67 87.98 30.81 8.07
19 4 10 12 3.33 8.33 102.27 60.54 6.30
20 3 16 15 2.00 10.67 48.14 30.31 8.07
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Sample number: JR11-06
Mineral:  Apatite
Irradiation code: vuw011-3 Horizontal value: [Ma]
78.4
Ns: 724 2
Ni: 2508 £ & - 90
Area: 469 L 5, 1877 e
Agp -
04 ,,.,ii;:'l-,,“"“ ~~~~~ - 80
Rhol: 53.48 : A Rk 3
- 70
Pooled Age: 72.8 £3.5 2
Mean Age: 78.5%3.9 + ot
Central Age: 73.7 4.1 T04030 20 15
Rel. ermor [%]
Chi-sq.: 21.33
P(%) 31.87
Dispersion:  0.09
RhoD: 14.96
Nd: 8043
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 75 271 32 23.44 84.69 69.81 9.24 65.09
2 9 24 12 7.50 20.00 94.41 36.96 15.37
3 93 269 30 31.00 89.67 87.09 10.65 68.92
4 15 95 15 10.00 63.33 39.92 11.13 48.68
5 46 164 21 21.91 78.10 70.75 11.91 60.03
6 10 44 50 2.00 8.80 57.38 20.14 6.76
7 113 453 36 3139 125.83 62.96 6.78 6.72
8 21 69 24 8.75 28.75 76.73 19.20 22.10
9 48 136 35 13.71 38.86 88.90 15.05 29.87
10 20 71 9 22.22 78.89 71.05 18.05 60.64
11 78 335 20 39.00 167,50 58.78 7.50 128.74
12 18 41 35 5.14 11.71 110.39 31.31 9.00
13 37 93 12 30.83 7750 100.12 19.59 59.57
14 7 24 30 2.33 8.00 73.55 31.64 6.15
15 6 18 12 5.00 15.00 83.99 39.64 11.53
16 5 12 12 4.17 10.00 104.82 55.84 7.69
17 2 8 15 1.33 5.33 63.09 49.90 4.10
18 95 308 28 33.93 110.00 77.76 9.29 84.55
19 17 46 16 10.63 28.75 93.05 26.49 22.10
20 9 27 25 3.60 10.80 83.99 32.38 8.30




Fission-track Data

Sample number: JR11-07
Mineral:  Apatite
Irradiation code:  vuw011-4 Horizonital vakie: [Ma]
98.8 +
Ns: 263 5
Ni: 734
Area: 245
RhoS: 10.74 - 100
Rhol:  29.96
Pooled Age: 88.8 6.7 2
Mean Age: 98.9 7.7
Central Age: 89.2+7.0 LBy o T
70 50 40 30
Rel. eror [%]
Chi-sq.:  17.69
P(%) 54.3
Dispersion:  0.08
RhoD: 14.72
Nd: 8043
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 14 39 6 23.33 65.00 88.96 27.79 50.78
2 8 21 6 13.33  35.00 94.37 39.26 27.34
3 8 13 12 6.67 10.83  151.76 68.28 8.46
4 5 12 12 4.17 10.00 103.14 54.95 7.81
5 24 69 9 26.67 76.67 86.21 20.52 59.89
6 13 36 16 8.13 22.50 89.48 29.02 17.58
7 17 58 20 8.50 29.00 72.73 20.12 22.66
8 37 97 15 24.67 64.67 94.49 18.38 50.52
9 12 33 9 13.33 36.67 90.11 30.44 28.64
10 22 26 12 18.33 21.67  207.76 60.36 16.93
11 8 24 4 20.00 60.00 82.64 33.79 46.87
12 12 30 14 8.57 21.43 99.05 33.90 16.74
13 10 39 16 6.25 24.38 63.67 22.61 19.04
14 24 71 8 30.00 88.75 83.80 19.87 69.33
15 6 12 9 6.67 13.33  123.57 61.85 10.42
16 5 17 9 5.56 18.89 72.98 37.16 14.76
17 24 102 12 20.00 85.00 58.45 13.32 66.40
18 3 7 20 1.50 3.50 106.06 73.23 2.73
19 5 17 21 2.38 8.10 72.98 37.16 6.32
20 6 11 15 4.00 7.33 134.69 68.42 5.73
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Appendix I

Sample number: JR11-08
Mineral:  Apatite Horizontal value: [Ma]
Irradiation code:  vuw006-5 910
Ns: 595 2
Ni: 1792 :
Area: 479 Ly - e
0 et 't-‘j_'f_++ AAAAAAAAAAAAAAAA
“I
RhoS: 12.42 1 R "
Rhol: 37.41 st
-2
Pooled Age: 81.0+4.3
Mean Age: 91.0 +4.4 .;3.0.4.0 3.0 2.0 1.5
Central Age: 82.8+4.9 el eror %]
Chi-sq.: 14.06
P(%) 78.03
Dispersion:  0.07
RhoD: 14.48
Nd: 4415
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 23 80 12 19.17 66.67 70.18 16.69 52.95
2 27 86 24 11.25 35.83 76.60 17.00 28.46
3 7 30 12 5.83 25.00 57.02 23.97 19.86
4 160 576 64 25.00 90.00 67.82 6.28 71.48
5 95 279 39 24.36 71.54 83.04 10.07 56.82
6 28 74 10 28.00 74.00 92.21 20.58 58.77
7 10 25 20 5.00 12.50 97.44 36.53 9.93
8 12 35 9 13.33  38.89 83.61 28.04 30.89
9 7 21 15 4.67 14.00 81.30 35.54 11.12
10 34 89 18 18.89 4944 93.09 18.90 39.27
11 4 10 16 2.50 6.25 97.44 57.69 4.96
12 30 108 24 12.50 45.00 67.82 14.09 35.74
13 41 99 45 9.11 22.00 100.85 18.89 17.47
14 12 30 25 4.80 12.00 97.44 33.37 9.53
15 49 119 25 19.60 47.60  100.28 17.20 37.81
16 21 51 30 7.00 17.00 100.28 26.12 13.50
17 6 12 24 2.50 5.00 121.57 60.86 3.97
18 17 36 30 5.67 12.00 114.87 33.92 9.53
19 4 7 16 2.50 4.38 138.75 87.03 3.48
20 8 25 21 3.81 11.91 78.07 31.77 9.46




Fission-track Data 209

Sample number: JR11-12
Mineral:  Apatite

.. Horizontal value: [Ma]
Irradiation code: vuw011-7
92.0
\ 160
Ns: 181 2 P A 140
Ni: 574 ; -120
Area: 621 k+++ Jo1o |
Ot - 90
RhoS: 2.915 - a0
. 1 ek
Rhol: 9.243 & - 4 70
2 /- 60
Pooled Age: 74.4 +6.6
Mean Age: 92.1 5.6 ——r——
Central Age: 77.0 7.4 80 6050 40 30
Rel. ermor [%]

Chi-sgq.:  15.06
P(%) 71.89
Dispersion:  0.13

RhoD: 14.00
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 2 4 12 1.67 3.33 11756 101.84 2.74
2 4 23 15 2.67 15.33 41.13 22.30 12.60
3 10 24 42 2.38 571 98.11 36.99 4.70
4 9 23 15 6.00 15.33 92.18 36.30 12.60
5 27 130 30 9.00 43.33 49.09 10.44 35.60
6 3 8 20 1.50 4.00 88.37 59.86 3.29
7 3 8 32 0.94 2.50 88.37 59.86 2.05
8 8 15 16 5.00 9.38 12532 54.93 7.70
9 14 31 30 4.67 10.33  106.27  34.30 8.49
10 2 4 20 1.00 2.00 11756  101.84 1.64
11 7 17 25 2.80 6.80 96.97 43.60 5.59
12 6 14 48 1.25 2.92 100.89  49.28 2.40
13 9 20 60 1.50 3.33 105.90  42.57 2.74
14 17 41 69 2.46 5.94 97.64 28.25 4.88
15 23 90 24 9.58 37.50 60.35 14.16 30.81
16 5 12 16 3.13 7.50 98.11 52.27 6.16
17 8 30 24 3.33 12.50 62.96 25.09 10.27
18 5 10 20 2.50 5.00 11756  64.44 4.11
19 16 64 63 2.54 10.16 59.05 16.56 8.35

40 0.75 1.50 11756  83.17 1.23

N
o
w
(o]
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Sample number: JR11-13
Mineral:  Apatite
Irradiation code: vuw011-18 Horizontal value: [Ma]
24202
Ns: 110
Ni: 1091 1
Area: 334 2
-22
RhoS:  3.293 e -2
Rhol: 32.67 i
! =18
Pooled Age: 19.0+1.9
Mean Age: 20.2+2.1 2
Central Age: 19.0 +1.9 2050 50 40
Rel. eror [%]
Chi-sq.: 14.55
P(%) 75.1
Dispersion:  0.00
RhoD: 11.13
Nd: 8043
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 28 20 2.00 14.00 26.90 14.39 14.46
2 3 54 20 1.50 27.00 10.47 6.22 27.89
3 4 22 20 2.00 11.00 34.22 18.61 11.36
4 1 23 20 0.50 11.50 8.20 8.38 11.88
5 7 41 8 8.75 51.25 32.13 13.16 52.95
6 1 25 20 0.50 12.50 7.54 7.69 12.91
7 4 42 16 2.50 26.25 17.95 9.40 27.12
8 2 39 12 1.67 32.50 9.67 7.01 33.58
9 14 152 20 7.00 76.00 17.36 4.86 78.52
10 5 57 15 3.33 38.00 16.53 7.72 39.26
11 5 34 18 2.78 18.89 27.69 13.28 19.52
12 3 18 6 5.00 30.00 31.37 19.58 30.99
13 4 48 15 2.67 32.00 15.70 8.18 33.06
14 8 72 20 4.00 36.00 20.93 7.81 37.19
15 9 40 8 11.25 50.00 42.32 15.64 51.66
16 12 143 25 4.80 57.20 1581 4.77 59.10
17 8 76 16 5.00 47.50 19.83 7.38 49.07
18 6 73 12 5.00 60.83 15.49 6.59 62.85
19 7 63 28 2.50 22.50 20.93 8.35 23.25
20 3 41 15 2.00 27.33 13.79 8.25 28.24




Fission-track Data

Sample number: JR11-14
. _Mmeral: Apatite Horizontal value: [Ma]
Irradiation code: vuw011-8
11230
Ns: 46 %
Ni: 459 &5 =
Area: 178 G
18 C e M
RhoS: 2.584 do NGRS -2
Rhol:  25.79 o - 20
Pooled Age: 23.3+3.6 4
Mean Age:  23.0 £2.0 o S
Central Age: 23.3+3.6 7060 50 40
Rel. eror [%]
Chi-sq.: 2.7
P(%) 98.75
Dispersion:  0.00
RhoD: 13.76
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 6 45 20 3.00 22.50 31.02 13.50 18.81
2 2 15 12 1.67 12.50 31.02 23.36 10.45
3 11 99 12 9.17 82.50 25.86 8.24 68.97
4 5 40 12 4.17 33.33 29.08 13.81 27.87
5 7 74 6 11.67 12333 22.02 8.72 103.11
6 1 10 20 0.50 5.00 23.28 24.42 4.18
7 5 48 16 3.13 30.00 24.24 11.41 25.08
8 3 36 30 1.00 12.00 19.40 11.67 10.03
9 3 29 16 1.88 18.13 24.08 14.61 15.15
10 1 18 10 1.00 18.00 12.94 13.30 15.05
11 2 45 24 0.83 18.75 10.36 7.49 15.68
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Sample number: JR11-40b
. _Mmeral: Apatite Horizontal value: [Ma]
Irradiation code: vuw011-9
1003 380
Ns: 308 el
Ni: 1513 i -
Area: 701 | it - 140
legigidt Dl o 1 100
RhoS: 4.394 o] BT
Rhol: 21.58 4t
Pooled Age: 46.5+3.1 ~:35
Mean Age: 101.1 +19.0 S ;
Central Age: 68.9 +11.0 70 5040 30
Rel. error [%]
Chi-sq.: 1945
P(%) O
Dispersion: 0.73
RhoD: 13.52
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 49 16 1.88 30.63 14.01 8.34 26.06
2 1 16 1.25 0.63 442,63  542.20 0.53
3 1 2 35 0.29 0.57 113.54  139.08 0.49
4 9 9 3.33 10.00 75.92 50.64 8.51
5 34 114 36 9.44 31.67 67.97 13.37 26.95
6 9 6 16 5.63 3.75 334.79  176.61 3.19
7 17 124 16 10.63 77.50 31.33 8.13 65.95
8 9 8 20 4.50 4.00 252.71 12292 3.40
9 2 15 15 1.33 10.00 30.47 22.95 8.51
10 2 16 30 0.67 5.33 28.76 21.44 4,54
11 33 280 28 11.79 100.00 26.94 4.99 85.09
12 41 42 35 1171  12.00 219.85 4851 10.21
13 9 16 3.13 5.63 126.03 70.35 4.79
14 7 6 28 2.50 2.14 261.88 145.81 1.82
15 27 253 25 10.80 101.20 24.40 4.97 86.11
16 4 25 15 267  16.67  36.55 19.70 14.18
17 6 12 16 3.75 7.50 113.54 56.83 6.38
18 1 8 16 0.63 5.00 28.57 30.31 4.26
19 1 14 15 0.67 9.33 16.34 16.92 7.94
20 6 24 30 2.00 8.00 57.02 26.06 6.81



21
22
23
24
25
26
27
28
29
30

30
157
49
126
39
19
20

24
35
24
50

20
14
20
60
12

Fission-track Data

1.25
4.57
3.33
3.80
23.33
4.00
2.86
2.50
1.33
2.50

2.50
12.86
12.50
31.40
54.44
63.00
27.86

9.50

3.33

4.17

113.54
80.94
60.80
27.67
97.44
14.53
23.45
60.01
90.99

136.01

80.32
23.63
24.23
6.75
2551
5.31
12.32
30.19
3.17
99.37

2.13
10.94
10.64
26.72
46.33
53.61
23.70

8.08

2.84

3.55
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Sample number:  JR11-40c
Mineral:  Apatite
Irradiation code: vuw011-10 Horizontal value: [Ma]
108.8 + 160
Ns: 1328 5 )
Ni: 2837 S T G
Area: 1598 11 22 Wbyt
T e 300 1- 120
RhoS: 8.31 i T
Rhol: 17.75 5 | ++';+~ Bl 1
L TR
Pooled Age: 104.5 +4.2 2 + =
Mean Age: 108.9 4.1 + *
Central Age: 104.7 +4.7 205040 30 20
Rel. eror [%]
Chi-sq.:  68.93
P(%) 20.1
Dispersion: 0.14
RhoD: 13.27
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 56 139 50 11.20 27.80 90.02 14.39 24.09
2 67 134 24 27.92 55.83 111,53 16.87 48.37
3 10 18 20 5.00 9.00 123.81 48.91 7.80
4 20 29 10 20.00 29.00 153.34 44.70 25.13
5 19 48 6 31.67 80.00 88.45 24.06 69.31
6 10 14 20 5.00 7.00 158.75 65.82 6.07
7 25 60 15 16.67 40.00 93.08 22.25 34.66
8 68 113 35 19.43 32.29 134.00 20.78 27.97
9 51 63 40 12.75 1575  179.62 34.07 13.65
10 11 21 15 7.33 14.00 116.80 43.55 12.13
11 21 56 30 7.00 18.67 83.83 21.53 16.17
12 22 28 20 11.00 14.00 174.41 49.84 12.13
13 10 17 9 11.11 18.89  131.02 52.29 16.37
14 32 56 60 5.33 9.33 127.31 28.35 8.09
15 21 47 30 7.00 15.67 99.76 26.28 13.57
16 30 58 70 4.29 8.29 115.34 26.07 7.18
17 8 19 40 2.00 4.75 94.05 39.69 4.12
18 16 49 50 3.20 9.80 73.06 21.10 8.49
19 31 68 18 17.22 37.78  101.77 22.17 32.73
20 25 37 20 12.50 18,50  150.27 39.05 16.03



21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

41
13
53
15
12
13

48

48

16

13

27

50
11

48
32
43

18

10
19
16

21
10
24
52

23
15

87
25
88
23
45
43
18
13
120

121
60
136
24
31
31
15
27
26
36

12
59
17
89
101
27
69
42

100
8
24
30
20
15
24
12
90
70
70
21
4
15
25
2

16
8
24
28
20
24
6
20
16
12
25
32
16
9
24
8
9
36
24
16
20
20
20
50

Fission-track Data

4.10
16.25
22.08

5.00

6.00

8.67

3.75

2.50

5.33

6.86

1.29

7.62

5.00

1.33

5.20
10.00

3.33
16.88
11.25
20.83

3.93

4.50
20.00
53.33
21.50

5.00

7.50

7.20

1.56

6.25
21.11

6.67

3.75

6.67

5.83

417
15.00
26.00

3.50
11.50

3.00

8.70
31.25
36.67

7.67
22.50
28.67

7.50
10.83
13.33
12.86

4.29

8.57
10.00

2.67

8.00
25.00

6.67
29.38
22.50
40.83

6.07
10.00
50.42

100.00
68.00
15.00
25.83
12.40

4.69
16.88
28.89
15.00

6.25
13.33
16.39

7.08
55.63
50.50
13.50
34.50

8.40

105.17
115.95
134.11
145.10
59.72
67.67
111.53
51.72
89.38
118.90
67.15
196.96
111.53
111.53
144.62
89.38
111.53
127.98
22.50
113.79
143.97
100.47
88.65
118.90
70.75
74.57
65.00
129.34
74.57
82.80
162.36
99.23
133.61
111.53
79.59
131.02
60.39
114.82
58.07
74.57
79.86

20.06
39.73
2351
48.26
19.45
21.47
45.60
33.14
15.39
21.41
25.56
67.82
96.62
96.62
51.62
74.81
136.62
31.03
111.53
19.94
55.80
40.39
15.25
26.16
12.48
30.49
24.65
38.44
38.54
30.71
49.14
29.90
97.62
55.82
20.30
52.29
13.95
19.76
24.66
18.03
24.09

