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[1] Temperature-time histories of rocks are often used to constrain the kinematics of
tectonic events, the evolution of landforms, erosion rates, and/or amount of faulting in
tectonically active areas. However, interpretations based on thermal histories are not
always straightforward as they rely on several interdependent mechanisms such as heat
conduction, heat advection, or the presence of transient topography that must be taken
into account. Using a three-dimensional finite element code recently developed by one of
the authors, we have calculated temperature-time histories to interpret an existing
thermochronological data set (K-Ar and FT) complemented by new low-T
thermochronometer data ((U-Th)/He and FT) from the Southern Alps of New Zealand.
Combined with inversion methods (Genetic Algorithm and Neighbourhood Algorithm),
the model is used to derive from the data information on the tectonomorphic development
of the orogen during the Pliocene and Pleistocene epochs. Assuming a quasi-geomorphic
steady state, we can constrain the rate of tectonic horizontal advection and vertical
uplift as well as the geometry of the main structural boundary, i.e., the Alpine Fault. We
can also explain the along-strike geometry of the metamorphic isograds and thermochrons
in relationship to surface topography. Furthermore, we show that if one assumes that
the landscape has not been horizontally transported by tectonic movement, the relief on
the west coast of the Southern Alps has increased. This relief increase could have been
initiated at any time between 1.5 Ma and 100 ka. Any relief reduction during this period is

ruled out by our modeling. Alternatively, if the landscape is advected horizontally in
the direction normal to the trace of the Alpine Fault, a relief increase is not

required to explain the thermochronological data.

Citation:
J. Geophys. Res., 112, B04201, doi:10.1029/2004JB003472.

1. Introduction

[2] Mountain building is a dynamical process that results
from the combination of crustal shortening, vertical thick-
ening and erosional processes [e.g., Adams, 1980; Jamieson
et al., 1998; Koons, 1987; Molnar and England, 1990;
Avouac and Burov, 1996; Beaumont et al., 2001]. As a
mountain belt grows, stream channels and hillslopes become
steeper, precipitation is orographically enhanced and in turn
erosion increases. The geomorphic expression of the moun-
tain belt therefore represents the dynamical (dis)equilibrium
between erosion and tectonics. In recent years, many have
tried to determine the rate at which landforms can respond
to external changes (i.e., climate and/or tectonics changes)
and whether steady state landforms can exist [Willett et al.,
2001; Montgomery, 2001; Whipple et al., 1999]. While it is
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broadly agreed that many active orogens, including the
Southern Alps of New Zealand [Adams, 1980; Batt, 1997,
Willett and Brandon, 2002] or the Olympic Mountains
[Montgomery, 2001], have approached a regional topo-
graphic steady state it is, however, unlikely that a balance
between erosion and tectonic uplift is ever reached at all
points of the landscape. This is the case because the
structural architecture of developing orogens evolves
through time, and the surface must necessarily react to the
formation of new structures, across many timescales. In
addition, because of the nonlinear behavior of erosional
processes, interpretation of the evolution of the topography
on tectonic timescales (Myr) is not obvious and most
attempts have so far relied on a priori models for fluvial/
glacial/hillslope erosion and transport processes [Molnar
and England, 1990; Whipple et al., 1999]. Similarly, ther-
mochronological data used to quantify erosion rates have
often been inappropriately collected to constrain the evolu-
tion of the shape of the landform [7ippett and Kamp, 1995;
Batt, 1997]. We present here a thermochronological data set
that has been purposely collected in the Southern Alps of
New Zealand to provide direct estimates on the rate of
landform change. We show that by coupling strategic
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Figure 1. Age-elevation relationships that can be observed
at different wavelengths (w) [Braun, 2003]. T is the
temperature and % is the altitude. (a) Short-wavelength
topography does not affect the geometry of closure
temperature isotherm, 7, and the slope of the age-elevation,
a versus £, relationship gives the inverse of the exhumation
rate, v, (0a/Oh = ay — a>/hy = 1/v). (b) Long-wavelength
topography strongly affects the shape of the 7. isotherm,
and age is independent of elevation (Ja/0h = 0) (c) At long
topographic wavelengths, any age variation with elevation
is indicative of a relative change ((3) in relief amplitude
since rocks crossed the 7, isotherm.

sampling and analysis with numerical techniques, one can
constrain the rate of evolution of the topographic surface
which can in turn be used to calibrate surface processes
models.

[3] Low-temperature thermochronology broadly has been
used to infer information on the evolution of topography in
different tectonic settings [e.g., Brown et al., 1994; Brandon
et al., 1998; Braun, 2002b]. Age-clevation relationships
(AERs) are commonly used to derive exhumation rates
(Figure 1). However, the temperature structure of the
uppermost crust is strongly influenced by the presence of
finite amplitude topography [Turcotte and Schubert, 1982;
Stiiwe et al., 1994; Stiiwe and Hintermiiller, 2000] and care
must be taken while interpreting AERs. Braun [2002b]
showed that depending on the wavelength of topography
one will observe different responses. Indeed, for a given
thermochronometer, (1) short-wavelength topography does
not affect the geometry of the closure temperature isotherm
and the slope of AER gives us an estimate of the exhuma-
tion rate (Figure la), whereas (2) long-wavelength topog-
raphy strongly affects the shape of the closure temperature
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isotherm so that any spatial variation in age is likely to be
indicative of a relative relief change (Figures 1b and 1c).
Therefore, by having a good representation of the evolution
of the geothermal gradient (e.g., using an appropriate
thermal model) to determine an adequate sampling strategy
and collect data at an appropriate wavelength for the
topography, one can quantify the evolution of landforms
using low-temperature thermochronology. This is the method
we are using in this study.