7.54
27.07
31.77

6.64
19.49
24.84

6.50

9.39
11.55
11.14

3.71

7.43

8.66

2.31

6.93
21.66

5.78
25.45
45.60
35.38

5.26

8.66
43.68
86.64
58.91
13.00
22.38
10.74

4.06
14.62
25.03
13.00

5.42
11.55
14.20

6.14
48.19
43.75
11.70
29.89

7.28
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Sample number: JR11-47
Mineral:  Apatite
Irradiation code: vuw011-11 Horizontal value: [Ma]
5 ]47:2
Ns: 106
Ni: 583
Area: 201 aa
- 50
RhoS: 5.274 - 45
Rhol: 29.01 - 40
Ty - 35
Pooled Age: 40.0+4.3 +
Mean Age: 47.3+35 21
Central Age: 40.0 4.3 8'0' BID 5'0 4' 3'0
Rel. eror [%]
Chi-sgq.: 9.85
P(%) 93.68
Dispersion:  0.01
RhoD: 13.03
Nd: 8043
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 6 24 9 6.67 26.67 54.99 25.13 23.53
2 17 82 6 28.33 136.67 45.64 12.20 120.59
3 10 51 4 2500 12750 43.17 14.96 112.51
4 1 4 9 1.11 4.44 54.99 61.50 3.92
5 1 3 4 2.50 7.50 73.22 84.56 6.62
6 5 31 8 6.25 38.75 35.53 17.14 34.19
7 7 62 15 4.67 41.33 24.89 9.94 36.47
8 5 25 9 5.56 27.78 44.03 21.59 2451
9 5 29 9 5.56 32.22 37.98 18.41 28.43
10 4 14 20 2.00 7.00 62.81 35.64 6.18
11 1 6 12 0.83 5.00 36.71 39.66 4.41
12 2 11 10 2.00 11.00 40.04 30.79 9.71
13 9 46 20 4.50 23.00 43.08 15.73 20.30
14 4 11 9 4.44 1222  79.84  46.65 10.79
15 7 25 9 7.78 27.78 61.56 26.36 24.51
16 5 20 18 2.78 11.11 54.99 27.52 9.80
17 5 35 8 6.25 43.75 31.48 15.07 38.61
18 3 13 10 3.00 13.00 50.78 32.54 11.47
19 9 91 12 7.50 75.83 21.81 7.64 66.92




Fission-track Data

Sample number: JR11-50
. _Mmeral: Apatite Horizontal value: [Ma]
Irradiation code: vuw011-12
11235 %
Ns: 128 T e
Ni: 1280 AP
Area: 357 - 529
0422000 !
RhoS: 3.585 I T
Rhol: 35.85 Hik e, g
t +
Pooled Age:  21.6 +2.1 oy
Mean Age: 23.5+1.8 1 B
Central Age: 21.6 £2.1 80 6050 40 30
Rel. eror [%]
Chi-sq.: 7.76
P(%) 99.33
Dispersion:  0.00
RhoD: 12.79
Nd: 8043
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 23 188 20 11.50 94.00 26.47 5.88 84.51
2 2 13 9 2.22 14.44 33.27 25.28 12.99
3 10 111 12 8.33 92.50 19.50 6.45 83.16
4 2 12 24 0.83 5.00 36.04 27.54 4.50
5 11 93 21 5.24 44.29 25.60 8.18 39.81
6 5 55 9 5.56 61.11 19.68 9.20 54.94
7 4 41 12 333 3417 2112 11.07 30.72
8 4 45 24 1.67 18.75 19.24 10.05 16.86
9 4 41 9 444 4556  21.12 11.07 40.96
10 5 60 12 4.17 50.00 18.04 8.41 44.95
11 8 60 20 4.00 30.00 28.85 10.88 26.97
12 7 88 15 4.67 58.67 17.22 6.78 52.74
13 9 108 36 2.50 30.00 18.04 6.27 26.97
14 3 38 28 1.07 13.57 17.10 10.26 12.20
15 3 15 16 1.88 9.38 43.22 27.35 8.43
16 4 42 20 2.00 21.00 20.62 10.80 18.88
17 1 20 16 0.63 12.50 10.83 11.10 11.24
18 7 96 15 4.67 64.00 15.79 6.19 57.54
19 7 55 12 5.83 45.83 27.54 11.07 41.21
20 3 17 9 3.33 18.89 38.15 23.91 16.98
21 6 82 18 3.33 45.56 15.85 6.71 40.96
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Sample number: JR12-01
Mineral:  Apatite Horizontal value:
Irradiation code: vuw011-9

11.2 +
1
Ns: 52
Ni: 1054 +
Area: 326 5 I &
”+'-.,“?#
RhoS: 1.595 o
Rhol: 32.33 o
1 +
Pooled Age: 11.3+1.6
Mean Age: 11.2+1.2 |7|0 5'0 5'0 4'0
Central Age: 11.3%1.6 el

Chi-sg.: 5.17
P(%) 99.93
Dispersion:  0.00

RhoD: 13.52
Nd: 8043
Ustandard CN_5

Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 22 12 0.83 18.33 10.40 10.64 15.60
2 1 27 16 0.63 16.88 8.48 8.64 14.36
3 2 45 9 2.22 50.00 10.17 7.36 42.55
4 0 10 12 0.00 8.33 0.00 0.00 7.09
5 1 21 6 1.67 35.00 10.90 11.16 29.78
6 3 56 20 1.50 28.00 12.26 7.27 23.83
7 1 55 35 0.29 15.71 44.16 4.20 3.37
8 1 10 9 1.11 11.11 22.87 23.99 9.46
9 5 89 12 4.17 74.17 12.86 5.92 63.11
10 5 101 12 4.17 84.17 11.33 5.20 71.62
11 5 97 35 1.43 27.71 11.80 5.42 23.58
12 1 29 25 0.40 11.60 7.89 8.03 9.87
13 1 34 20 0.50 17.00 6.73 6.83 14.47
14 3 43 16 1.88 26.88 15.96 9.54 22.87
15 4 86 15 2.67 57.33 10.65 5.45 48.79
16 4 84 16 2.50 52.50 10.90 5.58 44.67
17 2 62 16 1.25 38.75 7.39 531 32.97
18 3 29 12 2.50 24.17 23.66 14.36 20.56
19 8 135 20 4.00 67.50 13.56 4.94 57.44
20 1 19 8 1.25 23.75 12.05 12.36 20.21
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Sample number: JR12-03
Mineral:  Apatite

Irradiation code:  vuw013-27 Horizontal value: [Ma]
195 - 2
Ns: 144 1 o A
Ni: 1450 +
Area: 314 T
RhoS: 4.586 I o o S '
: R T
Rhol: 46.18 + %
Pooled Age: 19.5+1.8 +
Mean Age: 19.5+0.9 1 i
Central Age: 195+1.8 TT T T 1 T
80 6050 40 30
Rel. eror [%]

Chi-sq.: 4.42
P(%) 99.98
Dispersion:  0.00

RhoD: 11.59
Nd: 7438
Ustandard CN_5

Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 6 64 12 5.00 53.33 18.40 7.87 52.90
2 3 32 12 2.50 26.67 18.40 11.12 26.45
3 14 132 15 9.33 88.00 20.81 5.87 87.29
4 11 155 21 5.24 73.81 13.93 4.36 73.21
5 4 44 16 2.50 27.50 17.84 9.33 27.28
6 11 80 16 6.88 50.00 26.97 8.69 49.59
7 14 115 15 9.33 76.67 23.88 6.78 76.05
8 1 14 20 0.50 7.00 14.02 14.52 6.94
9 12 125 20 6.00 62.50 18.84 5.71 61.99
10 2 16 18 111 8.89 24.52 18.40 8.82
11 18 189 24 7.50 78.75 18.69 4.63 78.11

12 1 11 16 0.63 6.88 17.84 18.64 6.82

13 7 65 20 3.50 32.50 21.13 8.42 32.24
14 3 36 18 1.67 20.00 16.36 9.84 19.84
15 14 136 9 1556 151.11  20.20 5.69 149.89
16 3 45 12 2.50 37.50 13.09 7.81 37.20
17 4 27 20 2.00 13.50 29.05 15.58 13.39
18 6 63 12 5.00 52.50 18.69 8.00 52.07
19 7 64 9 7.78 71.11 21.46 8.56 70.53
20 3 37 9 3.33 41.11 15.92 9.56 40.78
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Sample number: JR12-04
Mineral:  Apatite
Irradiation code:  vuw013-25 sl vakics Ma]
21234 +
Ns: 206
Ni: 1727
Area: 416 "
b - 25
Gihg
RhoS:  4.952 OpfE A,
Rhol: 4151 i ¥ 2
1 v .
Pooled Age: 23.8+1.8 ndl
Mean Age: 23.4+1.3
Central Age: 23.8+1.8 % T .
705040 30 20
. Rel. eror [%]
Chi-sg.: 9.17
P(%) 97.05
Dispersion:  0.00
RhoD: 11.80
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 8 76 24 3.33 31.67 21.02 7.83 30.86
2 20 189 24 8.33 78.75 21.13 4.99 76.75
3 5 36 12 4.17 30.00 27.72 13.24 29.24
4 2 20 16 1.25 12.50 19.97 14.82 12.18
5 9 103 30 3.00 34.33 17.45 6.08 33.46
6 3 29 20 1.50 14.50 20.66 12.54 14.13
7 49 336 24 20.42  140.00 29.10 4.50 136.44
8 7 58 15 4.67 38.67 24.10 9.66 37.68
9 10 114 16 6.25 71.25 17.52 5.79 69.44
10 3 25 21 1.43 11.91 23.96 14.65 11.60
11 8 75 16 5.00 46.88 21.30 7.94 45.68
12 6 51 20 3.00 25.50 23.49 10.15 24.85
13 8 73 36 2.22 20.28 21.88 8.16 19.76
14 8 76 16 5.00 47.50 21.02 7.83 46.29
15 3 35 15 2.00 23.33 17.12 10.31 22.74
16 11 98 24 4.58 40.83 22.41 7.14 39.80
17 22 169 25 8.80 67.60 25.99 5.92 65.88
18 7 78 18 3.89 43.33 17.93 7.08 42.23
19 13 62 20 6.50 31.00 41.80 12.79 30.21
20 4 24 24 1.67 10.00 33.25 17.97 9.75
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Sample number: JR12-05
Mineral:  Apatite

Irradiation code: vuw013-21 Horizontal value:
5|34
Ns: 213
Ni: 1273 i
Area: 502
RhoS: 4.243 e
Rhol: 25.36 1
Pooled Age: 34.6 £2.7
Mean Age: 36.4 +2.2 2 O
Central Age: 34.7 2.7 06050 40 30
Rel. eror [%]

Chi-sq.: 14.65
P(%) 74.44
Dispersion:  0.06

RhoD: 12.24
Nd: 7438
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 2 132 25 4.80 52.80 18.83 5.69 49.61
2 7 45 9 7.78 50.00 32.19 13.10 46.98
3 4 25 16 2.50 15.63 33.11 17.84 14.68
4 4 22 32 1.25 6.88 37.61 20.46 6.46
5 29 175 30 9.67 58.33 34.29 6.92 54.81
6 6 32 12 5.00 26.67 38.78 17.27 25.06
7 23 108 9 2556 120.00 44.03 10.16 12.76
8 16 77 9 1778  85.56 42.96 11.84 80.39
9 20 90 24 8.33 37.50 45.94 11.40 35.24
10 14 62 25 5.60 24.80 46.68 13.85 23.30
11 5 35 24 2.08 14.58 29.57 14.15 13.70
12 10 55 16 6.25 34.38 37.61 12.96 32.30
13 24 35 0.86 6.86 25.88 15.86 6.44
14 7 86 32 2.19 26.88 16.86 6.64 25.25
15 12 88 40 3.00 22.00 28.23 8.71 20.67
16 6 23 49 1.22 4.69 53.89 24.73 441
17 5 25 24 2.08 10.42 41.36 20.28 9.79
18 20 16 3.13 12.50 51.66 25.85 11.75
19 16 90 40 4.00 22.50 36.78 10.01 21.14

N
o
[{e]

59 35 2.57 16.86 31.57 11.32 15.84
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Sample number: JR12-07
Mineral:  Apatite Horizontal value: [Ma]
Irradiation code: vuw013-18 e
Ns: 305 & +
Ni: 2537 # .
Area: 883 . ,_ 2
ol
RhoS: 3.454 + - 25
Rhol: 28.73 ¥
1 +
Pooled Age: 25.7 £1.7
Mean Age: 25.8 1.1 T . T
Central Age: 25.7 +£1.7 B04030 20 15
Rel. eror [%]
Chi-sgq.: 7.11
P(%) 99.36
Dispersion:  0.00
RhoD: 12.63
Nd: 7438
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 6 57 42 1.43 13.57 22.49 9.67 12.36
2 11 125 28 3.93 44.64 18.81 5.93 40.66
3 5 40 30 1.67 13.33 26.70 12.68 12.14
4 7 57 50 1.40 11.40 26.23 10.52 10.38
5 8 61 18 4.44 33.89 28.01 10.55 30.87
6 13 161 70 1.86 23.00 17.26 4.99 20.95
7 17 139 30 5.67 46.33 26.12 6.74 42.20
8 31 247 25 12.40 98.80 26.81 5.14 89.99
9 7 57 28 2.50 20.36 26.23 10.52 18.54
10 5 43 30 1.67 14.33 24.84 11.75 13.06
11 6 33 24 2.50 13.75 38.80 17.24 12.52
12 10 71 70 1.43 10.14 30.07 10.18 9.24
13 4 43 30 1.33 14.33 19.88 10.40 13.06
14 79 619 100 7.90 61.90 27.26 3.31 56.38
15 7 62 70 1.00 8.86 24.12 9.63 8.07
16 25 250 36 6.94 69.44 21.37 4.51 63.25
17 17 115 50 3.40 23.00 31.56 8.23 20.95
18 19 129 50 3.80 25.80 31.45 7.76 23.50
19 24 187 60 4.00 31.17 27.41 5.98 28.39
20 4 41 42 0.95 9.76 20.85 10.93 8.89
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Sample number: JR12-08
Mineral:  Apatite

L. Horizontal value:
Irradiation code:  vuw013-17
11375
Ns: 119
Area: 261 B0 s A
0 t +
RhoS: 4.559 * 4. + T e 58
Rhol:  26.9 +
Pooled Age: 36.5+3.7 4 730
Mean Age: 37.5+1.8 _____ #
Central Age: 36.5 +3.7 80 6050 40 30
Rel. emor [%]
Chi-sq.: 4.53

P(%) 99.97
Dispersion:  0.00

RhoD: 12.76
Nd: 7438
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 2 10 6 3.33 16.67 43.10 33.40 15.03
2 2 10 12 1.67 8.33 43.10 33.40 7.51
3 5 32 6 8.33 53.33 33.70 16.22 48.08
4 4 23 12 3.33 19.17 37.49 20.33 17.28
5 4 23 6 6.67 38.33 37.49 20.33 34.56
6 15 114 12 1250 95.00 28.39 7.82 85.65
7 9 38 6 15.00 63.33 51.01 18.94 57.10
8 10 45 12 8.33 37.50 47.87 16.77 33.81
9 6 47 20 3.00 23.50 27.54 11.96 21.19
10 3 14 9 3.33 15.56 46.17 29.39 14.02
11 14 100 60 2.33 16.67 30.20 8.64 15.03
12 2 14 9 2.22 15.56 30.82 23.30 14.02
13 2 15 9 2.22 16.67 28.77 21.66 15.03
14 1 9 12 0.83 7.50 23.98 25.28 6.76
15 1 8 12 0.83 6.67 26.97 28.61 6.01
16 5 26 12 4.17 21.67 41.45 20.26 19.53
17 12 62 12 10.00  51.67 41.71 13.19 46.58
18 2 10 9 2.22 11.11 43.10 33.40 10.02
19 14 74 15 9.33 49.33 40.78 11.92 44.48

N
o
»

28 10 6.00 28.00 46.17 20.79 25.24
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Sample number: JR12-09
Mineral:  Apatite
Irradiation code:  vuw013-14 kil ki Ma]
11475
Ns: 105
Ni: 531 + 4o
Area: 185 e
& - 50
A ]2y
RhoS: 5.676 Ofees-4
Rhol: 28.7 ++; L {- 45
Pooled Age: 43.9 +4.8 ol
Mean Age: 47525 1] +
Central Age: 43.9+4.8 R T
80 6050 40 30
i Rel. eror [%]
Chi-sq.: 2.67
P(%) 100
Dispersion:  0.00
RhoD: 13.14
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 9 9 3.33 10.00 73.84 49.25 8.75
2 10 64 15 6.67 42.67 34.72 11.83 37.33
3 1 7 9 1.11 7.78 31.75 33.95 6.81
4 5 22 9 5.56 24.44 50.44 25.01 21.39
5 14 80 10 14.00 80.00 38.87 11.29 70.00
6 23 120 9 2556 133.33 4256 9.73 116.66
7 1 4 9 1.11 4.44 55.46 62.02 3.89
8 6 21 15 4.00 14.00 63.34 29.36 12.25
9 15 76 9 16.67 84.44 43.82 12.42 73.89
10 1 5 12 0.83 4.17 44 41 48.65 3.65
11 5 19 9 5.56 21.11 58.37 29.37 18.47
12 3 14 12 2.50 11.67 47.57 30.28 10.21
13 3 15 12 2.50 12.50 4441 28.10 10.94
14 1 4 9 111 4.44 55.46 62.02 3.89
15 3 16 16 1.88 10.00 41.64 26.21 8.75
16 2 11 6 3.33 18.33 40.38 31.05 16.04
17 6 27 9 6.67 30.00 49.32 22.29 26.25
18 3 17 6 5.00 28.33 39.20 24.56 24.79
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Sample number: JR12-10
Mineral:  Apatite
Irradiation code:  vuw013-13 Horizonital valoe: [Ma]
111.8 N 140
Ns: 246 1 -*
Ni: 516 g
Area; 317 _ +* ' '+++ 45
I PR
RhoS: 7.76 01+ B ok
Rhol: 16.28 R
¥ {100
Pooled Age: 106.4 +8.6 2
Mean Age: 111.9 5.4 11 iy
Central Age: 106.4 +8.6 T T
80 6050 40 30
. Rel. eror [%]
Chi-sg.: 6.29
P(%) 99.71
Dispersion:  0.00
RhoD: 13.27
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 12 35 12 10.00 29.17 76.68 25.71 25.27
2 14 23 25 5.60 9.20 135.51 46.04 7.97
3 11 16 25 4.40 6.40 152.85 59.97 5.55
4 11 30 20 5.50 15.00 81.97 28.95 13.00
5 6 17 9 6.67 18.89 78.92 37.52 16.37
6 16 29 16 10.00 18.13  122.95 38.39 15.70
7 12 20 12 10.00 16.67  133.60 48.87 14.44
8 5 8 12 4.17 6.67 139.11  79.36 5.78
9 34 78 12 28.33 65.00 97.33 20.12 56.32
10 6 10 16 3.75 6.25 133.60 69.05 5.42
11 18 36 6 30.00 60.00 111.52 32.29 51.99
12 15 31 16 9.38 19.38  107.96 34.04 16.79
13 6 9 20 3.00 4.50 148.27 78.22 3.90
14 18 34 12 15.00 28.33  118.02 34.50 24.55
15 10 24 25 4.00 9.60 93.07 35.09 8.32
16 23 45 16 14.38 28.13  113.98 29.33 24.37
17 7 16 18 3.89 8.89 97.69 44.32 7.70
18 5 9 9 5.56 10.00 123.80 69.11 8.66
19 4 10 24 1.67 4.17 89.37 52.91 3.61
20 13 36 12 10.83  30.00 80.74 26.19 25.99
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Sample number: JR12-11
Mineral:  Apatite )
Irradiation code: vuw013-12 Heeteonik vl [Mal
106.4
Ns: 560 1 T
Ni: 1232 T
Area: 650 + ;'+
el ¥, 50
RhoS: 8.615 i T TR
Rhol: 18.95 B+ 4100
Pooled Age: 102.4 +5.7 1
Mean Age: 106.4 2.8 T :
Central Age: 102.4 5.7 705040 30 20
Rel. ermor [%]
Chi-sq.: 3.8
P(%) 99.99
Dispersion:  0.00
RhoD: 13.40
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 5 15 2.00 3.33 134.89 98.55 2.86
2 9 22 16 5.63 13.75 92.27 36.57 11.80
3 22 47 12 18.33 39.17  105.47 27.35 33.61
4 43 85 25 17.20 34.00 11391 21.47 29.18
5 74 184 32 23.13 57.50 90.72 12.65 49.34
6 59 140 20 29.50 70.00 95.04 14.90 60.07
7 68 161 161 4.22 10.00 95.24 13.94 8.58
8 18 36 36 5.00 10.00 112.60 32.60 8.58
9 48 99 99 4.85 10.00  109.22 19.36 8.58
10 10 25 25 4.00 10.00 90.24 33.82 8.58
11 13 23 15 8.67 1533 127.14 4421 13.16
12 21 43 30 7.00 14.33  110.00 29.39 12.30
13 31 58 30 10.33 19.33  120.29 26.90 16.59
14 7 14 24 2.92 5.83 112.60 52.18 5.01
15 12 27 9 13.33 30.00 100.19 34.83 25.74
16 45 93 20 22.50 46.50 109.00 19.94 39.90
17 23 54 16 14.38 33.75 96.04 24.01 28.96
18 15 37 15 10.00 24.67 91.45 28.07 21.17
19 22 43 20 11.00 2150 115.20 30.31 18.45
20 17 36 30 5.67 12.00 106.40 31.40 10.30
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Sample number: JR12-12
Mineral:  Apatite