[4] We first give an overview of the Southern Alps of
New Zealand and present a new data set using (U-Th)/He
and fission track dating techniques. Making use of previ-
ously published thermochronological ages, we derive infor-
mation on the three-dimensional (3-D) thermal state of the
Southern Alps of New Zealand based on the predictions of a
3-D kinematic thermal model (Pecube) [Braun, 2003] and
discuss some of the implications derived from the model.
New (U-Th)/He in zircon as well as fission track in zircon
and apatite ages are then used to derive direct estimates on
the development of the present-day surface topography. We
interpret the evolution of the landscape using two indepen-
dent methods: (1) the 3-D thermal model [Braun, 2003] and
(2) a spectral analysis of the AER [Braun, 2002a].

2. Southern Alps of New Zealand

[5] The collision zone is viewed as incorporating the
central mountain range (i.e., the Southern Alps) and its
flanking Canterbury and Westland sedimentary basins. This
prominent mountain range results from ongoing oblique
thrusting of the Pacific plate crust over the Australian plate
crust [Sutherland, 2000] predominantly along a single
crustal-scale structure, the Alpine Fault [Wellman, 1979]
(Figure 2).

2.1. Geodynamical Models of the Southern Alps

[6] Tt is commonly assumed [Wellman, 1979] that the
mantle part of lithosphere of the incoming Pacific Plate
delaminates, with material from above 25 km depth
advected to the surface along the Alpine Fault, while lower
crustal material is either added to the orogenic root or
subducted with the Pacific lithospheric mantle (Figure 3).
This scheme is supported by geological and geophysical
evidence and GPS measurements [e.g., Allis, 1981, 1986;
Craw et al., 1994; Stern, 1995; Davey et al., 1995; Beavan
et al., 1999; Kleffmann et al., 1998; Molnar et al., 1999;
Norris and Cooper, 2000; Little and Holcombe, 2002].

[7] Geodynamical models, based on geophysical inves-
tigations (Figure 3a [Stern et al., 2001]), structural geology
(Figure 3b [Little and Holcombe, 2002]) and numerical
simulations (Figure 3c [Batt, 1997]), suggest that subduc-
tion within the mantle lithosphere leads to the development
of two major oppositely dipping shear zones in the crust
[Willett et al., 1993; Koons, 1994; Little and Holcombe,
2002]. This model is known as the doubly vergent critical
wedge model [Koons, 1990]. One of these shear zones,
termed the retro-shear zone [Willett et al., 1993] develops
into a major crustal-scale thrust structure, comparable in
scale and position to the Alpine Fault. The other, the pro-
shear zone [Willett et al., 1993] develops at approximately
45° in the opposite direction. The position of this zone
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South Island of New Zealand

42 54.716

AUSTRALIAN PLATE

45 15.906 ——

169 08.112

~35 mm/yr

PACIFIC PLATE

s Main Divide
Kilometers
120

172 13.708

Figure 2. Digital image (Terralink) of the South Island of New Zealand. The focus of this study is the
central part: the Southern Alps. The two flanking basins catch sediment shed from either side of the
divide. Whatoaro River, Franz Josef Glacier, and Mount Cook are also located.

where strain accumulates stays unchanged as the model
develops, but rocks advect through this feature toward the
center of the wedge. This style of crustal deformation is
very similar to that proposed by Wellman [1979] many years
ago.

2.2. Geologic Setting

[8] The geology of the Southern Alps is largely described
in a number of recent papers [e.g., Norris et al., 1990;
Chamberlain et al., 1995; Walcott, 1998; Beaumont et al.,
1996; Batt, 1997]. Some specific aspects useful for this
study are detailed here and summarized in Figures 3 and 4.

[s9] The Alpine Fault (Figure 3) is generally considered as
the boundary between the Pacific and the Indo-Australian
plates. This S-E dipping (~50° [Sibson et al., 1979])
dextral-reverse oblique structure is traceable in refraction
and reflection seismic surveys to at least 22 km depth

[Davey et al., 1995; Smith et al., 1995]. However, in detail,
the Alpine Fault is not a single continuous feature, but
consists of N-S trending zones dominated by oblique over-
thrusting, alternating with more E-W trending zones of
predominantly strike-slip displacements [Norris et al.,
1990]. This partitioning is, however, limited to the top 1—
2 km of the crust [Norris and Cooper, 2000].

[10] The distribution of metamorphic grades has been
interpreted as a reflection of differential exhumation rates
across the orogen. The Alpine Schists are exposed in a
narrow belt southeast of the Alpine Fault [Tippett and
Kamp, 1995]. They comprise low- to high-grade Triassic
foliated metagraywacke, sandstone and argillite [Andrews et
al., 1976] initially deformed and metamorphosed during the
Jurassic-Cretaceous Rangitata orogeny [Grindley, 1963] and
subsequently during the ongoing Kaikoura orogeny [Findley,
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Figure 3.

(a) Crustal model with waves speed and apparent conductivity superimposed from [Stern et

al., 2001]. (b) Crustal model from structural observation from Little and Holcombe [2002]. (c) Doubly

vergent orogen model from Batt [1997].

1987; Grapes and Watanabe, 1983]. Midamphibolite facies
rocks adjacent to the Alpine Fault are progressively replaced
by greenschist facies rocks (through biotite and chlorite
zones), pumpellyite-actinolite and ultimately prehnite gray-
wacke facies rocks with increasing distance from the Alpine
Fault [Turner, 1933; Mason, 1962].

[11] A major fault system known as the Main Divide
Fault Zone of the Southern Alps [Cox and Findley, 1995] is

observed within the deformed zone of the Pacific Plate, east
of the Main Divide. This fault system dips steeply N-W and
extends 60 km along strike (Figures 4 and 3b). The Main
Divide Fault Zone is being continually uplifted and carried
westward, while new faults form in the same position at
depth [Cox and Findley, 1995]. The present exposure is
therefore thought to be only the most recent expression of
this structural feature, with some schist fabrics between the

4 of 25



B04201 HERMAN ET AL.: TECTONOMORPHIC SCENARIOS, SOUTHERN ALPS B04201

Al
4320399
“_ ~IMain Divide Fault Zon
ped(Cox and Findley, 1995)
.',‘? ':. ¢ / .‘!'. -$ )
Fox ¢
X

ice fields
[1 Quaternary

[ sediments

I Mylonites

I Schist, strongly segregated (TZ4)
I Schist, weakly segregated (TZ3)
1 Semischist, strongly foliated (TZ2B)
B Semischist, foliated (TZ2B)

B Greywacke, weakly cleaved (TZ1)
[ Greywacke, (TZ1)

4344201 ——

169 57.137 170 42.684

normal velocity component along the Alpine Fault
(Fox Glacier-Franz Josef Glacier-Whatoroa-Harihari)

G5

~9 mm/yr

10.00

1
990 1 —e— Beavan et al. 2002 A
0.80 —e— NUVEL-1A-NNR

070 4
0.60 4 ~35 mm/yr
9.50 -
0.40 4
0.30 4

9.20 -

9.10 -

Fox

9.00

convergence component of AUS-PAC velocity (mm/yr)

T T T T
170 170.183 170.417 170.5

longitude

Figure 4. (a) Outline of the major geological features of the central part of the South Island of New
Zealand. Major structural zones are illustrated (S. Cox, personal communication, 2002). (b) Variation in
the convergent component of relative PAC-AUS plate velocity. Euler vectors are inferred from Beavan et
al. [2002] and NUVEL-1A. Velocities are drawn with increasing longitude from A to A’, going from
south west to north east along the Alpine Fault.
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Position of the Main Divide in the Southern Alps of New Zealand
and existing thermochronological dataset
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Figure 5. Main Drainage Divide approximates the orographic barrier that induces the rain shadow
effect (maximum precipitation being focused on the western side). Segmentation into 10 to 30 km lengths
is observed for the position of the divide with regard to the Alpine Fault. Locations of existing
thermochronological data are also shown: FT in zircon from Batt et al. [2000] and Tippett and Kamp
[1995], as well as K-Ar in Muscovite and Biotite [Batt et al., 2000]. The topography is extracted from a

50 m digital elevation model (Terralink).

Main Divide Fault Zone and the Alpine Fault possibly
representing deeper equivalents of former Main Divide
faults now uplifted and exhumed by movement on the
Alpine Fault and erosion [Cox and Findley, 1995].

2.3. Geomorphologic Setting

[12] The Southern Alps exhibit a strong asymmetry in
both topography and exhumation. West of the Main Divide,
mean surface elevation decreases rapidly toward the Alpine
Fault. Surface elevation is unrelated to lithological variation
or to total rock uplift [Tippett and Kamp, 1995]. In contrast,
east of the Main Divide the regional slope is gentler, with
elevation proportional to a rock exhumation as determined
by the interpretation of fission track data [Zippett and
Kamp, 1995]. The Southern Alps are characterized by
asymmetrical precipitation patterns as they represent an
orographic barrier to the predominant westerly winds,
resulting in orographically enhanced rainfall (up to 12 m
yr~ ') on the west coast [Griffiths and McSaveney, 1983],
and a corresponding rain shadow effect on the east coast.
Figure 5 illustrates the location of the Main Drainage Divide
which approximates the orographic barrier that induces the
rain shadow effect. The position of the divide with regard to
the Alpine Fault is characterized by segmentation of 10 to
30 km length segments subparallel to the fault.

[13] The Southern Alps are characterized by a mixture of
fluvial and glacial landforms. Adams [1980] suggested that
glacial erosion may deepen and widen valleys, but may
remove little material from the valley slopes, whereas

interglacial erosion concentrates on valleys sides. Whitehouse
[1987] described regions on the western side of the main
divide as a fluvial-dominated landscape (where V-shaped
valleys have formed in response to intense fluvial dissec-
tion, landsliding, and rockfall-snow avalanching), evolving
toward a more glaciated landscape toward the main
drainage divide (characterized by the presence of steep
back-walled cirques) and an “older glacial landscape” on
the southeastern side of the divide dissected by long, linear,
U-shaped glacial valleys. It is, however, clear that the
geomorphology of the western side of the Southern Alps
is best described as “transitional” between glacial and
postglacial conditions [Whitehouse, 1987]. Although
today’s landscape shows fluvial characteristics, there are
indications that components of the landscape on the west
coast are glacial in origin as evidenced by the presence of
glacial relics [Porter, 1975; Willett, 1950; Adams, 1980;
Whitehouse, 1987; Suggate, 1990].

2.4. Geophysical Constraints

[14] Anomalously high heat flow measurements from
drill holes (190 + 50 W m™2 in the Franz Josef, 4 km SE
to the Alpine Fault [Shi et al., 1996], 90 + 25 W m ™2 in the
Haast area and up to 76 + 15 W m 2 west of the Alpine
Fault [Townend, 1999]) are commonly interpreted as a
consequence of the high exhumation rates southeast of the
Alpine Fault [e.g., Shi et al., 1996; Batt and Braun, 1997,
1999].

6 of 25



B04201

[15] Between 1994 and 2002 repeated GPS geodetic
measurements have been performed on the South Island
[Beavan et al., 1999]. Contemporary velocity and strain rate
fields derived from these observations are largely invariant
along the northeasterly strike of the mountain range and
Alpine fault. Across strike, inversion of contemporary strain
estimates suggest that 60—70% of the relative surface plate
boundary motion is accommodated by the Alpine Fault.
These geodetic data also suggest that a section of the Alpine
Fault is currently creeping beneath 5—8 km depth [Beavan
et al., 1999].