Irradiation code: vuw013-10 Horizontal value:
103.7 +
Ns: 512
Ni: 1127 1
Area: 535 g SO
B
RhoS: 9.57 T3 %
Rhol: 21.07 T Fygg
Fes:
1 +
Pooled Age: 104.3 6.0
Mean Age: 103.8 =4.6
Central Age: 104.3 £6.0 © J0s040 30 20

Rel. eror [%]
Chi-sg.: 8.13
P(%) 98.53
Dispersion:  0.00

RhoD: 13.66
Nd: 7438
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 13 26 15 8.67 1733 11475  39.06 14.59
2 3 9 16 1.88 5.63 76.73 51.18 4.74
3 24 61 49 4.90 12.45 90.47 21.89 10.48
4 36 75 25 1440 30.00 11020 22.48 25.26
5 31 61 40 7.75 1525 116.62  25.85 12.84
6 13 34 20 6.50 17.00 87.94 28.74 14.31
7 13 36 20 6.50 18.00 83.08 26.95 15.15
8 58 128 30 19.33  42.67 104.08 16.64 35.92
9 12 21 9 13.33  23.33 13098  47.49 19.64
10 79 181 18 43.89 100.56 100.28 13.71 84.65
11 23 54 12 19.17  45.00 97.88 24.47 37.88
12 2 6 12 1.67 5.00 76.73 62.67 4.21
13 8 26 54 1.48 4.82 70.86 28.69 4.05
14 13 25 18 7.22 13.89 11930  40.88 11.69
15 43 68 20 2150 34.00 14479  28.40 28.62
16 16 30 35 4.57 8.57 12233  37.97 7.22
17 13 24 42 3.10 571 12422  42.87 481
18 18 49 40 4.50 12.25 84.51 23.37 10.31
19 18 34 25 7.20 13.60 12144 3550 11.45

N
o

76 179 35 2171 5114 97.57 13.54 43.05
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Sample number: JR12-13
Mineral: ~ Apatite Horizontal value: [Ma]
Irradiation code:  vuw013-7 23
Ns: 383 - ¥
. +
Ni: 1037 o3 B -100
Area: 454 : et §
RhoS: 8.436 TR 2
Rhol: 22.84 +
14 + + . 80
Pooled Age: 87.4+5.6 +
Mean Age: 92.3 £5.2 R P .
Central Age: 87.4 5.6 w2 i &
Chi-sg.: 9.66
P(%) 96.09
Dispersion:  0.00
RhoD: 14.05
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 7 21 12 5.83 17.50 78.89 34.48 14.33
2 7 11 16 4.38 6.88 149.79 72.50 5.63
3 4 11 9 4.44 12.22 86.02 50.26 10.01
4 49 120 24 20.42 50.00 96.51 16.50 40.93
5 35 82 25 14.00 32.80 100.85 20.49 26.85
6 17 48 15 11.33 32.00 83.79 23.72 26.20
7 61 166 25 24.40 66.40 86.92 13.16 54.36
8 5 20 24 2.08 8.33 59.26 29.66 6.82
9 31 106 40 7.75 26.50 69.27 14.23 21.69
10 7 12 25 2.80 4.80 137.44 65.44 3.93
11 13 47 20 6.50 23.50 65.53 20.59 19.24
12 11 30 12 9.17 25.00 86.73 30.63 20.47
13 33 113 36 9.17 31.39 69.17 13.77 25.70
14 6 12 30 2.00 4.00 117.98 59.05 3.27
15 2 6 20 1.00 3.00 78.89 64.44 2.46
16 34 75 20 17.00 3750 107.06 22.26 30.70
17 17 52 49 3.47 10.61 77.39 21.69 8.69
18 14 30 21 6.67 1429  110.18 35.75 11.69
19 23 56 16 14.38 35.00 97.07 24.14 28.65
20 7 19 15 4.67 12.67 87.14 38.58 10.37
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Sample number: JR12-14
Mineral:  Apatite
Irradiation code:  vuw013-5 Horizontal value: [Ma]
Ns: 367 12 160
Ni: 732 e
Area: 519 P T
RhoS: 7.071 R
Rhol: 14.1 Cmy R 14
*
Pooled Age: 120.5 +8.2 R
Mean Age: 125.5 +5.4 2 /100
Central Age: 120.5 +8.2 T T T 1 T
705040 30 20
. Rel. eror [%]
Chi-sg.: 8.01
P(%) 98.66
Dispersion:  0.00
RhoD: 14.31
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 9 13 30 3.00 4.33 165.75 71.97 3.48
2 18 39 32 5.63 12,19  110.97 31.72 9.80
3 7 13 36 1.94 3.61 129.28 60.68 2.90
4 13 24 12 10.83 20.00 130.04 44.88 16.08
5 20 32 9 22.22 3556  149.82 42.84 28.58
6 11 18 16 6.88 11.25 146.53 56.17 9.04
7 12 27 20 6.00 1350 106.89 37.16 10.85
8 51 108 16 31.88 67.50 113.52 19.45 54.26
9 7 11 12 5.83 9.17 15251 73.82 7.37
10 25 48 20 12.50 2400 125.09 30.98 19.29
11 31 45 36 8.61 1250 164.94 38.68 10.05
12 7 19 30 2.33 6.33 88.74 39.28 5.09
13 17 31 30 5.67 10.33 131.64 39.84 8.31
14 14 28 42 3.33 6.67 120.13 39.41 5.36
15 12 30 48 2.50 6.25 96.28 32.96 5.02
16 28 50 12 23.33 41.67 134.40 31.87 33.49
17 6 10 25 2.40 4.00 143.89 74.38 3.22
18 42 86 15 28.00 57.33 117.36 22.25 46.09
19 17 42 36 4,72 11.67 97.42 28.09 9.38
20 20 58 42 4.76 13.81 83.09 21.63 11.10
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Sample number: JR12-15
Mineral:  Apatite
Irradiation code: vuw013-3 Horizontal value: [Ma]
5| 1140 Y 180
Ns: 426
Ni: 982 d 19 e e
Area: 350 Lo 1B R
1:* ifslt -120
RhoS: 12.17 T -
Rhol:  28.06 BT L
1 “4-100
Pooled Age: 106.2 +6.6 90
Mean Age: 114.0 +6.1 21 Ul ol /
Central Age: 106.2 £6.6 205040 30 20
Rel. ermor [%]
Chi-sq.: 15.58
P(%) 68.51
Dispersion:  0.02
RhoD: 14.57
Nd: 7438
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 9 17 6 15.00 28.33  129.40 53.42 22.37
2 10 20 12 8.33 16.67  122.28 47.44 13.16
3 4 13 42 0.95 3.10 75.53 43.22 2.44
4 11 20 12 9.17 16.67  134.39 50.54 13.16
5 21 38 12 17.50 31.67 135.02 36.84 25.00
6 26 55 10 26.00 55.00 115.67 27.65 43.42
7 15 28 15 10.00 18.67  130.93 42.00 14.74
8 43 95 9 47.78 10556 110.80 20.52 83.34
9 32 102 28 11.43 36.43 77.00 15.70 28.76
10 24 53 6 40.00 88.33  110.85 27.39 69.74
11 21 75 15 14.00 50.00 68.76 17.05 39.48
12 12 52 15 8.00 34.67 56.73 18.21 27.37
13 12 26 16 7.50 16.25 112.96 39.50 12.83
14 18 32 15 12.00 21.33 13741 40.60 16.84
15 26 58 35 7.43 16.57  109.74 26.02 13.08
16 49 102 16 30.63 63.75 117.53 20.60 50.33
17 9 18 12 7.50 15.00 122.28 50.00 11.84
18 14 26 24 5.83 10.83 13159 43.72 8.55
19 10 14 30 3.33 4.67 173.99 72.14 3.68
20 60 138 20 30.00 69.00 106.46 16.64 54.48
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Sample number: JR12-24
Mineral:  Apatite
Irradiation code: vuw013-39 Horizontal value: [Ma]
182 +
Ns: 107
Ni: 1054 1 Lt - 22
Area: 602 .
. + 3 - 20
RhoS: 1.777 L R S 18
Rhol: 17.51 LR
1 + + -15
Pooled Age: 17.8 +1.8 b
Mean Age: 18215
Central Age: 17.8+1.8 20 6050 40 30
Rel. ermor [%]
Chi-sg.: 10.72
P(%) 93.3
Dispersion:  0.01
RhoD: 10.36
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 11 95 30 3.67 31.67 20.30 6.48 35.16
2 4 42 30 1.33 14.00 16.70 8.75 15.54
3 23 205 30 7.67 68.33 19.67 4.35 75.87
4 1 11 24 0.42 458 15.94 16.65 5.09
5 12 156 60 2.00 26.00 13.49 4.05 28.87
6 2 25 20 1.00 12.50 14.03 10.31 13.88
7 1 14 12 0.83 11.67 12.53 12.97 12.95
8 5 61 60 0.83 10.17 14.37 6.69 11.29
9 15 88 32 4.69 27.50 29.86 8.37 30.53
10 6 69 23 2.61 30.00 15.25 6.50 33.31
11 3 17 21 1.43 8.10 30.91 19.37 8.99
12 2 39 35 0.57 11.14 9.00 6.53 12.37
13 2 52 36 0.56 14.44 6.75 4.87 16.04
14 4 22 25 1.60 8.80 31.84 17.32 9.77
15 1 9 42 0.24 2.14 19.48 20.54 2.38
16 1 8 25 0.40 3.20 21.91 23.24 3.55
17 4 47 15 2.67 31.33 14.92 7.78 34.79
18 4 46 42 0.95 10.95  15.25 7.96 12.16
19 1 9 15 0.67 6.00 19.48 20.54 6.66
20 5 39 25 2.00 15.60 22.47 10.69 17.32




232

Appendix I

Sample number: JR12-25
Mineral:  Apatite
Irradiation code:  vuw013-37 Horizontal value: Ma]
167 e
N§: 69 Eamce iy
Ni: 782 1 et
Area: 343 v R - 20
RhoS: 2.012 . ' Fre- 15
Rhol: 22.8 Woidn, R
L N
Pooled Age: 15.8 +2.0 e
Mean Age:  16.7 +1.2 * o
Central Age: 15.8 2.0 : ?ID 510 510 4IU
Rel. eror [%]
Chi-sg.:  9.69
P(%) 96.02
Dispersion:  0.04
RhoD: 10.56
Nd: 7438
Ustandard CN_5
Zetatlo 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 36 8 3.75 45.00 14.90 8.96 48.99
2 7 144 49 1.43 29.39 8.70 3.37 31.99
3 3 34 12 2.50 28.33 15.78 9.51 30.85
4 2 20 20 1.00 10.00 17.88 13.27 10.89
5 3 46 16 1.88 28.75 11.67 6.96 31.30
6 3 40 10 3.00 40.00 13.42 8.04 43.55
7 1 12 15 0.67 8.00 14.90 15.52 8.71
8 8 53 12 6.67 4417 26.97 10.25 48.08
9 2 21 9 2.22 23.33 17.03 12.61 25.40
10 1 10 9 1.11 11.11  17.88 18.76 12.10
11 9 113 16 5.63 70.63 14.25 4.94 76.89
12 2 22 20 1.00 11.00 16.26 12.01 11.98
13 1 12 8 1.25 15.00 14.90 15.52 16.33
14 9 49 15 6.00 32.67 32.81 11.92 35.56
15 1 10 24 0.42 4.17 17.88 18.76 4.54
16 1 10 16 0.63 6.25 17.88 18.76 6.80
17 1 18 28 0.36 6.43 9.94 10.22 7.00
18 6 65 20 3.00 32.50 16.51 7.05 35.38
19 2 17 16 1.25 10.63 21.03 15.73 11.57
20 4 50 20 2.00 25.00 14.31 7.44 27.22
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Sample number: JR12-26
Mineral:  Apatite
Irradiation code:  vuw013-35 Horizontal value: [Ma]
11167
Ns: 84
Ni: 893 -2
Area. 457 i i X 18
P s e SR
RhoS: 1.838 M A e
Rhol: 19.54 ¥ 415
+
Pooled Age: 17.1+2.0
Mean Age:  16.7 +0.8 1 T F
Central Age: 17.1£2.0 2060 50 40
Rel. error [%]
Chi-sq.: 4.17
P(%) 99.99
Dispersion:  0.00
RhoD: 10.77
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 41 25 1.60 16.40 17.79 9.33 17.51
2 3 28 15 2.00 18.67 19.53 11.87 19.93
3 3 59 42 0.71 14.05 9.28 5.49 15.00
4 2 24 36 0.56 6.67 15.20 11.19 7.12
5 3 40 42 0.71 9.52 13.68 8.19 10.17
6 3 38 20 1.50 19.00 14.40 8.64 20.29
7 3 27 20 1.50 13.50 20.25 12.33 14.42
8 4 55 15 2.67 36.67 13.26 6.87 39.15
9 1 11 15 0.67 7.33 16.57 17.32 7.83
10 9 81 25 3.60 32.40 20.25 7.13 34.60
11 2 20 21 0.95 9.52 18.23 13.53 10.17
12 8 76 16 500 4750  19.19 7.14 50.72
13 10 92 25 4.00 36.80 19.81 6.61 39.30
14 4 39 24 1.67 16.25 18.70 9.82 17.35
15 1 12 16 0.63 7.50 15.20 15.82 8.01
16 2 42 15 1.33 28.00 8.69 6.29 29.90
17 9 70 25 3.60 28.00 23.43 8.31 29.90
18 3 39 25 1.20 15.60 14.03 8.41 16.66
19 3 29 15 2.00 19.33 18.86 11.44 20.64
20 7 70 20 3.50 35.00 18.23 7.24 37.37
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Sample number: JR12-27
Mineral:  Apatite
Irradiation code: vuw013-33 Horizontal value: [Ma]
1232 +
Ns: 295 4~ 160
Ni: 493 1 o
Area; 1035 it - 140
.} f-g::‘ L
RhoS: 2.85 01¢ ++'br - - 120
Rhol:  4.763 $'+‘*+
1 +
Pooled Age:  110.4 +85 -1
Mean Age: 1234 +11.0
Central Age: 110.4 8.5 '?'D' 5'0 4'0 3'
Rel. ermor [%]
Chi-sq.: 10.47
P(%) 94.04
Dispersion:  0.00
RhoD: 10.98
Nd: 7438
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 6 25 1.60 2.40 122.86 79.35 2.52
2 41 84 20 20.50 42.00 90.18 17.30 44.01
3 23 35 42 5.48 8.33 121.12 32.62 8.73
4 4 5 20 2.00 2.50 147.15 98.76 2.62
5 16 12 25 6.40 4.80 243.41 93.11 5.03
6 33 58 40 8.25 1450 105.00 23.01 15.19
7 10 18 24 4.17 7.50 102.54 40.51 7.86
8 14 26 28 5.00 9.29 99.41 33.03 9.73
9 40 56 70 5.71 48.00 131.54 27.39 8.38
10 21 41 100 2.10 4.10 94.60 25.47 4.30
11 7 13 32 2.19 4.06 99.41 46.66 4.26
12 15 28 100 1.50 2.80 98.91 31.72 2.93
13 9 15 80 1.13 1.88 110.67 46.73 1.97
14 6 12 40 1.50 3.00 92.36 46.23 3.14
15 6 4 24 2.50 1.67 273.20 76.46 1.75
16 8 11 100 0.80 1.10 133.91 62.29 1.15
17 12 20 63 1.90 53.18  110.67 40.49 3.33
18 7 14 60 1.17 2.33 92.36 42.80 245
19 13 42 1.43 3.10 85.30 42.14 3.24
20 13 22 100 1.30 2.20 109.01 38.21 2.31
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Sample number: JR12-30
Mineral:  Apatite

Irradiation code: vuw013-28 Horizontal value:
21341
Ns: 82
Ni: 578
Area: 624
RhoS: 1.314
Rhol: 9.263

Pooled Age: 27.6 £3.3

Mean Age: 34.1+3.2 21
Central Age: 27.6 +£3.3 a0 6050 40 30
Rel. ermor [%]
Chi-sq.: 12.87

P(%) 84.54
Dispersion:  0.02

RhoD: 11.49
Nd: 7438
U standard CN_5

Zetatlo 339 +6.5
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 8 25 0.80 3.20 48.51 38.37 3.20
2 3 36 16 1.88 22.50 16.21 9.75 22.52
3 3 28 15 2.00 18.67 20.84 12.67 18.68
4 2 32 12 1.67 26.67 12.16 8.87 26.69
5 2 8 15 1.33 5.33 48.51 38.37 5.34
6 1 4 18 0.56 2.22 48.51 54.25 2.22
7 7 25 50 1.40 5.00 54.31 23.26 5.00
8 1 5 12 0.83 4.17 38.84 42.56 4.17
9 2 16 24 0.83 6.67 24.30 18.23 6.67
10 2 18 30 0.67 6.00 21.61 16.11 6.01
11 2 18 24 0.83 7.50 21.61 16.11 7.51
12 6 33 64 0.94 5.16 35.32 15.69 5.16
13 4 19 28 1.43 6.79 40.88 22.51 6.79
14 2 16 30 0.67 5.33 24.30 18.23 5.34
15 4 17 72 0.56 2.36 45.67 25.40 2.36
16 3 11 30 1.00 3.67 5291 34.48 3.67
17 2 8 40 0.50 2.00 48.51 38.37 2.00
18 2 28 40 0.50 7.00 13.90 10.18 7.01
19 7 32 49 1.43 6.53 42.47 17.75 6.54

N
o
N
(6, ]

216 30 8.33 72.00 22.51 4.78 72.06
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Sample number: JR11-10
Mineral:  Apatite
Irradiation code: vuw014-30 Horizontal value:
2395 +
Ns: 130 * A
Ni: 889 !
Area: 240
RhoS: 5.417 o
Rhol:  37.04
1
Pooled Age: 28.3+2.7
Mean Age: 29.5+24
Central Age: 28.3+2.7 8'0' BID 5'0 4'0
Rel. eror [%]
Chi-sg.: 12.73
P(%) 85.22
Dispersion:  0.00
RhoD: 11.43
Nd: 6387
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 9 32 6 15.00 53.33 54.28 20.52 53.65
2 3 23 15 2.00 15.333° 25.23 15.50 15.42
3 8 65 12 6.67 54.17 23.81 8.94 54.48
4 7 51 12 5.83 4250  26.55 10.72 42.75
5 5 39 6 8.33 65.00 24.80 11.79 65.38
6 3 22 9 3.33 24.44 26.37 16.24 24.59
7 11 90 15 7.33 60.00 23.64 7.57 60.35
8 8 47 16 5.00 29.38 32.90 12.61 29.55
9 2 18 16 1.25 11.25 21.50 16.03 11.32
10 8 29 8 10.00 36.25 53.24 21.30 36.46
11 2 16 6 3.33 26.67 24.18 18.14 26.82
12 3 19 16 1.88 11.88 30.53 18.98 11.94
13 6 40 6 10.00 66.67 29.01 12.72 67.06
14 4 37 12 3.33 30.83 20.92 11.02 31.01
15 3 42 16 1.88 26.25 13.83 8.27 26.40
16 8 48 9 8.89 53.33 32.22 12.33 53.65
17 6 26 10 6.00 26.00 44 57 20.21 26.15
18 13 65 12 10.83 5417  38.64 11.77 54.48
19 15 107 20 7.50 53.50 27.11 7.50 53.81
20 6 73 18 3.33 40.56 15.91 6.77 40.79
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Sample number: JR11-15
Mineral:  Apatite
Irradiation code:  vuw014--31 Horizontal value: [Ma]
11{15.0
Ns: 26 i
Ni: 364 18
Area: 207 Ao il
1 R EE -15
RhoS: 1.256 N *
Rhol:  17.59 $ Tl
TTden
Pooled Age: 13.6+2.8
Mean Age: 15.0x1.7 -
Central Age: 13.6 2.8 glgylg BIU 5|[]
Rel. eror [%]
Chi-sg.: 1.62
P(%) 99.61
Dispersion:  0.00
RhoD: 11.29
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 6 76 72 0.83 10.56 15.08 6.41 10.76
2 2 14 12 1.67 11.67 27.27 20.62 11.89
3 1 10 25 0.40 4.00 19.10 20.04 4.08
4 4 65 9 4.44 72.22 11.76 6.06 73.60
5 1 19 20 0.50 9.50 10.06 10.32 9.68
6 3 40 9 3.33 44.44 14.33 8.58 45.29
7 5 85 20 2.50 42.50 11.24 5.18 43.31
8 1 18 8 1.25 22.50 10.62 1091 22.93
9 1 16 20 0.50 8.00 11.94 12.31 8.15
10 2 21 12 1.67 17.50 18.19 13.47 17.83
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Sample number: JR11-16
Mineral:  Apatite
Irradiation code: vuw014-33 Horizontal value: [Ma]
11192 N30
Ns: 10
Ni: 98 A s
Area: 29 e e
i e Bkl
RhoS: 3.448 g T
Rhol:  33.79 R T
B 4
Pooled Age: 19.0+6.3
Mean Age: 19.2 0.0 1
Central Age: 19.0 6.3 8'07'0 Blo !
Rel. eror [%]
Chi-sg.: 0.1
P(%) 75.75
Dispersion:  0.00
RhoD: 10.99
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 5 44 9 5.56 48.89 21.13 9.98 51.17
2 5 54 20 2.50 27.00 17.22 8.06 28.26
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Sample number: JR11-17
Mineral:  Apatite
Irradiation code: vuw014-34 Horizontal value: [Ma]
14238 \
Ns: 124 i A5
Ni: 825 ¥ "
Area: 335 +
G EE . 4 X
RhoS:  3.701 Dpe g A R
Rhol:  24.63 i 8
e
Pooled Age: 27.6 2.7 + ALK 5
Mean Age:  29.6 +1.8 4 # W
Central Age: 27.6 £2.7 TTT T 1 -
806050 40 30
Rel. emor [%]
Chi-sg.: 3.77
P(%) 99.99
Dispersion:  0.00
RhoD: 10.84
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 16 9 4.44 17.78 45.76 25.60 18.86
2 1 4 9 1.11 4.44 45.76 51.18 4.72
3 3 18 16 1.88 11.25 30.55 19.06 11.94
4 1 13 16 0.63 8.13 14.12 14.65 8.62
5 8 47 25 3.20 18.80 31.19 11.95 19.95
6 2 12 20 1.00 6.00 30.55 23.34 6.37
7 3 21 16 1.88 13.13 26.19 16.18 13.93
8 5 32 12 4.17 26.67 28.64 13.79 28.30
9 1 6 9 1.11 6.67 30.55 33.00 7.07
10 21 165 20 10.50 82.50 23.34 5.43 87.54
11 9 77 20 4.50 38.50 21.44 7.57 40.85
12 1 8 25 0.40 3.20 22.92 24.32 3.40
13 13 15 2.00 8.67 42.26 27.08 9.20
14 24 151 16 15.00 9438  29.13 6.44 100.14
15 1 7 16 0.63 4.38 26.19 28.01 4.64
16 23 16 2.50 14.38 31.87 17.28 15.25
17 3 23 9 3.33 25.56 23.92 14.69 27.12
18 17 98 16 10.63 61.25 31.79 8.38 64.99
19 3 18 20 1.50 9.00 30.55 19.06 9.55
20 10 73 30 3.33 24.33 25.12 8.49 25.82
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Sample number: JR11-24
Mineral:  Apatite
Irradiation code: vuw014-40 Horizontal value: [Ma]
14{15.4
Ns: 52 t
Ni: 639 %
Area: 464 Afe
s X
Rhos:  1.121 R o e
Rhol:  13.77 ' -iF+ +
Pooled Age: 13.7 2.0 3
Mean Age: 154 +1.2 1 +
Central Age: 13.7 2.0 2070 60 50
Rel. eror [%]
Chi-sq.: 4.62
P(%) 99.97
Dispersion:  0.00
RhoD: 9.94
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 40 20 1.50 20.00 12.63 7.57 23.13
2 1 13 20 0.50 6.50 12.95 13.45 7.52
3 2 25 6 3.33 41.67 13.47 9.90 48.19
4 2 40 20 1.00 20.00 8.42 6.11 23.13
5 2 13 40 0.50 3.25 25.88 9.67 3.76
6 2 15 48 0.42 3.13 22.44 16.90 3.61
7 2 23 12 1.67 19.17 14.64 10.80 22.17
8 3 32 15 2.00 21.33 15.78 9.54 24.67
9 3 60 9 3.33 66.67 8.42 4.99 77.10
10 1 9 16 0.63 5.63 18.70 19.72 6.51
11 2 11 48 0.42 2.29 30.58 23.51 2.65
12 6 96 24 2.50 40.00 10.53 4.44 46.26
13 4 44 12 3.33 36.67 15.31 8.00 42.40
14 1 12 25 0.40 4.80 14.03 14.61 5.55
15 1 12 18 0.56 6.67 14.03 14.61 7.71
16 1 12 42 0.24 2.86 14.03 14.61 3.30
17 2 26 30 0.67 8.67 12.95 9.51 10.02
18 5 64 15 3.33 42.67 13.16 6.12 49.34
19 7 65 24 2.92 27.08 8.13 7.22 31.32
20 2 27 20 1.00 13.50 12.47 9.15 15.61
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Sample number: JR12-16
Mineral:  Apatite

Irradiation code: vuw014-15 Horizontal value: [Ma]
104.3
Ns: 358 2 \ e
Ni: 883 1 + e
Area: 418 ++ il S
2" _7+_- o
+
RhoS: 8.565 ‘ ++++ 100
Rhol:  21.12 REE L

Pooled Age: 93.2+6.2
Mean Age: 104.4 6.7
. mrir i I T |
Central Age: 93.2 6.2 205040 30 20

Rel. eror [%]

Chi-sg.: 13.31
P(%) 82.25
Dispersion:  0.02

RhoD: 13.67
Nd: 6387
Ustandard CN_5

Zeta+lo 339 +6.5

counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 15 21 12 1250 1750 163.39  55.36 14.73

2 31 75 14 22.14 5357 95.05 20.41 45.08
3 6 8 12 5.00 6.67 171.45  92.67 5.61
4 13 28 16 8.13 1750 106.67  35.88 14.73
5 7 11 45 1.56 244 14576 70.55 2.06
6 19 35 25 7.60 1400 12455 3561 11.78
7 17 37 18 9.44 20.56  105.57  31.03 17.30
8 12 40 20 6.00 20.00 69.13 22.81 16.83
9 13 34 24 5.42 14.17 87.97 28.76 11.92
10 10 28 36 2.78 7.78 82.21 30.34 6.55
11 9 24 16 5.63 15.00 86.29 33.79 12.62
12 12 33 8 15.00 41.25 83.70 28.28 34.71
13 7 20 16 4.38 12.50 80.58 35.43 10.52
14 9 17 15 6.00 11.33 12149  50.16 9.54
15 22 37 15 1467 2467 136.29  36.83 20.76
16 37 89 24 1542  37.08 95.60 18.83 31.20
17 15 40 12 1250  33.33 86.29 26.20 28.05
18 20 58 6 33.33  96.67 79.39 20.67 81.34
19 25 63 20 1250  31.50 91.28 21.68 26.51

N
o

59 185 64 9.22 28.91 73.46 11.11 24.32
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Appendix I

Sample number: JR12-17
Mineral:  Apatite
Irradiation code:  vuw014-13 Hortoomil wilkio: [Ma]
B1.3
Ns: 326 5]
Ni: 1316
Area: 451 11
RhoS: 7.228 01
Rhol:  29.18
Pooled Age:  58.4 +3.9 3] +
Mean Age: 61.4 £3.5 5 /
Central Age: 58.4 +3.9 T 1 .
70 5040 3 20
i Rel. eror [%]
Chi-sgq.: 15.35
P(%) 70.02
Dispersion:  0.04
RhoD: 13.97
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 13 46 30 4.33 15.33 66.55 20.96 12.63
2 8 79 25 3.20 31.60 23.93 8.89 26.02
3 6 23 20 3.00 11.50 61.46 28.21 9.47
4 4 10 18 2.22 5.56 94.00 55.65 4.58
5 29 106 25 11.60 42.40 64.44 13.58 34.92
6 13 54 9 14.44  60.00 56.74 17.58 49.41
7 21 122 35 6.00 34.86 40.62 9.64 28.71
8 7 22 16 4.38 13.75 74.88 32.54 11.32
9 15 59 12 12.50 49.17 59.90 17.38 40.49
10 19 82 20 9.50 41.00 54.62 13.96 33.76
11 10 46 20 5.00 23.00 51.25 17.92 18.94
12 27 81 20 13.50 40.50 78.42 17.52 33.35
13 32 136 30 10.67 45.33 55.46 10.97 37.33
14 18 68 15 12.00 45.33 62.36 16.59 37.33
15 21 79 9 23.33 87.78 62.62 15.44 72.29
16 17 69 15 11.33  46.00 58.06 15.78 37.88
17 14 63 36 3.89 17.50 52.39 15.53 14.41
18 5 14 20 2.50 7.00 83.99 43.80 5.77
19 7 34 12 5.83 28.33 48.55 20.18 23.33
20 40 123 64 6.25 19.22 76.52 14.04 15.83




Fission-track Data

Sample number: JR12-18
Mineral:  Apatite
Irradiation code:  vuw014-10 Horizontal value: [Ma]
226 ‘3
Ns: 125 1
Ni: 1469 A
Area; 759 A% - 25
Ll ++_1_ +
RhoS: 1.647 ¢ i*# e - 22
Rhol:  19.35 Ty & : o0
17068
Pooled Age: 20.8 +2.0 1 +
Mean Age: 22.6 £1.5 +
Central Age: 20.8 2.0 SIDI 810 5IU 4ID 3!0
Rel. ermor [%]
Chi-sg.: 6.07
P(%) 99.78
Dispersion:  0.00
RhoD: 14.41
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 12 118 21 5.71 56.19 24.79 7.53 44.84
2 2 23 20 1.00 11.50 21.21 15.64 9.18
3 11 92 25 4.40 36.80 29.14 9.32 29.37
4 5 65 25 2.00 26.00 18.76 8.72 20.75
5 19 228 48 3.96 47.50 20.32 4.88 37.91
6 7 66 18 3.89 36.67 25.86 10.30 29.26
7 8 118 100 0.80 11.80 16.54 6.05 9.42
8 10 131 20 5.00 65.50 18.62 6.12 52.27
9 4 86 70 0.57 12.29 11.35 5.81 9.80
10 4 39 64 0.63 6.09 25.01 13.14 4.86
11 9 137 35 2.57 39.14 16.03 5.53 31.24
12 3 27 28 1.07 9.64 27.09 16.50 7.70
13 3 35 48 0.63 7.29 20.90 12.58 5.82
14 3 36 25 1.20 14.40 20.32 12.22 11.49
15 1 11 64 0.16 1.72 22.17 23.16 1.37
16 7 69 54 1.30 12.78 24.73 9.83 10.20
17 6 80 16 3.75 50.00 18.30 7.76 39.90
18 1 10 18 0.56 5.56 24.38 25.58 4.43
19 2 11 35 0.57 3.14 44.26 34.04 251
20 8 87 25 3.20 34.80 22.42 8.30 271.77
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Appendix I

Sample number: JR12-19
Mineral:  Apatite
Irradiation code: vuw014-9 Horizontal value: [Ma]
1{227
Ns: 80
Ni: 890 A
Area: 351 ek 18 - 25
RhoS: 2.279 o ii s 9
Rhol:  25.36 8
- 20
Pooled Age: 22.1+2.6 F o+
Mean Age: 22.7 1.1 1 +
Central Age: 22.1+2.6 2060 50 4
Rel. ermor [%]
Chi-sgq.: 3.81
P(%) 99.98
Dispersion:  0.00
RhoD: 14.56
Nd: 6387
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 11 122 35 3.14 34.86 22.21 7.01 27.53
2 2 21 20 1.00 10.50 23.46 17.37 8.29
3 2 38 12 1.67 31.67 12.98 9.42 25.01
4 8 73 15 5.33 48.67 26.99 10.07 38.44
5 3 31 15 2.00 20.67 23.84 14.43 16.32
6 2 20 12 1.67 16.67 24.63 18.28 13.16
7 4 70 24 1.67 29.17 14.09 7.25 23.04
8 2 17 12 1.67 1417  28.97 21.67 11.19
9 4 64 20 2.00 32.00 15.41 7.95 25.28
10 9 105 24 3.75 4375  21.12 7.35 34.56
11 2 24 16 1.25 15.00 20.53 15.12 11.85
12 3 30 36 0.83 8.33 24.63 14.93 6.58
13 3 32 18 1.67 17.78 23.10 13.96 14.04
14 6 76 9 6.67 84.44  19.46 8.26 66.70
15 1 12 20 0.50 6.00 20.53 21.38 4,74
16 3 28 12 2.50 23.33 26.39 16.04 18.43
17 1 10 20 0.50 5.00 24.63 25.84 3.95
18 6 57 6 10.00 95.00 25.93 11.14 75.03
19 8 60 25 3.20 24.00 32.82 12.38 18.96




Fission-track Data
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Sample number: JR12-20
Mineral:  Apatite
Irradiation code: vuw014-8 Horizontal value: (Ma]
22.7
Ns: 96 LS I
Ni: 1149
Area: 578 i
ot {
RhoS:  1.661 B Rtk s o
Rhol:  19.88 T Al e
S T
Pooled Age: 20.8 2.3 1 R
Mean Age: 22.7 +2.3 g R
Central Age: 20.8 +2.3 a0 6050 40
Rel. eror [%]
Chi-sg.: 5.22
P(%) 99.92
Dispersion:  0.00
RhoD: 14.70
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 41 28 1.43 14.64 24.28 12.73 11.45
2 2 23 24 0.83 9.58 21.64 15.96 7.49
3 2 36 16 1.25 22.50 13.84 10.06 17.59
4 4 55 20 2.00 27.50 18.11 9.39 21.50
5 4 39 16 2.50 24.38 25.52 13.41 19.06
6 2 52 28 0.71 18.57 19.58 6.91 14,52
7 2 20 24 0.83 8.33 24.88 18.46 6.52
8 3 46 28 1.07 16.43 16.24 9.68 12.85
9 2 22 48 0.42 4.58 22.63 16.72 3.58
10 1 13 35 0.29 3.71 19.15 19.88 2.90
11 2 28 24 0.83 11.67 17.78 13.02 9.12
12 8 92 30 2.67 30.67 21.64 7.99 23.98
13 1 11 20 0.50 5.50 22.63 23.64 4.30
14 18 176 35 514 5029  25.45 6.32 39.32
15 6 60 40 1.50 15.00 24.88 10.67 11.73
16 12 188 36 3.33 52.22 15.90 4.75 40.83
17 8 96 36 2.22 26.67 20.74 7.65 20.85
18 6 69 25 2.40 27.60 21.64 9.23 21.58
19 1 4 16 0.63 2.50 62.03 69.37 1.96
20 8 78 49 1.63 15.92 25.52 9.49 12.45
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Appendix I