[16] A broad negative isostatic gravity anomaly extends
for 150-200 km along the Southern Alps [A4llis, 1981,
1986; Stern, 1995]. Interpreted in conjunction with other
factors [Reyners, 1987; Reyners and Cowan, 1993; Smith et
al., 1995], this marked gravity anomaly is seen to reflect the
presence of up to 80 km of subducted lithospheric mantle
[Stern, 1995].

[17] Recent deep seismic velocity models along transects
in the central South Island provide an image of a 30 km
thick crustal root [Davey et al., 1995; Stern et al., 2000].
Davey et al. [1995] identify the Alpine Fault as a moder-
ately dipping (30—40°) low seismic velocity zone that
extends to about 30—35 km depth (Figure 3a). The upper
mantle structure beneath the Southern Alps has been inves-
tigated by Stern et al. [2000]. Interpreting teleseismic P
wave arrival patterns, a high-velocity symmetric zone has
been evidenced, leading Molnar et al. [1999] and Stern et
al. [2000] to suggest that following continental conver-
gence, the lithosphere has been homogeneously shortened
and thickened rather than subducted. However, Pysklywec et
al. [2002] reconciled these apparently contradicting scenar-
ios by suggesting that during the early stages of collision the
system may evolve from uniform thickening to subduction-
like behavior.

2.5. Thermochronological Constraints

[18] Numerous studies have made use of thermochronol-
ogy to improve our understanding of the dynamic history of
the orogen [Adams and Gabites, 1985; Kamp and Tippett,
1993; Batt et al., 2000]. Adams and Gabites [1985] were the
first to describe a pattern common to most thermochron-
ometers in which young ages are associated with the
present-day Kaikoura (or Alpine) orogeny and within
10 km of the Alpine Fault, whereas old ages associated
with the Triassic to Cretaceous Rangitata orogeny are found
further than 25 km from the Alpine Fault.

[19] Several investigations have focused on the fission
track dating method [White and Green, 1986; Kamp and
Tippett, 1993; Tippett and Kamp, 1995]. Such data sets
provide good constraints on shallow crustal behavior be-
cause of the low closure temperature of the fission track
system for apatite, in the range of 110—125°C [Gleadow
and Duddy, 1981; Green et al., 1989], and zircon, 240—
265°C [Hurford, 1990].

[20] Batt et al. [2000] established ages for the K-Ar
system in biotite and muscovite and fission track in zircon
and apatite throughout the orogen, providing insights into
the earlier stages of the dynamic development of the orogen.
Batt [1997] showed that in most parts of the Southern Alps
an exhumational steady state has developed over the last
5 Myr, reflecting a balance between heat conduction and
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advection by uplift and erosion. Most of the thermochrono-
logical data sets have been collected along river channels on
either sides of the divide [Kamp and Tippett, 1993; Batt et
al., 2000] making them unsuitable for constraining the age
of the landform [Braun, 2002a, 2002b]. To remedy this
problem, we performed additional sampling centered
around the upper reaches of the Whataroa and Perth rivers.

3. Samples and Analytical Method
3.1. Study Area and Samples

[21] Sampling has been carried out along a 16 km transect
near-parallel to the Alpine Fault, across the Whataroa-Perth
catchment (Figure 6) which forms one of the main basin on
the west side of the orogen. The Whataroa-Perth catchment
is an attractive site because this region has experienced
substantial denudation and is the locus of maximum exhu-
mation rate in the entire orogen, i.e., up to 8—13 mm yr~'
[e.g., Batt and Braun, 1997; Walcott, 1998; Norris and
Cooper, 2000]. Sampling has been performed within the
upstream part of the Whataroa and Perth rivers. The length
of the transect and sample spacing were chosen to provide
information on the evolution of the landform in the area (see
Braun [2002a] for a complete discussion on sampling
strategy for dating landform evolution). As shown on the
topographic (Figure 6) and geologic maps (Figure 4
(S. Cox, IGNS)), sampling has mainly been done within
the same textural zone (textural zone 2B, adopting the
textural divisions defined by Turner [1933]). The sampled
rocks are schist of greenschist facies. Zircon is fairly
abundant (largest grains were handpicked for (U-Th)/He
dating). These detrital zircons show large variations in
shape as well as in U and Th concentration. Cathodo-
luminescence imaging revealed grains of many shapes and
internal zonation. We suspect that zonation as well as non-
perfect grain geometry are the most likely candidate as the
cause of poor age reproducibility. Detrital apatites are less
abundant and usually very small. For this reason, only
fission track dating was possible on some of the samples.

3.2. (U-Th)/He Dating Method

[22] Zircon (U-Th)/He ages were measured on aliquots of
3 to 7 grains. Dated crystals were handpicked from sepa-
rates using a microscope and screened for large inclusions
and appropriate shape to permit the calculation of the «
ejection correction. Crystals were loaded in platinum foil
tubes that were heated for 15 to 20 min at 1250°C using a
Nd:YAG low-blank (typically <3 x 10~'® mol over 25 min
on masses 3 and 4) helium line at the Research School of
Earth Sciences (RSES), Australian National University
(ANU). Temperatures were controlled using an optical
pyrometer. The evolved gas was purified by getters and
measured by *He isotope dilution using a sensitivity-
mapped quadrupole mass spectrometer. Crystals were
reheated at a similar temperature to ensure complete extrac-
tion of helium. The reproducibility of the standard *He
spike was tested before and after most of the measurements.
Once retrieved from the line, crystals were dissolved in
Teflon bombs using a HNO3; and HF mixture. Uranium and
thorium were measured by ***U isotope dilution using an
Agilent inductively coupled plasma—mass spectroscopy
(ICP-MS). Correction for a ejection was done using the
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Whataroa-Perth area (lat: 43.35 long: 170.4E)
Central part of the South Island of New Zealand
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Figure 6. Location of the transect near-parallel to the Alpine Fault where the new thermochronological

data have been sampled (Terralink).

zircon method described by Farley [2002]. The total ana-
lytical uncertainty in each analysis (£3-4%) is dominated
by the precision of the He (including mass discrimination)
and U and Th measurements. Most of the samples were
analyzed in duplicate to ensure a reproducibility of ages
within 5—15%. The errors reported here are a combination
of analytical error and variability among replicates (i.e., the
standard error given is the square root of the sum of the
squared standard deviations).

3.3. Fission Track Dating in Zircon and Apatite

[23] Apatites were mounted in epoxy, polished and etched
in a IM HNOj; solution at 20°C for 50 s. Zircons were
embedded in Teflon, polished and etched in a eutectic
NaOH-KOH melt at 228°C for 6 to 8 hours. All samples
were dated by the external detector method, using a zeta
calibration factor for Fish Canyon and Durango age stand-
ards [Hurford, 1990]. Samples were irradiated at the well-
thermalized ORPHEE facility of the Centre d’Etudes
Nucléaires in Saclay, France, with a nominal fluence of
2.5 A1015 neutrons cm 2. Neutron fluences were moni-
tored using CN1 and NBS962 dosimeter glasses. All
samples were dated at the Laboratoire des Chaines Alpines,
Université Joseph Fourier Grenoble (France).

3.4. Helium Diffusion Behavior of Zircon

[24] Previous diffusion experiments suggest that zircon
He loss may obey an Arrhenius relationship [Reiners et al.,
2002, 2004], except for the early stages of step heating
where the fraction of gas released is negligible. Reiners et
al. [2004] concluded that non-Arrhenius trends in the early
stages would have a negligible effect on the bulk thermal
sensitivity and proposed a closure temperature window of
170—190°C (with a cooling of 10°C Myr "), with E, = 39—
41 keal mol™', Do = 0.09—1.5 cm?. We are using the mean
value of these constants (i.e., E, = 40.4 kcal mol™', D, =
0.46"3%, cm? [Reiners et al., 2004]) to interpret our ages.

3.5. Measured Ages

[25] The new thermochronologic data obtained in this
study are presented in Tables 1 and 2 and Figure 7. The
transect crosses two valleys in the upstream part of the
Whatoroa-Perth catchment: the first part of the transect
crosses the Butler River and the second part the Perth River.
The measurements indicate that the ages are young enough
to be associated with the ongoing Kaikoura orogeny (i.e., all
less than 5 Ma). Average ages for the Perth and Butler
transects are close enough to assume that the mean exhu-
mation rate is similar in both parts of the profile; indeed
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Table 2. Measured Fission Track Ages in Zircon®

ANU Sample N p(Ny), x 10° cm? p(N), x 10° cm? ps(Ny), x 10° cm? P(xP), % U, ppm Age, Ma Error, Ma
anu05-072 20 17.3(282) 73.7(1200) 1.11(15917) 84.2(12.94) 288 1.9 0.1
anu05-069 20 22.8(398) 103(1799) 1.11(15917) 11.5(26.57) 358 1.6 0.1
anu05-079 11 19.6(152) 86.2(796) 1.11(16698) 18.5(13.75) 309 1.8 0.2
anu05-079 47 0.56(53) 43.2(4090) 5.97(17676) 97.8(28.76) 9 1.3 0.2
anu05-087 20 11.8(238) 83.7(1695) 1.11(15917) 92.4(10.99) 303 1.1 0.1
anu05-082 20 19.0(375) 71.5(1415) 1.11(15917) 100.0(2.36) 240 2.2 0.1
anu05-086 20 15.9(152) 83.2(796) 1.11(15917) 96.3(9.56) 333 1.5 0.1

N, number of grains counted; ps, spontaneous track density; p;, induced track density; pg, dosimeter track density; Ns, Ni, Nd, number of tracks counted
to determine the reported track densities; P(x?), chi-square probability that the single grain ages represent one population; U (ppm) is the uranium

concentration.

these are located at a similar distance from the main thrust,
the Alpine Fault. Most of the (U-Th)/He ages lead to a good
agreement with fission track measurements, except for one
sample (anu-05087, Table 1) where the fission track age in
zircon is younger than the (U-Th)/He age in zircon. This age
is reported here but left aside in our interpretation.

4. Numerical Method and Age Data
Interpretation

[26] In this section, we present the numerical model used
for our interpretation, describing its underlying
assumptions, required input and consequent output. The
general objective is to simulate the thermal state of the crust
with time and extract T-t paths from which ages can be
calculated.

4.1. Solving the Heat Transfer Equation (Pecube)

[27] Previous work has highlighted the effect of small-
amplitude surface topography on the steady state thermal
structure of the crust [Turcotte and Schubert, 1982; Stiiwe et
al., 1994; Stiiwe and Hintermiiller, 2000]. Furthermore, as
outlined in the introduction, it is unlikely that in an actively
deforming mountain belt a true topographic steady state is
ever reached at all timescales [e.g., Willett and Brandon,
2002]. Consequently, in order to use low closure tempera-

ture thermochronometric systems to determine the age of a
landscape and potentially its rate of change, the effects of
finite amplitude, transient surface topography on the tem-
perature structure of the upper crust must be taken into
account.