Sample number: JR12-21
Mineral:  Apatite
Irradiation code: vuw014-5 Horizontal value: [Ma]
24 +
Ns: 110
Ni: 945 !
Area: 460 K ++ e -5
RhoS: 2.391 o ElEa T
Rhol:  20.54 + i t g7 fi
i
+
Pooled Age: 29.8 3.1 1
Mean Age: 32425
Central Age: 29.8 3.1 EEEr i1
70 5040 30
Rel. eror [%]
Chi-sgq.: 6.32
P(%) 99.7
Dispersion:  0.00
RhoD: 15.16
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 11 18 0.56 6.11 23.31 24.35 4.64
2 40 15 2.00 26.67 19.24 11.52 20.24
3 9 9 1.11 10.00 28.48 30.03 7.59
4 10 65 12 8.33 54.17 39.40 13.41 41.10
5 8 78 20 4.00 39.00 26.30 9.78 29.59
6 5 45 30 1.67 15.00 28.48 13.44 11.38
7 3 26 20 1.50 13.00 29.57 18.05 9.86
8 3 16 16 1.88 10.00 47.99 30.21 7.59
9 6 24 25 2.40 9.60 63.91 29.21 7.28
10 8 62 30 2.67 20.67 33.06 12.44 15.68
11 11 96 35 3.14 27.43 29.37 9.37 20.81
12 1 11 20 0.50 5.50 23.31 24.35 4.17
13 1 9 16 0.63 5.63 28.48 30.03 4.27
14 2 18 6 3.33 30.00 28.48 21.24 22.76
15 1 5 18 0.56 2.78 51.18 56.07 2.11
16 3 28 15 2.00 18.67  27.47 16.70 14.16
17 1 10 28 0.36 3.57 25.64 26.90 2.71
18 35 337 70 5.00 48.14 26.63 4.77 36.53
19 3 31 15 2.00 20.67 24.81 15.01 15.68
20 4 24 42 0.95 571 42.68 23.07 4.34




Fission-track Data

Sample number: JR12-22
Mineral:  Apatite
Irradiation code: vuw014-4 Horizontal value: [Ma]
11220
Ns: 43 ¥
Ni: 516
Area: 140 B 25
RhoS: 3.071 s i ; ””” £
Rhol:  36.86 enh - 20
+
5 - 18
Pooled Age: 21.6 35
Mean Age: 22.0£1.5 o
Central Age: 21.6 £3.5 8'0?'0 6'0 5'0
Rel. ermor [%]
Chi-sq.: 1.8
P(%) 100
Dispersion:  0.00
RhoD: 15.31
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 22 12 0.83 18.33 11.78 12.05 13.78
2 3 33 9 3.33 36.67 23.54 14.21 27.55
3 7 82 12 5.83 68.33 22.11 8.72 51.35
4 1 11 9 1.11 12.22 23.54 24.59 9.18
5 1 11 8 1.25 13.75 23.54 24.59 10.33
6 7 83 9 7.78 92.22 21.84 8.61 69.30
7 2 23 6 3.33 38.33 22.52 16.61 28.80
8 3 20 9 3.33 22.22 38.80 24.04 16.70
9 2 22 12 1.67 18.33 23.54 17.39 13.78
10 5 52 12 4.17 43.33 24.90 11.67 32.56
11 3 40 12 2.50 33.33 19.43 11.64 25.05
12 3 45 10 3.00 45.00 17.27 10.31 33.81
13 1 12 4 2.50 30.00 21.58 22.47 22.54
14 3 46 4 7.50 115.00 16.90 10.08 86.41
15 1 14 12 0.83 11.67 18.50 19.16 8.77
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Appendix I

Sample number: JR12-23
Mineral:  Apatite
Irradiation code:  vuw014-2 Horizontal value: [Ma]
11186
Ns: 72
Ni: 992 Bt - 22
Area: 346 B F, b
ML £ o -2
RhoS: 2.081 R -
Rhol: 28.67 % -l 18
T4 +
Pooled Age: 19.2+24
Mean Age: 19.6 0.8 -1
Central Age: 19.2+2.4 3|Ul glg 510 4|
Rel. error [%]
Chi-sq.: 1.84
P(%) 100
Dispersion:  0.00
RhoD: 15.60
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 33 12 1.67 27.50 16.01 11.66 20.27
2 3 31 15 2.00 20.67 25.54 15.46 15.23
3 3 41 12 2.50 34.17 19.32 11.57 25.18
4 2 31 20 1.00 15.50 17.04 12.44 11.43
5 1 13 20 0.50 6.50 20.31 21.08 4.79
6 2 24 15 1.33 16.00 22.00 16.20 11.79
7 7 86 14 5.00 61.43 21.49 8.46 45.28
8 1 11 20 0.50 5.50 24.00 25.07 4.05
9 3 45 20 1.50 22.50 17.61 10.51 16.58
10 4 46 16 2.50 28.75 22.96 11.98 21.19
11 7 117 20 3.50 58.50 15.80 6.16 43.12
12 3 56 24 1.25 23.33 14.15 8.39 17.20
13 2 26 16 1.25 16.25 20.31 14.91 11.98
14 1 13 9 1.11 14.44 20.31 21.08 10.65
15 3 34 28 1.07 12.14 23.29 14.04 8.95
16 2 39 20 1.00 19.50 13.55 9.83 14.37
17 4 66 25 1.60 26.40 16.01 8.25 19.46
18 3 43 8 3.75 53.75 18.43 11.01 39.62
19 16 204 16 10.00 12750 20.71 5.40 93.98
20 3 33 16 1.88 20.63 24.00 14.48 15.20




Fission-track Data

Sample number: JR12-31
Mineral:  Apatite
Irradiation code:  vuw014-28 Horizontal value: [Ma]
1{124
Ns: 65
Ni: 1147 4928
Area: 635 + ool ol
Oksisidhig  * '
RhoS: 1.024 (g
Rhol: 18.06 + -
* T
Pooled Age: 11.3+1.5 ek
Mean Age: 12.4 +0.7 1
Central Age: 11.3+15 208050 40
Rel. eror [%]
Chi-sg.:  3.92
P(%) 99.99
Dispersion:  0.00
RhoD: 11.73
Nd: 6387
Ustandard CN_5
Zeta+lo 339 6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 6 122 35 1.71 34.86 9.77 4.09 34.17
2 4 49 36 1.11 13.61  16.21 8.44 13.34
3 2 45 30 0.67 15.00 8.83 6.39 14.71
4 1 11 20 0.50 5.50 18.05 18.86 5.39
5 2 36 40 0.50 9.00 11.04 8.02 8.82
6 6 86 60 1.00 14.33 13.86 5.86 14.05
7 3 43 36 0.83 11.94 13.86 8.28 11.71
8 2 26 20 1.00 13.00 15.28 11.22 12.74
9 5 71 49 1.02 14.49 13.99 6.48 14.20
10 1 18 20 0.50 9.00 11.04 11.34 8.82
11 13 280 42 3.10 66.67 9.23 2.63 65.35
12 2 46 49 0.41 9.39 8.64 6.24 9.20
13 1 23 25 0.40 9.20 8.64 8.83 9.02
14 2 23 18 1.11 12.78  17.27 12.74 12.53
15 2 53 35 0.57 15.14 7.50 5.40 14.85
16 2 26 24 0.83 10.83 15.28 11.22 10.62
17 3 38 20 1.50 19.00 15.68 9.41 18.63
18 1 15 15 0.67 10.00 13.24 13.68 9.80
19 3 73 36 0.83 20.27 88.17 4.81 19.88
20 4 63 25 1.60 25.20 12.61 6.51 24.70
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Appendix I

Sample number: JR12-32
Mineral:  Apatite
Irradiation code: vuw014-25 Horizontal value: [Ma]
13.2 +
Ns: 39
Ni: 625 1
Area: 207 - 15
RhoS: 1.884 Qe
Rhol:  30.19 g 12
1
Pooled Age: 129+2.1
Mean Age: 13.2+1.5
Central Age: 129 +2.1 . 8'0' BID 5'0 4'0 3'0
Rel. eror [%]
Chi-sq.: 4.05
P(%) 98.26
Dispersion:  0.00
RhoD: 12.18
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 26 16 0.63 16.25 7.93 8.09 15.35
2 1 18 8 1.25 2250  11.46 11.77 21.25
3 1 17 12 0.83 14.17 12.13 12.49 13.38
4 1 22 12 0.83 18.33 9.38 9.59 17.31
5 1 24 9 1.11 26.67 8.60 8.77 25.18
6 2 24 20 1.00 12.00 17.18 12.65 11.33
7 1 13 16 0.63 8.13 15.86 16.46 7.67
8 1 19 12 0.83 15.83 10.86 11.14 14.95
9 3 46 20 1.50 23.00 13.45 8.02 21.72
10 5 35 12 4.17 29.17  29.42 14.08 27.54
11 15 256 25 6.00 102.40 12.08 3.22 96.70
12 5 91 36 1.39 25.28 11.33 5.21 23.87
13 2 34 9 2.22 37.78 12.13 8.83 35.68




Fission-track Data

Sample number: JR12-33
Mineral:  Apatite
Irradiation code: vuw014-24 Horizontal value: [Ma]
14122
Ns: 28 \ 15
Ni: 504
Area: 127 T 4
A s :
RhoS:  2.205 Rt S R 12
Rhol:  39.69 ranine
Pooled Age: 11.6 +2.3 + 4 R s
Mean Age: 12.2+1.3 4 /
Central Age: 11.6 +2.3 a0 B050 40 30
Rel. eror [%]
Chi-sq.: 1.75
P(%) 99.48
Dispersion:  0.00
RhoD: 12.33
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 13 12 0.83 10.83 16.05 16.66 10.11
2 1 11 9 1.11 12.22 18.97 19.82 11.40
3 16 263 36 4.44 73.06 12.70 3.28 68.16
4 2 38 12 1.67 31.67 10.99 7.98 29.54
5 1 14 4 2.50 35.00 14.91 15.43 32.65
6 1 18 8 1.25 22.50 11.60 11.92 20.99
7 2 27 6 3.33 45.00 15.46 11.33 41.98
8 1 24 15 0.67 16.00 8.70 8.88 14.93
9 2 60 16 1.25 37.50 6.96 5.01 34.99
10 1 36 9 1.11 40.00 5.80 5.88 37.32
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Sample number: JR12-34
Mineral:  Apatite
Irradiation code: vuw014-22 Horizontal value: [Ma]
17.9
Ns: 37
Ni: 577
Area: 171
RhoS: 2.164
Rhol: 33.74
Pooled Age: 13.7 £2.3
Mean Age: 17.9+3.0
Central Age: 13.7 2.3 '?'DB'D 5'0 4
Rel. error [%]
Chi-sq.: 4.48
P(%) 92.33
Dispersion:  0.00
RhoD: 12.63
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 4 70 12 3.33 58.33 12.22 6.29 53.14
2 1 12 12 0.83 10.00 17.81 18.54 9.11
3 11 209 16 6.88 130.63  11.25 3.49 118.99
4 1 7 16 0.63 4.38 30.50 32.61 3.99
5 4 87 25 1.60 34.80 9.83 5.03 31.70
6 7 78 12 5.83 65.00 19.18 7.58 59.21
7 0 9 9 0.00 10.00 0.00 0.00 9.11
8 2 18 9 2.22 20.00 23.73 17.70 18.22
9 1 10 16 0.63 6.25 21.36 22.41 5.69
10 5 71 35 1.43 20.29 15.05 6.97 18.48
11 1 6 9 1.11 6.67 35.57 38.43 6.07




Fission-track Data

Sample number: JR12-35
Mineral:  Apatite
Irradiation code:  vuw014-21 Horizontal value: [Ma]
135 +
Ns: 94 e
Ni: 1425 1 s
Area: 373 e S 15
i L
RhoS: 2.5 g 1o
Rhol: 38.2 F AT 12
1 Tk
Pooled Age: 14.3+1.6
Mean Age: 13.5+0.9
Central Age: 14.3+1.6 o0 E0S0 40 30
Rel. eror [%]
Chi-sg.: 6.92
P(%) 99.47
Dispersion:  0.00
RhoD: 12.77
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 18 226 56 3.21 40.36 17.22 4.24 36.33
2 1 21 15 0.67 14.00 10.30 10.55 12.60
3 3 39 12 2.50 32.50 16.63 9.97 29.26
4 12 114 24 500 4750  22.75 6.92 42.77
5 3 37 16 1.88 23.13 17.53 10.53 20.82
6 2 28 12 1.67 23.33 15.45 11.31 21.01
7 6 90 20 3.00 45.00 14.42 6.09 40.51
8 7 155 25 2.80 62.00 9.77 3.78 55.82
9 6 77 16 3.75 48.13 16.85 7.15 43.33
10 1 28 25 0.40 11.20 7.73 7.87 10.08
11 2 34 20 1.00 17.00 12.72 9.26 15.31
12 1 26 15 0.67 17.33 8.32 8.48 15.61
13 9 120 15 6.00 80.00 16.22 5.62 72.03
14 2 46 12 1.67 38.33 941 6.80 34.51
15 2 39 12 1.67 32.50 11.09 8.05 29.26
16 4 74 18 222 4111 11.69 6.01 37.01
17 5 100 24 2.08 41.67 10.82 4.96 37.51
18 2 41 9 222 4556  10.55 7.65 41.01
19 3 34 15 2.00 22.67 19.08 11.50 20.41
20 5 96 12 4.17 80.00 11.27 5.17 72.03
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Appendix I

Sample number: JR12-36
Mineral:  Apatite
Irradiation code: vuw014-19 Horizontal value: (Ma]
11109
Ns: 34
Ni: 736 T et
Area: 307 ot 12
RhoS:  1.107 g R
Rhol:  23.97 i -10
+ooF
Pooled Age: 10.2+1.8
Mean Age: 109 =11 1
Central Age: 10.2+1.8 '?'U 5'0 5' 4'0
Rel. eror [%]
Chi-sgq.: 3.51
P(%) 99.95
Dispersion:  0.00
RhoD: 13.07
Nd: 6387
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 2 42 9 2.22 46.67 10.54 7.63 41.06
2 3 56 25 1.20 22.40 11.86 7.03 19.71
3 1 18 20 0.50 9.00 12.30 12.64 7.92
4 1 36 9 1.11 40.00 6.15 6.24 35.19
5 8 185 25 3.20 74.00 9.57 3.46 65.11
6 1 11 25 0.40 4.40 20.11 21.01 3.87
7 4 61 12 3.33 50.83 14.51 7.50 44,72
8 0 27 12 0.00 22.50 0.00 0.00 19.80
9 2 62 16 1.25 38.75 7.14 5.13 34.09
10 1 13 9 1.11 14.44  17.02 17.67 12.71
11 3 48 15 2.00 32.00 13.83 8.24 28.15
12 2 37 12 1.67 30.83 11.97 8.69 27.13
13 2 51 20 1.00 25.50 8.68 6.26 22.44
14 1 29 28 0.36 10.36 7.64 7.77 9.11
15 1 18 16 0.63 11.25 12.30 12.64 9.90
16 1 21 24 0.42 8.75 10.54 10.79 7.70
17 1 21 30 0.33 7.00 10.54 10.79 6.16




Fission-track Data

Sample number: JR11-23
Mineral:  Apatite
Irradiation code: vuw015-3 Horizontal value: [Ma]
11135
Ns: 22 +
Ni: 364 + 15
Area. 783 1 | R
RhoS: 0.281 o [
Rhol: 4.649 f
12
Pooled Age: 14.2+3.1
Mean Age: 13.5+1.8 1 /
Central Age: 14.2 +3.1 o0 E050 40 30
Rel. eror [%]
Chi-sq.: 4.38
P(%) 99.98
Dispersion:  0.00
RhoD: 13.88
Nd: 5277
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 1 10 21 0.48 4,76 23.48 24.64 3.95
2 3 45 42 0.71 10.71 15.66 9.35 8.88
3 0 9 42 0.00 2.14 0.00 0.00 1.78
4 1 25 40 0.25 6.25 9.40 9.59 5.18
5 1 13 35 0.29 3.71 18.07 18.76 3.08
6 1 19 40 0.25 4.75 12.37 12.69 3.94
7 3 44 21 1.43 20.95 16.02 9.57 17.36
8 3 33 80 0.38 4.13 21.35 12.89 3.42
9 1 15 54 0.19 2.78 15.66 16.18 2.30
10 0 7 16 0.00 4.38 0.00 0.00 3.63
11 1 11 49 0.20 2.25 21.35 22.31 1.86
12 1 11 36 0.28 3.06 21.35 22.31 2.53
13 1 10 35 0.29 2.86 23.48 24.64 2.37
14 1 11 24 0.42 4,58 21.35 22.31 3.80
15 0 13 60 0.00 2.17 0.00 0.00 1.80
16 1 17 40 0.25 4.25 13.82 14.23 3.52
17 1 27 36 0.28 7.50 8.71 8.87 6.22
18 0 9 25 0.00 3.60 0.00 0.00 2.98
19 1 13 27 0.37 4.82 18.07 18.76 3.99
20 1 22 60 0.17 3.67 10.68 10.93 3.04
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Sample number: JR11-25
Mineral:  Apatite
Irradiation code: vuw015-4 Horizontal value: [Ma]
115
Ns: 87 i
Ni: 1826
Area: 485 + .
RhoS: 1.794 heiimg 3
Rhol:  37.65 1 *+ -t
g 10
Pooled Age: 11.1+1.2 1 +
Mean Age: 11.5 0.8 p:
Central Age: 11.1+1.2 8'0' 5'05'0 A 3'0
Rel. eror [%]
Chi-sg.: 5.03
P(%) 99.94
Dispersion:  0.00
RhoD: 13.73
Nd: 5277
Ustandard CN_5
Zeta+lc 339 +6.5
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 3 108 48 0.63 22.50 6.46 3.78 18.85
2 4 96 42 0.95 22.86 9.69 4.95 19.15
3 1 17 20 0.50 8.50 13.67 14.07 7.12
4 8 154 25 3.20 61.60 12.08 4.39 51.61
5 1 32 15 0.67 21.33 37.27 7.38 17.87
6 2 49 10 2.00 49.00 9.49 6.85 41.05
7 7 178 15 4.67 118.67 9.14 3.53 99.42
8 2 32 42 0.48 7.62 14.53 10.59 6.38
9 4 80 9 4.44 88.89 11.62 5.96 74.47
10 2 32 12 1.67 26.67 14.53 10.59 22.34
11 4 72 35 1.14 20.57 12.91 6.64 17.24
12 1 22 9 1.11 24.44 1057 10.81 20.48
13 14 194 35 4.00 55.43 16.77 4.66 46.44
14 8 178 16 5,00 111.25 10.45 3.78 93.21
15 20 454 42 4.76 108.10 10.24 2.35 90.56
16 2 38 20 1.00 19.00 12.23 8.88 15.92
17 1 12 20 0.50 6.00 19.36 20.16 5.03
18 1 16 25 0.40 6.40 14.53 14.98 5.36
19 1 26 25 0.40 10.40 8.94 9.12 8.71
20 1 36 20 0.50 18.00 6.46 6.55 15.08




Fission-track Data 257

Sample number: JR11-35
Mineral:  Zircon

Irradiation code: vuw005-20 Hontomal valg:
157.5 +
Ns: 1628 1 +
Ni: 323
Area: 147 7
+ 30+
g(#: -
RhoS: 110.7 LSRN
+ el
Rhol: 21.97
91 e
Pooled Age: 153 +10.1 %
Mean Age: 157.6 +8.4 e g
Central Age: 153 +10.1 ’ 70 5040 30
Rel. eror [%]
Chi-sq.: 1243

P(%) 86.63
Dispersion:  0.01

RhoD: 4.279
Nd: 2590
Ustandard CN_1

Zetaxlo 143.6=*24

counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 114 29 16 7125 18.13 119.64  25.07 134.38

2 111 30 9 123.33 3333 11267  23.37 247.13
3 71 13 6 118.33 21.67 165.63  50.15 160.63
4 175 30 9 194.44 3333 176.76  35.22 247.13
5 175 36 18 97.22  20.00 14763 27.28 148.28
6 123 15 12 102.50 1250 24711  67.88 92.67
7 62 11 6 103.33 1833 170.87  56.07 135.92
8 79 15 4 19750 3750 159.80 45.19 278.02
9 58 13 8 7250 1625 13562 4176 120.48
10 73 13 4 182.50 3250 170.24 5144 240.95
11 54 15 9 60.00 16.67 109.65  32.13 123.56
12 21 5 2 105.00 25.00 127.75  63.66 185.35
13 45 8 4 11250 20.00 170.53  65.58 148.28
14 56 11 4 140.00 2750 15453  51.12 203.88
15 100 18 4 250.00 45.00 168.45  43.35 333.62
16 64 13 6 106.67 21.67 14949 4564 160.63
17 66 8 6 110.00 13.33 24859  93.28 98.85
18 78 16 6 130.00 26.67 148.05  40.81 197.70
19 50 10 10 50.00 10.00 15180 52.73 74.14
20 53 14 4 13250 35.00 11526  34.76 259.48
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Sample number: JR11-40a
Mineral:  Zircon
Irradiation code: vuw005-30 Horizontal value: [Ma]
211472
Ns: 2034
Ni: 376 - 180
: L Fp
Area: 199 AR - 160
RhoS: 102.2 CHETE 140
Rhol: 18.89 T
1 +
-120
Pooled Age: 151.7 +94
Mean Age: 147.3 7.9 2 o
Central Age: 150.6 9.7 205040 3
Rel. eror [%]
Chi-sq.: 18.68
P(%) 47.74
Dispersion:  0.08
RhoD: 3.953
Nd: 2590
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 129 21 16 80.63 13.13  172.02 40.72 105.33
2 142 19 9 157.78 2111  208.69 51.26 169.42
3 236 38 16 14750 23.75 173.89 30.72 190.59
4 268 35 15 178.67 23.33  213.73 38.81 187.25
5 54 12 4 135.00 30.00 126.46 40.49 240.75
6 87 14 12 72.50 11.67 174.00 50.30 93.63
7 55 10 4 13750 25.00 154.23 53.17 200.63
8 72 15 9 80.00 16.67 13481 38.42 133.75
9 132 33 16 82.50 20.63  112.53 22.09 165.52
10 84 12 6 140.00 20.00 195.66 60.59 160.50
11 41 14 9 45.56 15.56 82.58 25.65 124.83
12 125 29 9 138.89 3222 121.18 25.17 258.58
13 69 15 3 230.00 50.00 129.25 36.97 401.25
14 92 15 12 76.67 1250 171.76  48.03 100.31
15 32 9 6 53.33 15.00 100.13 37.87 120.38
16 38 9 6 63.33 15.00 118.73 44,12 120.38
17 123 22 16 76.88 13.75  156.75 36.51 110.34
18 33 7 3 110.00 23.33 13242 55.21 187.25
19 71 15 16 44.38 9.38 132.95 37.94 75.23
20 151 32 12 12583 26.67 132.55 26.02 214.00




Fission-track Data 259

Sample number: JR11-40b
Mineral:  Zircon
Irradiation code: vuw005-34, 35

Horizontal value: [Ma]
Ns: 2689 158
Ni: 537
Area: 300 2
14
RhoS: 89.63 01+ ) lgg
Rhol: 17.9 -1 4 140
Pooled Age: 137.1+74
Mean Age: 168 +11.1
Central Age: 136.2+9.8 —— ;

705040 30 20

Chi-sg.: 89.19 Rel. error [%]

P(%) 0.04
Dispersion:  0.31

RhoD: 3.853
Nd: 2590
Ustandard CN_1

Zetatlo 143.6 +2.4
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 31 5 3 103.33 16.67 169.29  81.70 137.20
2 22 3 4 55.00 7.50 199.76  123.05 61.74
3 49 9 4 12250 2250 14890 54.13 185.22
4 25 7 3 83.33  23.33 98.06 42.01 192.08
5 93 9 6 155.00 15.00 279.73  97.92 123.48
6 24 2 3 80.00 6.67 323.73 23841 54.88
7 30 5 4 75.00 1250 163.90 79.28 102.90
8 54 19 8 6750  23.75 78.16 20.94 195.51
9 36 5 4 90.00 1250 196.18  93.77 102.90
10 40 6 6 66.67 10.00 18186  79.75 82.32
11 34 4 2 170.00 20.00 230.98 122.24 164.64
12 44 12 6 7333 20.00 100.65  32.88 164.64
13 24 5 3 80.00 16.67 13145 64.71 137.20
14 33 3 4 82.50 7.50 297.37 179.48 61.74
15 55 16 6 91.67  26.67 94.41 26.93 219.52
16 34 2 3 113.33  6.67 453.97  330.52 54.88
17 20 2 2 100.00 10.00 270.89 201.02 82.32
18 49 14 6 81.67  23.33 96.11 29.23 192.08
19 20 4 50.00 5.00 270.89  201.02 41.16
3

153.33 2333 179.29  72.89 192.08

N
o

46 7
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50

109
72
273
26
50
115
34
72
28
47
107
100
71
102
70
71
41
53
57
38
61
41
37
18
36
25
35
25
64
48
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Appendix I

109.00
144.00
170.63
86.67
55.56
57.50
85.00
120.00
46.67
117.50
71.33
62.50
118.33
85.00
77.78
118.33
102.50
888.33
142.50
63.33
101.67
68.33
92.50
180.00
90.00
125.00
87.50
31.25
80.00
80.00

19.00
24.00
28.13
13.33
15.56
9.00
10.00
16.67
20.00
27.50
7.33
14.38
21.67
15.83
24.44
16.67
45.00
31.67
22.50
13.33
11.67
15.00
45.00
20.00
22.50
15.00
15.00
7.50
36.25
16.67

156.80
163.90
165.70
177.37
98.06
174.38
230.98
196.18
64.23
117.14
263.66
119.18
149.36
146.84
87.43
193.50
62.71
76.72
172.88
130.10
236.70
124.82
56.62
24431
109.73
226.53
159.40
114.26
60.77
131.45

39.19
51.28
27.00
95.37
29.76
44.43
122.24
66.40
22.22
39.35
83.76
27.73
45.22
36.89
21.49
65.55
17.81
20.61
62.17
50.72
94.65
46.06
16.34
182.21
40.99
138.53
70.55
52.03
13.69
45.82

156.41
197.57
231.53
109.76
128.05
74.09
82.32
137.20
164.64
226.38
60.37
118.34
178.36
130.34
201.23
137.20
370.44
260.68
185.22
109.76
96.04
123.48
370.44
164.64
185.22
123.48
123.48
61.74
298.41
137.20




Sample number:
Mineral:
Irradiation code:

Fission-track Data

JR11-40c
Zircon
vuw005-32, 33

Horizontal value: [Ma]
Ns: 3151
Ni: 917
Area: 470
RhoS: 67.04
Rhol: 1951
Pooled Age: 95.1 +4.3
Mean Age: 104.6 =55
Central Age: 93.0 5.5
70 5040 30 20
Chisq.: 125.2 e ]
P(%) 0.0
Dispersion: 0.28
RhoD: 3.882
Nd: 2590
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 48 17 16 30.00 10.63 78.22 22.17 86.83
2 58 18 12 48.33 15.00 89.19 24.17 122.58
3 58 19 12 48.33 15.83 84.52 22.45 129.39
4 63 18 18 35.00 10.00 96.82 26.00 81.72
5 142 38 18 78.89 2111  103.32 19.06 172.52
6 76 21 4 190.00 5250  100.08 24.81 429.02
7 28 9 4 70.00 22.50 86.13 33.08 183.87
8 81 24 16 50.63 15.00 93.38 21.84 122.58
9 177 21 24 73.75 8.75 230.73 53.58 71.50
10 82 17 9 91.11 18.89  133.05 35.62 154.36
11 46 8 6 76.67 13.33  158.30 60.78 108.96
12 59 18 6 98.33  30.00 90.71 24.54 245.16
13 22 11 6 36.67 18.33 55.50 20.55 149.82
14 21 6 4 52.50 15.00 96.82 44.89 122.58
15 78 28 9 86.67 31.11 77.18 17.12 254.23
16 29 10 3 96.67 33.33 80.32 29.53 272.39
17 51 18 4 127.50 45.00 78.49 21.61 367.73
18 49 9 6 81.67 15.00 149.98 54.53 122.58
19 70 16 12 58.33 13.33  120.80 33.62 108.96
20 34 8 3 113.33  26.67 117.38 46.22 217.92
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

22
95
40
40
31
65
80
58
71
17
20
19
10

41
31
36
105
37
30
12
33
24
37
26
26
59
49
15
31
90
39
34
47
12
13
36
31
43
36
94
19
28
48
68
48
24

4
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Appendix I

55.00
63.33
100.00
44.44
34.44
72.22
29.63
48.33
78.89
18.89
50.00
47.50
16.67
90.00
102.50
51.67
90.00
87.50
61.67
75.00
60.00
55.00
120.00
185.00
65.00
86.67
49.17
61.25
50.00
77.50
128.57
195.00
113.33
117.50
30.00
65.00
90.00
103.33
71.67
180.00
117.50
95.00
70.00
120.00
113.33
53.33
60.00

10.00
14.67
15.00
11.11
10.00
13.33
11.11
10.83
20.00
16.67
22.50
15.00
11.67
30.00
40.00
35.00
15.00
35.83
28.33
15.00
25.00
35.00
20.00
35.00
32.50
20.00
23.33
25.00
20.00
22.50
40.00
35.00
20.00
20.00
15.00
20.00
15.00
23.33
28.33
25.00
15.00
25.00
25.00
17.50
38.33
30.00
32.50

151.49
119.24
183.18
110.53
95.90
149.23
73.90
123.16
109.01
31.51
61.64
87.66
39.69
83.07
71.03
41.01
165.09
67.70
60.38
137.87
66.54
43.65
165.09
145.66
55.50
119.66
58.46
67.92
69.30
95.29
88.97
153.44
156.03
161.70
55.50
89.95
165.09
122.26
70.11
197.61
214.70
105.05
77.57
188.33
81.88
49.36
51.25

82.44
28,38
80.33
39.18
36.16
47.04
15.93
37.93
28.90
11.19
24.79
41.11
19.59
55.42
21.02
11.64
72.92
12.38
17.76
61.76
35.46
12.24
89.26
60.15
18.91
54.28
13.50
18.11
33.52
36.16
19.39
63.11
69.21
61.98
27.79
51.48
72.92
51.26
20.17
94.45
66.05
52.87
28.65
76.35
19.86
11.94
17.70

81.72
119.58
122.58

90.80

81.72
108.96

90.80

88.53
163.44
136.20
183.87
122.58

95.34
245.16
326.87
286.01
122.58
292.82
231.54
122.58
204.30
286.01
163.44
286.01
265.58
163.44
190.68
204.30
163.44
183.87
326.87
286.01
163.44
163.44
122.58
163.44
122.58
190.68
231.54
204.30
122.58
204.30
204.30
143.01
313.25
245.16
265.58




Fission-track Data

Sample number: JR11-45
Mineral:  Zircon
Irradiation code: vuw005-37 ;
Horizontal value: [Ma]
Ns: 1464 o P20 N a0
Ni: 262 :
Area: 167 = .+i" 16D
RhoS: 87.67 0 R g
Rhol:  15.69 + : - 140
AJ.+V Tk .
Pooled Age: 148.9 +10.7 e N
Mean Age: 145.5 +6.4 1 A4
Central Age: 148.9+10.7 N
70 50 40 30
Chi-sq.: 6.89 Rel. eror [%]
P(%) 99.48
Dispersion:  0.00
RhoD: 3.754
Nd: 2590
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 72 11 8 90.00 13.75  174.05 56.52 116.19
2 62 16 9 68.89 17.78  103.60 29.17 150.22
3 109 18 6 181.67 30.00 161.18 41.22 253.50
4 122 19 8 15250 23.75 170.78 42.35 200.69
5 107 21 9 118.89 23.33  135.89 32.62 197.17
6 68 9 6 113.33 15.00 200.49 71.30 126.75
7 193 30 20 96.50 15.00 171.10 33.87 126.75
8 61 9 6 101.67 15.00 180.14 64.49 126.75
9 51 9 8 63.75 11.25  150.95 54,72 95.06
10 70 14 9 77.78 1556  133.37 39.20 131.45
11 16 4 8 20.00 5.00 106.92 59.83 42.25
12 15 4 3 50.00 13.33  100.29 56.49 112.67
13 39 9 12 32.50 7.50 115.75 42.91 63.38
14 22 5 6 36.67 8.33 11751 58.30 70.42
15 92 19 8 115.00 23.75 129.20 32.73 200.69
16 29 5 3 96.67 16.67 154.46 74.90 140.84
17 128 22 12 106.67 18.33 154.94 35.98 154.92
18 65 11 6 108.33 18.33  157.33 51.45 154.92
19 70 11 12 58.33 9.17 169.28 55.08 77.46
20 73 16 8 91.25 20.00 12181 33.77 169.00
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264 Appendix I

Sample number: 786
Mineral:  Zircon
Irradiation code: vuw006-31, 32

Horizontal value: [Ma]
126.1 - :
Ns: 3193 T
Ni: 768 e
11 +
Area: 270 o S T - 140
RhoS: 118.3 ] N
Rhol: 28.44 R AR BT
B o
1 +
Pooled Age: 123.4 +5.7 E
Mean Age: 126.1 45

Central Age: 123.4 5.7 - L T
705040 30 20

Rel. error [%)

Chi-sq.: 13.14
P(%) 87.12
Dispersion:  0.00

RhoD: 4.175
Nd: 4415
Ustandard CN_1

Zetatlo 143.6 +2.4
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 230 61 20 115.00 30.50 112.04 16.33 231.74

2 93 22 9 103.33 24.44 12548  29.88 185.73
3 98 27 10 98.00 27.00 107.89  23.58 205.15
4 127 36 9 14111 40.00 104.89 19.94 303.92
5 201 58 10 201.00 58.00 103.05 15.53 440.69
6 138 34 9 153.33 37.78 12053 23.24 287.04
7 206 43 9 228.89 47.718 142.03  24.03 363.02
8 164 43 18 9111 2389 113.32 19.58 181.51
9 154 43 12 128.33 35.83  106.47 18.52 272.26
10 172 43 12 143.33 35.83 118.80 20.43 272.26
11 159 34 15 106.00 22.67 138.68  26.39 172.22
12 192 48 12 160.00 40.00 118.80 19.36 303.92
13 90 25 10 90.00 25.00 107.02 2431 189.95
14 185 45 18 102.78 25.00 122.07  20.47 189.95
15 125 25 12 104.17 20.83 148.16  32.63 158.29
16 98 21 9 108.89 23.33  138.39  33.42 177.29
17 163 32 12 13583 26.67 15091  29.37 202.62
18 134 38 15 89.33 2533 104.85 19.41 192.48
19 179 39 25 7160 1560 136.13  24.25 118.53
20 166 27 12 138.33 2250 181.71  37.93 170.96

N
[

119 24 12 99.17 20.00 146.94  33.05 151.96




Fission-track Data

Sample number: 793
Mineral:  Zircon
Irradiation code: vuw006-33 Horizontal value:
1531
Ns: 1339 2
Ni: 270 ‘+ ,
Area: 150 1 )
RhoS: 89.27 i
Rhol: 18 ’
Pooled Age: 145.6 +£10.3 2
Mean Age: 153.2 +13.2
Central Age: 1453 +11.3 '?'0' 5'0 4!0 3'0
Rel. eror [%]
Chi-sq.: 14.32
P(%) 11.15
Dispersion:  0.10
RhoD: 4.136
Nd: 4415
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 84 26 4 210.00  65.00 95.24 21.48 498.47
2 61 10 4 15250 25.00 178.66 61.09 191.72
3 88 29 16 55.00 18.13 89.50 19.27 139.00
4 113 15 9 125,56 16.67 219.94 60.64 127.81
5 183 35 25 73.20 14.00 15344 28.52 107.36
6 199 36 15 132.67 24.00 16211 29.59 184.05
7 188 41 20 94.00 2050 134.76 23.42 157.21
8 143 30 16 89.38 18.75  140.03 28.30 143.79
9 161 31 16 100.63 19.38  152.43 30.09 148.58
10 119 17 25 47.60 6.80 204.61 53.25 52.15
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Sample number: 14210
Mineral:  Zircon
Irradiation code: vuw006-39 PN Ma]
172. +
Ns: 2245 28
Ni: 392 21
Area: 196 . i t.- - 200
-
. -1
RhoS: 1145 04 rE B *
Rhol: 20 ; +_‘+ - 160
R
Pooled Age: 161.7 9.6 2 I LIRS
Mean Age: 173.2 +19.3 +
Central Age: 158.5 +13.2 R r
705040 30 20
. Rel. %
Chi-sq.. 31.03 el rorf)
P(%) 0.55
Dispersion: 0.22
RhoD: 3.982
Nd: 4415
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 159 34 24 66.25 1417 13235 25.18 112.84
2 242 40 20 121.00 20.00 170.71 29.39 159.31
3 83 15 9 92.22 16.67  156.31 43.99 132.76
4 99 14 4 24750 35.00 199.09 57.02 278.79
5 90 12 5 180.00 24.00 210.96 65.00 191.17
6 193 33 16 120.63 20.63  165.09 31.32 164.29
7 103 29 16 64.38 18.13  100.76 21.30 144.37
8 206 15 10 206.00 15.00 381.18 102.30 119.48
9 179 34 15 119.33 22.67 148.80 28.04 180.55
10 99 10 4 24750 25.00 277.03 92.13 199.13
11 79 19 10 79.00 19.00 117.80 30.22 151.34
12 139 29 9 15444 3222 135.61 27.85 256.66
13 42 14 4 105.00 35.00 85.21 26.37 278.79
14 182 39 25 72.80 15.60  132.07 23.49 124.26
15 350 55 25 140.00 22.00 179.44 26.34 175.24