[28] We achieve this by solving the transient, three-
dimensional heat transfer equation:

or oT  or . orT
P\ "V Ty TV s
o or 9 Oor o or

ok oty tata T M)

+ Vs

where T(x, y, z, t) is the temperature, p is rock density, c is
heat capacity, v,, vy and v, are horizontal and vertical
velocities, &k is conductivity and A4 is radioactive heat
production per unit mass. Equation (1) must be solved for a
given initial temperature field:

Ty = TO(x7y7Z>l = 0) (2)
and a set of boundary conditions:

T(xvyvz:ZO7t):Tb (3)

Butler-Perth profile

3.5
—— Altitude
3 B (U-Th)/He in zircon
i A FT in zircon
— ¢ FTin apatite
IS 2.5
=3
35
5 2
=
=
(? 1.5
©
2 1
()
(o))
©
0.5 .
Butler River Perth River
0
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Horizontal distance (km)

Figure 7. Summary of all the ages measured. x axis is the horizontal distance (km), y axis is elevation

(km) and age (Ma).
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Tv(xvyvz:S(x7y7t)’t) =0 (4)

aT(X = X0,X[,) :yoJl:Z)
On

=0 (5)

where z = z, represent the base of the crust and S(x, y, ?) is
the surface topography. Braun [2003] developed a finite
element code (Pecube) that solves equation (1) within a
crustal block. This code is used here to simulate the
evolution of the temperature field beneath the Southern
Alps of New Zealand. Unlike other models of its kind [e.g.,
Ehlers et al., 2003], Pecube includes the effects of time
varying surface topography.

[20] Assuming the thermal properties of the crust, the
model mostly requires two inputs: (1) the model is only
kinematic, so that a velocity field must be assumed and (2) a
geomorphic scenario must be supposed. For the models
presented herein, the thermal properties and boundary con-
ditions of the crustal block are as follows: T}, is equal to
500°C, thermal diffusivity (K = &/pc) of 25 km? Myr ' and
radioactive heat production (4/c) of 28.8°C Myr™'. Using
Pecube, we can predict temperature-time histories (T-t) for
rocks that are exhumed and brought to the surface, assum-
ing the tectonic model as well as the geomorphic evolution
of the topographic surface. These T-t paths are in turn used
to calculate ages for each thermochronometric system
investigated (the methods used to calculate the apparent
ages from each thermochonometer are briefly outlined
below).

[30] For this study, we have modified Pecube to include
horizontal motion. Our velocity model represents crustal
deformation by movement along the Alpine Fault and
assumes horizontal transport and vertical uplift that are
coupled to ensure mass conservation. The derivation of
the velocity field is based on the “rule of the normal”
[Braun et al., 1994] which is a simple kinematic model
based on the assumption that lines within the hanging wall
initially normal to the fault remain so following deforma-
tion. In our model, the depth (¥ (km)) of the Alpine fault is
represented by an exponential of the form (Figure 8)

= [en(3) -1 0

x (km) is the horizontal distance east of the surface trace of
the Alpine Fault, 4 (km) is the thickness of the deforming
layer (i.e., depth of the decollement) and A\ (km) is the
listricity. Furthermore, in order to include a drag along the
fault, we introduce an extra parameter F (km). When F is
equal to zero, the velocity is taken equal to v, everywhere
along the line normal to the fault; v, (mm yr ') is the
convergence component of velocity of the Pacific Plate with
respect to the Alpine Fault. For F greater than 0, the velocity
is given by /(F — () /Fvy, between [0, F] (¢ is the distance
from the fault) and is equal to v, for ( larger than F
(Figure 9a). The velocity field is shown in Figure 8. The
resulting rock paths are similar to those predicted from the
doubly vergent critical wedge theory [Koons, 1990; Willett
et al., 1993].
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(a) Velocity field derived from the rule of the normal
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Figure 8. (a) Assumed velocity field in a crustal block

obtained by applying the rule of the normal [Braun et al.,
1994]. The rule of the normal assumes that lines within the
hanging wall that are normal to the fault before deformation
remain so following deformation. (b) Geometry adopted for
the shape of the Alpine Fault.

4.2. From Temperature to Ages

[31] In our model from each T-t path an age can be
calculated. K-Ar biotite and muscovite ages are computed
by solving the solid-state production-diffusion equation for
a given geometry using a finite difference scheme:

oc
5 =DVC+P (7)

C is the concentration of Ar and P is its production rate. D(t)
is the time-dependent diffusion coefficient obeying the
following Arrhenius relationship:

D Dy [—E,
E:?eXp(RT> ®

where Dy is the diffusivity at infinite temperature, E, is the
activation energy, R is the gas constant, 7'is the temperature,
and « is the diffusion domain radius. We adopt the diffusion
characteristics of biotite derived by Harrison et al. [1985]
(E, = 47 kcal mol™!, Dy/a* = 342 s™' and a diffusion
geometry that is cylindrical) and tested by Dunlap [2000].
The diffusion properties for muscovite have been investi-
gated by several groups and still remain unclear [Dodson,
1973; Hames and Bowring, 1994; Kirschner et al., 1996;
Dunlap et al., 1991]. Here we use diffusivities calculated by
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Figure 9. (a) Geometrical parameters that we invert using Pecube and the Genetic Algorithm (see text).
Figures 9b, 9c, and 9d are 2-D projections of the results. The red dots mean low misfit, i.e., predicted and
observed ages are similar, whereas the blue ones mean high misfit value. (b) The v;,, convergence
velocity, versus A, fault listricity. By looking at the red dots, a trade-off appears between these two
parameters: if the velocity decreases the fault must flatten (i.e., A increases). (¢) The v, versus A, the
thickness of the crust above decollement. A trade-off appears between these two parameters, for the red

dots. (d) /' must be minimized.