Fission-track Data

Sample number: 14213
Mineral:  Zircon
Irradiation code:  vuw006-44 Horizontal value: [Ma]
1309 Y 250
Ns: 982 i€
Ni: 215 2 - 180
Area: 102 : s T h 180
St L - 140
RhoS: 96.28 0ys e AL
Rhol:  21.08 1
21 S
Pooled Age: 125.2+9.8 1 a0
Mean Age: 131.0 +£13.1 2
Central Age: 121.0 +15.2 '?'U' 5'0 4'0 3'
Rel. ermor [%]
Chi-sg.: 25.91
P(%) 0.21
Dispersion: 0.3
RhoD: 3.854
Nd: 4415
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 89 20 9 98.89 2222  121.98 30.31 182.90
2 69 14 9 76.67 1556  134.96 39.68 128.03
3 98 15 10 98.00 15.00 178.30 49.60 123.46
4 137 28 15 91.33 18.67  133.99 27.95 153.64
5 106 17 10 106.00 17.00 170.27 44.65 139.92
6 88 37 9 97.78 41.11 65.48 1291 338.37
7 111 22 12 92.50 18.33  138.13 32.38 150.89
8 35 18 5 70.00  36.00 53.58 15.59 296.30
9 197 35 15 131.33 23.33  153.90 28.44 192.05
10 52 9 8 65.00 11.25 157.93 57.13 92.59
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Sample number: DS10-01
Mineral:  Zircon
Irradiation code:  vuw006-10 Horizontal value: [Ma]
161.6
Ns: 2517
Ni: 562 2
Area: 222 i
RhoS: 113.4 O
Rhol:  25.32 1
Pooled Age: 154.9 +8.0 2
Mean Age: 161.7 9.3
Central Age: 155.0 8.8 T T T
705040 30 20
Rel. erar [%]
Chi-sq.: 23.43
P(%) 17.48
Dispersion: 0.1
RhoD: 4.877
Nd: 4415
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 166 30 9 184.44  33.33 190.89 38.11 216.83
2 218 56 25 87.20 2240 134.88 20.43 145.71
3 144 33 25 57.60 13.20  151.00 29.34 85.86
4 99 24 4 24750 60.00 142.84 32.66 390.29
5 79 12 4 19750 30.00 226.48 70.35 195.14
6 145 30 16 90.63 18.75  167.05 33.72 121.97
7 70 16 8 87.50 20.00  151.39 42.09 130.10
8 132 48 10 132.00 48.00 95.57 16.25 312.23
9 128 31 16 80.00 19.38  142.97 28.80 126.03
10 168 37 8 210.00 46.25  157.05 28.74 300.85
11 214 51 16 133.75 31.88 145.27 22.87 207.34
12 207 42 16 129.37 526.25 170.30 29.07 170.75
13 124 24 16 77.50 15.00 178.41 39.99 97.57
14 123 22 16 76.88 13.75 19284 44.85 89.44
15 96 13 4 240.00 3250 25351 75.14 211.41
16 67 19 4 16750 4750 122.30 31.91 308.98
17 39 12 6 65.00 20.00 112.80 37.32 130.10
18 186 30 10 186.00 30.00 21351 42.28 195.14
19 112 32 9 12444 3556  121.40 24.49 231.28




Fission-track Data

Sample number: DS10-13
Mineral:  Zircon
Irradiation code:  vuw006-21 Horizontal value: [Ma]
190.7
Ns: 2392 21 g
Ni: 440 -
Area; 222 1 + oo
- +
SO e I ™
RhoS: 107.7 0 L
Rhol:  19.82 Tread
1 Tl
ARG,
Pooled Age: 180.0 +£10.2
Mean Age:  190.9 +11.0 Z ALY
Central Age: 179.6 +11.2 s 2 5
Rel. eror [%]
Chi-sq.: 20.68
P(%) 24.09
Dispersion: 0.1
RhoD: 4.677
Nd: 4415
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 124 34 18 68.89 18.89 121.31 23.64 128.12
2 171 29 25 68.40 11.60  195.02 39.41 78.68
3 113 23 24 47.08 9.58 162.90 37.44 65.00
4 121 28 18 67.22 1556  143.50 30.27 105.51
5 185 28 16 115.63 1750 218.13 44.50 118.70
6 99 17 9 110.00 18.89 192.64 50.76 128.12
7 56 15 6 93.33 25.00 124.16 36.20 169.57
8 166 42 9 184.44  46.67  131.37 22.88 316.53
9 58 7 6 96.67 11.67 27239  109.16 79.13
10 253 51 15 168.67 34.00 164.46 25.51 230.61
11 118 26 10 118.00 26.00 150.62 32.81 176.35
12 195 32 12 162.50 26.67 201.44 38.69 180.87
13 73 11 6 121.67 18.33  219.07 71.03 124.35
14 281 37 18 156.11 20.56  250.10  44.10 139.42
15 115 16 6 191.67 26.67 236.94 63.44 180.87
16 91 14 10 91.00 14.00 214.65 61.81 94.96
17 134 25 8 16750 3125 177.51 38.88 211.96
18 39 5 6 65.00 8.33 256.73  122.09 56.52
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Sample number: DS10-16
Mineral:  Zircon

Irradiation code:  vuw006-19, 20 Horizontal value:
2]188.4
Ns: 2160
Ni: 382 1 i
Area. 286 - _.; '1+
Ofesiiossial 6t T %
RhoS: 7552 Ea s S
Rhol:  13.35
1
Pooled Age: 188.2 +11.3 +
Mean Age: 188.5 +8.2 2
Central Age: 188.2 +11.3 S05040 30
Rel. eror [%]
Chi-sg.: 12.32

P(%) 87.16
Dispersion:  0.00

RhoD: 4.704
Nd: 4415
Ustandard CN_1
Zetatlo 143.6 +2.4
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 67 20 12 55.83 16.67 112.16  28.69 112.39

2 200 35 10 200.00 35.00 190.16  35.10 236.02
3 157 29 10 157.00 29.00 180.30  36.67 195.56
4 208 39 16 130.00 2438 177.66  31.26 164.37
5 167 29 24 69.58 12.08 19162  38.79 81.48
6 84 18 16 5250 11.25 15572  40.60 75.86
7 71 17 9 78.89 1889 139.54 3781 127.38
8 155 24 9 17222  26.67 21452  47.30 179.83
9 154 23 15 102.67 15.33 22226  49.94 103.40
10 188 26 15 12533 17.33 239.70  50.44 116.89
11 70 11 25 28.00 4.40 21142  68.74 29.67
12 125 21 18 69.44 1167 19797  46.90 78.67
13 73 10 9 81.11 1111 24195  81.77 74.93
14 30 6 8 37.50 7.50 166.70  74.64 50.58
15 48 7 10 48.00 7.00 22753  92.20 47.20
16 70 13 12 58.33 10.83 179.34 5431 73.05
17 87 13 9 96.67 1444 22215  66.25 97.41
18 62 11 9 68.89 1222 18761 6152 82.42
19 46 13 25 18.40 5.20 118.41  37.29 35.07

N
o

98 17 25 39.20 6.80 191.82  50.58 45.86




Fission-track Data

Sample number: DS10-18
Mineral:  Zircon Horizontal value: [Ma]
Irradiation code: vuw006-23, 24 21778
Ns: 4308 ++
Ni: 789 4 ¥ el
Area: 384
i - 180
RhoS: 112.2 R
Rhol:  20.55 1 it - 160
IS
Pooled Age: 179.1 8.0 2] T
Mean Age: 177.9=+7.8 T T T T T
Central Age: 178.0 8.7 LR
Chi-sg.: 25.22
P(%) 19.33
Dispersion:  0.09
RhoD: 4.631
Nd: 4415
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 54 15 4 135.00 3750 118.61 34.72 256.85
2 138 26 9 153.33 28.89 174.12 37.43 197.87
3 223 49 12 185.83 40.83 149.58 23.84 279.68
4 326 59 16 203.75 36.88 181.16 25.95 252.57
5 328 50 16 205.00 3125 214.53 32.92 214.04
6 286 68 25 11440 27.20 138.36 18.92 186.30
7 119 27 9 132.22  30.00 14492 31.06 205.48
8 331 63 18 183.88 935.00 172.38 24.01 239.72
9 234 34 12 195.00 28.33 224.89 41.58 194.06
10 203 48 16 126.87 530.00 139.12 22.55 205.48
11 203 35 18 112.78 19.44  190.04 35.04 133.18
12 90 16 12 75.00 13.33  184.38 50.20 91.32
13 105 21 15 70.00 14.00 164.15 39.41 95.89
14 421 58 30 140.33 19.33  236.96 33.61 132.42
15 64 12 9 7111 1333 17495 55.18 91.32
16 225 38 25 90.00 1520 193.94 34.29 104.11
17 189 27 15 126.00 18.00 228.66 47.32 123.29
18 281 55 36 78.06 15.28  167.69 25.01 104.64
19 80 23 12 66.67 19.17 11464 27.24 131.28
20 263 44 50 52.60 8.80 195.76 32.19 60.27
21 145 21 25 58.00 8.40 225.61 52.92 57.53
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Sample number: DS10-19
Mineral:  Zircon

Irradiation code: vuw006-27, 28 R Vet
211656
Ns: 3084
Ni: 565 1
Area: 315
04=
RhoS: 97.91
Rhol: 17.94 ;
Pooled Age: 165.5+8.4
Mean Age: 165.7 8.5 2 T : .
Central Age: 165.1 +8.6 705040 30 20

Rel. eror [%]
Chi-sq.: 19.42
P(%) 43.01
Dispersion:  0.05

RhoD: 4.278
Nd: 4415
Ustandard CN_1

Zetatlo 143.6 +2.4
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)

1 109 24 9 121.11  26.67 138.00  31.27 197.75

2 66 12 8 8250 1500 166.74  52.46 111.24
3 122 16 9 13556 17.78 230.03  61.38 131.83
4 125 27 12 104.17 2250 140.64  30.01 166.85
5 273 39 27 101.11 1444 21148 3651 107.12
6 50 13 8 6250 16.25 117.06  36.54 120.51
7 160 18 16 100.00 11.25 267.38 66.74 83.43
8 125 30 25 50.00 12.00 126.71  25.92 88.99
9 121 29 15 80.67 19.33  126.89  26.39 143.37
10 188 35 15 12533 2333 16289  30.21 173.03
11 87 18 15 58.00 12.00 146.76  38.15 88.99
12 72 13 15 48.00 8.67 167.89  50.74 64.27
13 156 29 18 86.67 16.11  163.13  33.19 119.48
14 338 56 25 13520 2240 18276  26.69 166.11
15 83 15 12 69.17 1250 167.74 4721 92.70
16 159 35 16 99.38 21.88 138.03  25.96 162.22
17 150 38 12 125.00 31.67 12011 21.98 234.83
18 273 48 25 109.20 19.20 17235  27.25 142.38
19 117 20 8 146.25 25.00 177.21  43.06 185.39

N
o

310 50 25 12400 20.00 187.66  28.91 148.31




Fission-track Data

Sample number: DS11-03
Mineral:  Zircon
Irradiation code: vuw006-4, 5 Horizontal value: [Ma]
211.3 Y 350
Ns: 2810 o
Ni: 493
Area; 229
RhoS: 122.7
Rhol: 21.53
Pooled Age: 200.5+10.8
Mean Age: 211.7 £16.1
Central Age: 192.7 £16.7 205040 30 20
Rel. eror [%]
Chi-sg.: 62.01
P(%) O
Dispersion:  0.29
RhoD: 4.976
Nd: 4415
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 221 43 16 138.13 26.88  181.07 30.45 171.31
2 276 28 20 138.00 14.00 34292 68.45 89.24
3 124 39 9 137.77 843.33 112.62 20.83 276.22
4 69 17 10 69.00 17.00 14342 38.97 108.36
5 91 22 9 101.11 2444  146.13 34.87 155.81
6 110 15 10 110.00 15.00 256.84 70.93 95.61
7 125 17 9 138.89 18.89 25751 66.82 120.40
8 77 12 6 128.33 20.00 225.29 70.10 127.48
9 109 16 9 121.11  17.78  238.93 64.19 113.32
10 158 28 15 105.33 18.67  198.53 40.95 118.99
11 216 58 16 135.00 36.25 131.71 19.70 231.06
12 74 13 9 82.22 14.44  200.25 60.39 92.07
13 68 18 16 42.50 11.25  133.59 35.54 71.71
14 137 20 10 137.00 20.00 240.22 57.76 127.48
15 485 54 25 194.00 21.60 313.18 45.48 137.68
16 68 11 6 113.33 18.33  217.18 70.75 116.86
17 59 9 9 65.56 10.00  230.08 82.50 63.74
18 92 9 4 230.00 2250 355.27 124.34 143.42
19 124 41 12 103.33  34.17  107.17 19.46 217.79
20 127 23 9 14111 2556  194.34 44.26 162.90
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Sample number: JR12-26
Mineral:  Zircon
Irradiation code: vuw016-23 Horizontal value:
1555
Ns: 3398 _
Ni: 659 2 + 8
Area: 209 : B ; i
RhoS: 162.6 0 )
Rhol: 31.53 1 T
-
2 i
Pooled Age: 146.5+7.2
Mean Age: 155.7 +10.9
Central Age: 145.9 £95 '7'0'5'04'0 3'0 2'0
Rel. eror [%]
Chi-sg.: 39.47
P(%) 0.38
Dispersion:  0.19
RhoD: 4.00
Nd: 2969
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 94 21 6 156.67 35.00 127.34 30.90 277.44
2 126 22 15 84.00 14.67 16249 37.76 116.26
3 131 32 12 109.17 26.67 116.56 23.17 211.39
4 92 26 5 184.00 52.00 100.87 22.54 412.20
5 125 12 9 138.89 13.33  292.55 88.71 105.69
6 210 27 12 175.00 2250 219.68 45.24 178.36
7 114 15 8 14250 1875 214.74 59.22 148.63
8 121 34 9 134.44 3778 10145  19.85 299.46
9 271 39 12 225.83 3250 196.62 34.03 257.63
10 147 36 9 163.33 40.00 116.27 21.81 317.08
11 210 35 8 262.50 43.75 170.12 31.35 346.81
12 120 30 9 133.33 33.33 11391 23.42 264.23
13 273 56 12 22750 46.67  138.57 20.62 369.93
14 178 38 10 178.00 38.00 133.20 24.03 301.23
15 130 25 10 130.00 25.00 147.70 32.46 198.17
16 219 42 15 146.00 28.00 148.10 25.22 221.96
17 226 67 12 188.33  55.83 96.19 13.59 442.59
18 160 28 9 177.78 31.11 162.12 33.45 246.62
19 195 29 15 130.00 19.33  190.36 38.18 153.26
20 256 45 12 213.33 3750 161.41 26.40 297.26




Fission-track Data

Sample number: JR12-33
Mineral:  Zircon
Irradiation code: vuw016-33 Horizontal value: [Ma]
166.4
Ns: 2943 o 200
Ni: 423 e
Area;: 176 + ++ - 180
o
RhoS: 167.2 B S i
Rhol:  24.03 +
s el i
Pooled Age: 161.5+9.3 +
Mean Age: 166.5=+7.4 +
Central Age: 161.5+9.3 05040 0 20
Rel. eror [%]
Chi-sgq.: 10.46
P(%) 94.06
Dispersion:  0.00
RhoD: 3.27
Nd: 2969
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 188 29 9 208.89 3222  150.64 30.28 312.15
2 217 27 12 180.83 2250 186.24 38.29 217.97
3 93 14 6 155.00 23.33 154.31 44.40 226.04
4 214 34 9 237.78 37.78  146.30 27.25 365.97
5 177 22 12 14750 18.33 186.43 42.40 177.60
6 177 25 12 14750 20.83 164.34 35.35 201.82
7 88 10 6 146.67 16.67 203.64 68.14 61.46
8 97 14 8 121.25 1750 160.87 46.16 69.53
9 118 24 6 196.67 40.00 114.57 25.81 387.50
10 115 15 6 191.67 25.00 177.77  49.00 242.19
11 82 12 6 136.67 20.00 158.68 49.20 193.75
12 104 9 6 173.33 15.00 266.10 92.70 145.31
13 109 16 9 12111 17.78  158.21 42.54 172.22
14 158 29 9 17556 3222 126.83 25.82 312.15
15 107 14 9 118.89 1556  177.23 50.56 150.69
16 110 19 6 183.33 31.67 134.69 33.63 6.77
17 285 41 15 190.00 27.33 161.39 27.25 264.79
18 126 17 9 140.00 18.89 171.94 44.63 182.99
19 252 30 12 210.00 25.00 19452 37.88 242.19
20 126 22 9 140.00 24.44  133.26 30.97 236.80
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Sample number: JR11-06
Mineral:  Zircon
Irradiation code:  vuw012-41 Horizontal value: (Ma]
212788 +
Ns: 4337 ool
Ni: 474 1 H el
Area: 357 5 + - 900
SR o
04 Tt +
RhoS: 1215 G W
Rhol: 13.28 ++ 0
5 ++ ~1- 250
Pooled Age: 264.0 +15.1 3
Mean Age: 279.1 +£15.5 2
Central Age: 264.0 £15.1 205040 30 0
Rel. eror [%]
Chi-sq.: 12.72
P(%) 85.24
Dispersion:  0.00
RhoD: 4.10
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 69 7 8 86.25 8.75 283.91 112.95 67.68
2 131 16 16 81.88 10.00 236.69 63.09 77.35
3 278 25 24 11583 1042  319.40 67.39 80.57
4 327 38 30 109.00 12.67 248.54 43.26 97.97
5 392 40 24 163.33 16.67 282.30 47.63 128.91
6 159 21 12 13250 1750 219.18 51.32 135.35
7 177 26 20 88.50 13.00 197.41 41.89 100.55
8 390 44 21 185.71 20.95 255.86 41.42 162.06
9 121 8 8 151.25 10.00 430.67 157.76 77.35
10 203 25 24 84.58 1042  234.78 50.27 80.57
11 160 18 9 177.78 20.00 256.57 64.26 154.69
12 438 52 24 18250 21.67 243.38 36.45 167.58
13 171 16 9 190.00 17.78  307.27 80.87 137.50
14 206 12 18 114.44 6.67 486.66  145.27 51.56
15 95 12 18 52.78 6.67 229.00 70.50 51.56
16 40 4 9 4444 444 28794 151.25 34.38
17 201 23 15 134,00 1533 252.33 56.07 118.60
18 181 20 18 100.56 11.11  261.13 62.04 85.94
19 398 48 30 132.67 16.00 239.65 37.33 123.75
20 200 19 20 100.00 9.50 302.74 73.25 73.48