Hames and Bowring [1994] (E, = 52 kcal mol ™!, Dy/a* =
0.24 s' and a diffusion geometry that is cylindrical). On the
contrary, zircon fission track ages are much less straightfor-
ward to model. This is mainly due to the lack of a well-
defined mechanism describing the annealing of tracks in

zircon [Zaun and Wagner, 1985; Brandon and Vance, 1992;
Brandon et al., 1998; Tagami et al., 1990]. To circumvent
these difficulties, we calculate an effective diffusion
model using diffusivities that would lead to a closure
temperature of ~230-250°C as suggested by Batt [1997]

12 of 25



B04201

HERMAN ET AL.: TECTONOMORPHIC SCENARIOS, SOUTHERN ALPS

B04201

| Numerical models and age data interpretation |
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52 Consequence of the
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perpendicular to the
Alpine Fault

53 Consequence of the
kinematic

model along strike

54
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on the evolution
of the landform
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Effects of advection
of the landscape

Quantify landform
change

Pecube + GA Tippett and Kamp, 1995
Batt et al 2000

Pecube

Pecube

Pecube + NA (U-Th)/He and FT ages
presented in this study

Pecube (U-Th)/He and FT ages
presented in this study

Spectral analysis (U-Th)/He and FT ages
presented in this study

Figure 10. Sequence in which our analysis of the tectonomorphic evolution of the Southern Alps is

presented. See text for explanation on Pecube, the

(E, = 49.77 kcal mol™', Dya* = 6406.25 s ' and a
diffusion geometry that is cylindrical).

5. Numerical Model Results

[32] In this section, we first show models at the scale of
the orogen in a bid to constrain the regional tectonics of the
Southern Alps, using previously published thermochrono-
logical data sets [ Tippett and Kamp, 1995; Batt et al., 2000].
We then use these constraints to discuss more detailed
synthetic models to help understand the impact of along-
strike topography on the age distribution for low-temperature
thermochronometers. Finally, using the constrained
kinematic model, we focus on the evolving topography
and propose an interpretation for the new (U-Th)/He in
zircon and fission track in zircon and apatite ages in terms
of landform evolution. The sequence in which we present
our analysis of the tectonomorphic evolution of the South-
ern Alps is presented in Figure 10.

5.1. Constraints on the Kinematic Part of the Model

[33] To constrain the large-scale thermal development of
the orogen, we use Pecube to compare predicted ages to
ages reported by Kamp and Tippett [1993] and Batt [1997].
Our aim is to constrain the geometry of the Alpine Fault and
the convergence rate of the Pacific plate toward the Aus-
tralian plate. The comparison is optimized by making use of
an inversion method. The method used in the section is a
gradient free search strategy based on the well known
Genetic Algorithm (GA) [Holland, 1975; Goldberg,
1989]. The objective is to produce an ensemble of models
by varying model parameters namely ), the listricity of the

GA and the NA in the text.

Alpine Fault, v;,, the convergence velocity, F, the drag
coefficient along the fault and /4, the thickness of the layer
being deformed.

[34] The degree of fit of the model relative to the data is
estimated through a misfit function which is defined as

\V (x; _y[)z

1

n E g;
where x; are observations and y; are synthetic ages
calculated with Pecube, n is the amount of samples and o;
is the error associated with the ages (note that for K-Ar ages
the error was arbitrarily set to 10% since only analytical
errors were reported by Batt et al. [2000]). It is important to
note that in this first set of numerical experiments, the
topography is kept constant since all the samples come from
valley floors and therefore cannot be used to constrain the
evolution of the topography.

[35] Figure 9 shows results from model runs generated by
the GA (10,000 forward model runs). All model runs are
represented in the parameter space. Each dot is a single
forward model run, and the color of each dot is a function of
the percentile value so that smaller percentiles (red dots)
correspond to small misfit values.

[36] Misfit reduction leads to convergence of GA toward
several optimal values for the horizontal convergence ve-
locity within a range of 5—15 mm yr~' and 5—35 km for the
listricity. This value of the listricity approximately corre-
spond to a surface dip of 55-15° for the Alpine Fault,
which includes the range of values described by Davey et al.
[1995]. Figure 9b also shows a positive linear relationship

©)
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Figure 11. (a) Sensitivity of the misfit function to changes of v,. The misfit is more sensitive to a

reduction of v, than for an increase. (b) Sensitivity of the misfit function to changes of A. (¢) Sensitivity
of the misfit function to changes of F. (d) Sensitivity of the misfit function to changes of 4.

between v, and A for the best models (red dots). This
suggests that the thermochronological data could be equally
reproduced in model runs in which the advection velocity is
inversely related to the dip of the fault. This is expected
with this kinematic model. Indeed, the uplift component
decreases as the fault is flattened and, in turn, less heat is
advected toward the surface. Similarly, the thickness of the
crust 4 also shows a trade-off with v, (Figure 9c¢), suggest-
ing that if the crust is thicker, the vertical heat advection
must be faster. Figure 9d also shows that best fit is obtained
for small values of F, so that there is no need to include
friction along the fault.

[37] We show in Figure 11 the sensitivity of the model to
parameter changes. To do so, one parameter at a time is
varied while the others are kept equal to the value which
leads to the lowest misfit. Figure 11a shows that the misfit
function is more sensitive to a reduction of v, than to an
increase. This explains why a large amounts of forward runs
lead to a reasonable misfit, yellow dots, in Figures 9b and
9d. Figure 11b illustrates that an increase of A, with v,
constant, leads to larger misfit values. Figure 11c highlights
that the drag along the Alpine Fault must be minimized to
obtain a good fit to the data. Finally, Figure 11d shows that
the misfit function is not as sensitive to different crustal
thicknesses above the decollement but suggest an optimum,

i.e., minimum value of the misfit, for 2 ~35 km. This
optimal value seems to slightly overestimate the base of
the decollement which has been imaged about 25 km
[Wannamaker et al., 2002]. Finally, the misfit value appears
to be mostly sensitive to change in v, (or F) than in A and 4.