Sample number:
Mineral:

JR11-07
Zircon

Fission-track Data

277

Irradiation code: vuw012-43, 44 Horizontal value:
194.2 30
Ns: 1516
Ni: 230 i o
Area: 175 Bt e
++t++
RhoS:  86.63 e A Ll
Rhol: 13.14 ++++
1 -
Pooled Age: 188.6 +14.5
Mean Age: 194.3 +10.4 +
Central Age: 188.6 +14.5 06050 40 30
Rel. eror [%]
Chi-sq.: 10.38
P(%) 94.3
Dispersion:  0.00
RhoD: 4.04
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 71 9 6 118.33 15.00 225.12 79.94 117.64
2 65 12 9 72.22 13.33 155.41 49.06 104.57
3 65 16 12 54.17 13.33 116.91 32.82 104.57
4 54 8 9 60.00 8.89 193.10 73.39 69.71
5 139 20 20 69.50 10.00 198.73 47.91 78.43
6 37 7 4 9250 1750 151.70  62.69 137.25
7 65 12 12 54.17 10.00 155.41 49.06 78.43
8 194 23 12 161.67 19.17 24041 5351 150.32
9 123 23 6 205.00 38.33 153.46 35.17 300.64
10 140 23 12 116.67 19.17 174.38 39.59 150.32
11 42 7 6 70.00 11.67 171.93 70.38 91.50
12 56 6 8 70.00 7.50 26550 114.33 58.82
13 85 11 16 53.12 56.88  220.58 71.00 53.92
14 43 8 4 107.50 20.00 154.23 59.57 156.86
15 55 7 6 91.67 11.67  224.23 90.24 91.50
16 28 4 4 70.00 10.00 200.14 107.15 78.43
17 54 10 6 90.00 16.67 154.94 53.55 130.71
18 77 7 8 96.25 8.75 311.78 123.44 68.62
19 61 6 101.67  15.00 193.88 69.48 117.64
20 62 8 9 68.88 98.89 221.22 83.38 69.71
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Sample number: JR11-08
Mineral:  Zircon
Irradiation code:  vuw012-49 Horizontal value: Ma]
2371 - 400
Ns: 2908 - 350
Ni: 380 2 - 300
Area: 235 1
ol - 250
RhoS: 1237 _
Rhol:  16.17 1 g
Z R SR |1
Pooled Age: 211.9 +13.2 4160
Mean Age: 237.3 £13.3
Central Age: 218.8 +17.1 04030 20 15
Rel. eror [%]
Chi-sg.: 29.81
P(%) 5.42
Dispersion:  0.19
RhoD: 3.92
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 59 7 6 98.33 11.67  232.97 93.40 94.41
2 158 16 12 131.67 1333 27211 71.86 107.89
3 250 23 20 125.00 1150 298.89 65.75 93.06
4 153 17 18 85.00 9.44 248.46 63.96 76.42
5 132 15 9 146.67 16.67 243.04 66.63 134.87
6 129 12 6 215.00 20.00 295.68 89.69 161.84
7 129 15 9 143.33 16.67 237.62 65.22 134.87
8 111 8 6 185.00 13.33  379.15 39.27 107.89
9 102 10 8 12750 1250 280.88 93.46 101.15
10 172 16 12 143.33 13.33  295.68 77.80 107.89
11 82 10 9 91.11 11.11  226.76 76.26 89.91
12 166 17 12 138.33 14.17  269.14 69.02 14.64
13 110 18 12 91.67 15.00 169.75 43.46 121.38
14 136 16 12 113.33 1333 23491 62.49 107.89
15 249 44 20 12450 22.00 157.34 26.17 178.02
16 51 6 6 85.00 10.00 23491 101.63 80.92
17 134 22 12 111.67 18.33  169.19 39.26 148.35
18 89 13 12 74.17 10.83  189.87 56.67 87.66
19 371 74 25 14840 29.60 139.59 18.27 39.52
20 125 21 9 138.89 23.33  165.39 39.33 188.81




Fission-track Data

Sample number: JR11-10
Mineral:  Zircon
Irradiation code: vuw012-52 Horizontal value: [Ma]
158.7 - 200
Ns: 636 11 + '
Ni: 117 , - 180
Area: 76 LY
-+ A
RhoS:  83.68 o 5 A =
Rhol: 154
¥
_ & - 140
Pooled Age: 148.6 +15.6 i
Mean Age: 158.8 +10.7 +
Central Age: 148.6 +15.6 705040 3 '
Rel. emor [%]
Chi-sq.: 3.8
P(%) 98.68
Dispersion:  0.00
RhoD: 3.85
Nd: 1568
Ustandard CN_1
Zetatlo 143.6 2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 38 5 6 63.33 8.33 206.84 98.60 68.62
2 a7 5 6 78.33 8.33 25488 120.14 68.62
3 27 5 4 67.50 1250  147.65 72.02 102.93
4 46 7 4 115.00 1750 179.24  72.92 144.11
5 40 7 4 100.00 1750 156.14 64.14 14411
6 71 17 9 78.89 18.89  114.49 31.11 155.55
7 30 5 6 50.00 8.33 163.85 79.30 68.62
8 24 6 4 60.00 15.00 109.69 50.18 123.52
9 38 8 6 63.33 13.33  130.05 50.74 109.80
10 49 9 4 12250 2250 14885  54.17 185.28
11 176 34 15 117.33 22.67 141.60 26.87 186.65
12 18 3 4 45.00 7.50 163.85 102.30 61.76
13 32 6 4 80.00 15.00 145.85 65.03 123.52
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Sample number: JR11-13
Mineral:  Zircon
Irradiation code: vuw012-37 Horizontal value: [Mal
2{1938 +
Ns: 2805
Ni: 438 1 + 9
Area; 198 P
I H
RhoS: 1417 O oz i
Rhol:  22.12 L 4
q 2 -
Pooled Age: 189.9 +11.3 t ++
Mean Age: 199.1 +13.1 2
Central Age: 189.9 +11.3 S05040 30 20
Rel. eror [%]
Chi-sg.: 16.37
P(%) 63.25
Dispersion:  0.01
RhoD: 4.19
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 84 19 8 105.00 23.75 13171 33.70 179.73
2 104 21 8 130.00 26.25 147.35 35.53 198.64
3 108 14 6 180.00 23.33  228.09 65.16 176.57
4 330 48 15 220.00 32.00 203.66 32.06 242.16
5 101 17 8 126.25 2125 176.38 46.55 160.81
6 238 39 15 158.67 26.00 181.10 31.76 196.75
7 112 15 6 186.67 25.00 220.90 61.10 189.18
8 121 19 9 134.44 2111  188.88 46.96 159.76
9 170 21 12 141.67 1750  239.15 55.79 132.43
10 78 13 8 97.50 16.25 178.10 53.63 122.97
11 73 11 6 121.67 18.33 196.70 63.90 138.74
12 224 40 20 112.00 20.00 166.38 29.00 151.35
13 67 11 8 83.75 13.75  180.76 59.06 104.05
14 238 46 10 238.00 46.00 153.87 25.22 348.10
15 51 12 8 63.75 15.00 126.66 40.82 11351
16 65 9 6 108.33 15.00 213.78 76.31 113.51
17 99 16 10 99.00 16.00  183.59 49.78 121.08
18 123 9 9 136.67 10.00 398.73 138.22 75.67
19 284 43 16 17750 26.88 195.78 32.58 203.37
20 135 15 10 135.00 15.00 265.34 72.66 113.51
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Sample number: JR11-47
Mineral:  Zircon

Irradiation code: vuw012-55 Horizontal value:
236.4
Ns: 2669 3
Ni: 317
Area: 213
250
RhoS: 125.3
Rhol: 14.88
Pooled Age: 224.1 +14.9 2 P
Mean Age: 236.6 +11.8 +
Central Age: 224.1 +15.6 ‘?'D' 5'0 4'0 3'0 2'0
Rel. ermor [%)

Chi-sq.: 21.54
P(%) 36.62
Dispersion:  0.08

RhoD: 3.77
Nd: 1568
Ustandard CN_1

Zetatlo 143.6 +2.4
counted by RJ

Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 138 21 12 115.00 1750 175.60  41.47 147.14

2 151 16 6 251.67 26.67 250.71  66.35 224.21
3 65 9 12 54.17 7.50 192.73  68.79 63.06
4 128 23 12 106.67 19.17  149.02  34.05 161.15
5 92 21 12 76.67 1750 11760  28.66 147.14
6 119 13 9 132.22 1444 24332  71.45 121.45
7 202 20 20 101.00 10.00 267.95 63.33 84.08
8 102 10 9 113.33 11.11 27055  90.02 93.42
9 70 6 6 116.67 10.00 308.53  131.58 84.08
10 54 6 6 90.00 10.00 239.30 103.23 84.08
11 158 15 8 19750 1875 279.20 75091 57.65
12 95 13 6 158.33 21.67 19498  57.96 182.17
13 116 10 8 145.00 1250 306.81 101.54 105.10
14 212 34 16 13250 21.25 166.73  31.21 178.66
15 168 18 10 168.00 18.00 248.00 61.96 151.34
16 185 15 8 231.25 1875 325,72  88.00 157.65
17 119 13 12 99.17 10.83 24332 7145 91.08
18 136 15 9 151.11 16.67 241.04  65.98 140.13
19 119 12 12 99.17 10.00 263.18 80.11 84.08
20 108 11 8 135.00 13.75 260.62  82.86 115.61

N
[

132 16 12 110.00 13.33 219.69 58.54 112.10
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Sample number: JR11-48
Mineral:  Zircon
Irradiation code: vuw012-57 Horizontal value: [Ma]
2377 § "\350
Ns: 2545 21 o 0
Ni: 302 R A
Area: 198 ! AR T
w3t ot - 250
RhoS: 128.5 i)
Rhol: 15.25 p b
T - 200
Pooled Age: 222.3 +15.1 P ! -
Mean Age: 238.0 £12.7
Central Age: 222.3 +15.7 705040 30 20
Rel. error [%]
Chi-sq.: 15.48
P(%) 69.18
Dispersion:  0.07
RhoD: 3.74
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 112 11 6 186.67 18.33  267.69 84.97 155.54
2 165 16 10 165.00 16.00 271.06 71.45 135.75
3 48 5 9 53.33 5.56 252.69 18.99 47.13
4 123 17 10 123.00 17.00 191.36  49.85 144.23
5 127 13 9 14111 1444  257.06 75.26 122.55
6 79 11 9 87.78 12,22 189.97 61.41 103.70
7 144 18 12 120.00 15.00 211.26 53.20 127.26
8 85 7 6 141.67 11.67 318.00 125.41 98.98
9 105 15 9 116.67 16.67 185.23 51.43 141.40
10 121 17 6 201.67 28.33  188.29 49.10 240.38
11 170 12 9 188.89 13.33 369.51 110.93 113.12
12 58 7 6 96.67 11.67  218.68 87.75 98.98
13 139 18 12 11583 15.00 204.04 51.48 127.26
14 50 6 6 83.33 10.00 219.91 95.25 84.84
15 69 6 6 115.00 10.00 30155 128.67 84.84
16 143 14 12 119.17 11.67 26853  75.64 98.98
17 335 53 28 119.64 1893 167.48 25.27 160.59
18 102 17 9 113.33 18.89  159.09 41.95 160.26
19 168 22 9 186.66 724.44 201.80 46.16 207.39
20 202 17 15 134.67 1133 311.34 79.19 96.15
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Sample number: JR11-50
Mineral:  Zircon
Irradiation code: vuw012-60 Horizontal value: [Mal
195.4 + \300
Ns: 2847 21
Ni: 386 S
Area: 238 1 il
RhoS: 119.6 01
Rhol:  16.22
1
Pooled Age: 1915 +11.9
Mean Age: 195.6 +11.0 2]
Central Age: 190.4 +12.9 T u
70 5040 3
Rel. eror [%]
Chi-sg.: 20.78
P(%) 34.89
Dispersion: 0.12
RhoD: 3.67
Nd: 1568
Ustandard CN_1
Zetatlo 143.6 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 213 28 12 17750 23.33 197.45 40.14 201.63
2 193 21 12 160.83 1750 237.79  55.11 151.22
3 142 29 15 94.67 19.33  127.78 26.33 167.06
4 62 9 6 103.33 15.00 179.06 64.10 129.62
5 175 34 10 175.00 34.00 134.25 25.49 293.80
6 73 10 8 91.25 1250  189.59 64.19 108.01
7 175 19 8 218.75 23.75  238.30 58.01 205.23
8 168 15 12 140.00 1250 288.64 78.27 108.01
9 261 20 15 17400 13.33 335.10 78.41 115.22
10 126 21 18 70.00 11.67  156.23 37.13 100.81
11 106 14 9 117.78 1556  196.53 56.20 134.42
12 35 5 6 58.33 8.33 181.91 87.14 72.01
13 108 16 8 135.00 20.00 175.50 47.31 172.82
14 84 12 12 70.00 10.00 18191 56.41 86.41
15 209 30 16 130.63 18.75  181.05 35.77 162.02
16 182 23 14 130.00 16.43  205.26 45.85 141.96
17 109 17 15 72.67 11.33  166.82 43.79 97.93
18 91 13 6 151.67 21.67 18191  54.22 187.23
19 167 22 12 139.17 18.33  197.03 45.09 158.42
20 168 28 24 70.00 11.67  156.23 32.24 100.81
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Sample number: JR12-01
Mineral:  Zircon
Irradiation code: vuw012-34 Horizontal value: [Ma]
Ns: 2579 e !
Ni: 295 g1 .o
Area: 195 ; +_;+ -
k-
. 01 %
RhoS: 132.3
ot “+
Rhol: 15.13 + ot
L
Pooled Age: 262.0 +18.0 +
Mean Age: 2721 +9.5 1 +
Central Age: 262.0 +18.0 '?'0' 5'0 4'0 3'0 2‘0
Rel. eror [%]
Chi-sg.: 5.18
P(%) 99.93
Dispersion:  0.00
RhoD: 4.26
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 88 9 4 220.00 2250 29232 102.68 167.55
2 135 11 6 225.00 18.33 364.84 114.93 136.52
3 93 8 4 23250 20.00 346.09 127.94 148.93
4 73 9 4 18250 2250 243.42 86.31 167.55
5 101 10 6 168.33 16.67 301.73 100.44 12411
6 87 9 9 96.67 10.00 289.07 101.60 74.47
7 134 16 9 14889 17.78  251.19 66.87 132.39
8 118 12 12 98.33 10.00 293.94 89.51 74.47
9 237 27 16 148.13 16.88  263.03 54.02 125.66
10 93 13 9 103.33  14.44 21517 64.04 107.56
11 112 16 12 93.33 13.33  210.61 56.65 99.29
12 84 9 6 140.00 15.00 279.32 98.33 111.70
13 154 19 15 102.67 12.67 243.25 59.60 94.32
14 106 10 6 176.67 16.67 316.31 105.08 124.11
15 311 40 25 12440 16.00 233.51 39.86 119.15
16 68 9 4 170.00 2250 227.04 80.83 167.55
17 215 27 21 102.38 12.86  239.06 49.34 95.74
18 95 9 6 158.33 15.00 315.01 110.28 111.70
19 189 22 12 15750 18.33 257.54 58.54 136.52
20 86 10 9 95.56 1111  257.80 86.49 82.74
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Sample number: DS10-15
Mineral:  Zircon
Irradiation code: vuw012-62 Horizontal value: [Ma]
2105 +
Ns: 3461 +
Ni: 430 1
Area: 314
o 18
01{- I
RhoS: 110.2 weekhyoh
Rhol:  13.69 a8 - 200
Pooled Age:  206.2 +12.3 ! + 3 o+
Mean Age: 210.7 =111
Central Age: 206.2 +£12.3 04030 20 15
Rel. eror [%]
Chi-sq.: 11.14
P(%) 91.92
Dispersion:  0.00
RhoD: 3.63
Nd: 1568
Ustandard CN_1
Zeta+lo 1436 +2.4
counted by RJ
Crystal Ns Ni Area  RhoS(e5) Rhol(e5) Age(Ma) +-1s  U(ppm)
1 150 20 14 107.14 1429 192.34 46.15 124.99
2 80 10 10 80.00 10.00 204.96 69.03 87.49
3 143 12 12 119.17 10.00  302.98 91.52 87.49
4 48 9 4 120.00 2250 137.36 50.07 196.86
5 127 18 12 105.83 15.00 181.10 45.94 131.24
6 129 9 16 80.63 5.63 362.72 12554 49.21
7 137 17 12 11417 1417 206.44 53.45 123.95
8 100 17 10 100.00 17.00 151.34 39.97 148.74
9 95 12 9 10556 13.33  202.86 62.45 116.66
10 217 33 40 54.25 8.25 168.94 31.98 72.18
11 85 10 12 70.83 38.33  217.56 73.03 72.91
12 78 11 6 130.00 18.33 181.99 58.87 160.40
13 93 11 12 77.50 9.17 216.41 69.31 80.20
14 67 7 12 55.83 5.83 244 47 97.39 51.04
15 147 17 12 12250 1417 221.26 57.08 123.95
16 841 94 36 233.61 26.11  228.79 25.83 228.45
17 211 26 24 87.92 10.83  207.87 43.66 94.78
18 89 12 9 98.89 13.33  190.23 58.78 116.66
19 112 14 12 93.33 11.67  204.96 58.43 102.07
20 512 71 40 128.00 17.75 185.04 24.09 155.30