[38] Note that the thermal model used here is limited by
the fact that no heat production by shear heating and/or,
more importantly in our case, no fluid circulation are
considered. The quantitative results must be interpreted
carefully, since fluid circulation is an important factor in
the Southern Alps [e.g., Craw, 1988; Koons et al., 1998].
On the contrary, large amounts of frictional heating seem
unlikely [Shi et al., 1996].

5.2. Implications of the Kinematic Model Across the
Orogen, Direction Normal to the Alpine Fault

[39] For each thermochronometric system a zone of
young ages is observed in the vicinity of the fault. Ages
become older while moving away from the fault and toward
the southeast. Figure 12 (left) represents the topography on
which age predictions are overlaid. The height of the red
bars represents measured ages and the blue bars stand for
the ages predicted by Pecube. Figure 12 (right) shows the
same ages, stacked against the distance to the Alpine Fault.
For biotite (Figure 12a), a very good fit is obtained for most
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(a) K-Ar in Biotite: topography-predicted and observed ages
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Figure 12. Results of a model run with a set of parameters that produces a good fit to data from Batt
et al. [2000] and Kamp and Tippett [1993] data. The parameters are as follows: A =20 km, # =32 km and
v, =9 mm yr . The grid at the surface is taken as Ax = Ay = 1 km. (left) Topography of the central part
of the Southern Alps extracted from a digital elevation model (Terralink) on which predicted and
observed ages are located and compared. Blue bars are predicted ages and red bars observations. (right)
Predicted and measured ages versus distance to the Alpine fault. Ages are in Ma and distance is in km. A
general agreement appears for all the thermochronometers, along strike as well as perpendicular. No
major difference in regional tectonic regime can be observed with these data, a regime which appears to

remain uniform across this area.

of the samples. A good agreement between data and
predictions for K-Ar in muscovite (Figure 12b) and fission
track in zircon (Figure 12c) is also observed. In the vicinity
of the fault, predicted zircon fission track ages are slightly
overestimated while biotite and muscovite ages tend to be
slightly underestimated. Our simulations show a very high
thermal anomaly predicted for this region with a geothermal
gradient of ~150°C km ™" as a result of heat advection. This
is in good agreement with previous numerical simulations
[Koons, 1990] and heat flow determinations in the Southern
Alps [Shi et al., 1996].

5.3. Along-Strike Implication of the Kinematic Model:
Geometry of the Metamorphic Isograds and
Thermochrons

[40] In the Southern Alps the distribution of thermo-
chrons (i.e., location of rocks that have experienced similar

T-t paths [Harper, 1967]) as well as metamorphic isograds
cast of the Alpine Fault has been inferred to be an
expression of spatially varying exhumation rates of crustal
material [Batt et al., 2000] during the Late Cenozoic period.
Batt et al. [2000] interpreted an apparent age increase from
Fox Glacier toward the southwest as resulting from a
monotonic decrease of the convergence component of the
AUS-PAC velocity (Figure 4) [Beavan et al., 2002]. How-
ever, this interpretation is contradicted by the thermochrons
and metamorphic isograds that are wider northeast of Franz
Josef (Figure 13) despite an apparent increase in conver-
gence velocity derived from contemporary velocity field
measurement [Beavan et al., 2002] (Figure 4). Interestingly,
this widening of isograds also corresponds to variations in
the topography. As shown in detail in Figure 13, discrete
steps in the position of the Main Divide are observed where
thermochrons and isograds widen and narrow. We postulate
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Figure 13. Map showing the strong correlation between the patterns of the isograds and the topography.
In the north (Whataroa River), the divide is further away from the Alpine Fault and at lower altitude than
in the south (Franz Josef Glacier), while the metamorphic isograds are further apart in the north than in
the south. The solid color scheme corresponds to the geology presented in Figure 4.

that the along-strike variation in distribution of thermo-
chrons and isograds are partly controlled by the topography.

[41] To demonstrate this point, we have performed two
similar numerical experiments using simple, first-order
geomorphic scenario. In the first experiment, we compute
the variations in thermochron geometry caused by an abrupt
change in topography along the strike of the orogen. In one
half of the model, the topography resembles the broad scale
features of the south Island in the vicinity of Mount Cook,
whereas in the other half the topography is nil (flat surface).
The geometry of the thermochrons (for the (U-Th)/He
system) as predicted by the model is shown in Figure 14a
(right): the region of reset ages is wider where the topog-
raphy is flat. In the second experiment (Figure 14b) a
similar scenario was imposed except that until 300 kyr

before the end of the model run, the topography was
uniformly high. It is only in the last 300 kyr of the model
run that the topography in the upper half of the model is
progressively eroded away. The effect is even stronger: the
region of reset ages is much broader where the topography
has been eroded away. These simple simulations demon-
strate that the large-scale features of the landform and the
rate at which they may have evolved through time might
influence the distribution of thermochrons.

[42] This result is expected if one takes into account the
effect of both uplift and horizontal advection of rocks. This
is shown in Figure 15, by comparing rocks (rocks 1 and 2 in
Figure 15) whose final positions are equidistant from the
fault but at different altitudes. It shows that rocks which are
at lower altitude (rock 2) in the present-day topography
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Map of (U-Th)/He ages in zircon predicted by Pecube at the surface.
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(a) Thermochrons are wider where the topography is flatter, even though this latter does not

evolve through time. (b) This effect is reinforced if the flat area represents a region that has been recently

eroded.

have been exhumed from deeper in the crust than rocks at
higher altitude (rock 1). This suggests that geographical
variations in thermochron/metamorphic isograd patterns
across a mountain belt can be related to either the rate at
which the rocks are tectonically exhumed or the shape of the
surface topography and the way it has evolved through time.

[43] Craw et al. [2004] and Herman and Braun [2006]
have suggested that divide migration, or jump, may occur in
the Southern Alps. The timing of these events is not well
constrained but is thought to happen on very short time-
scales (less than 100 kyr). This could be a mechanism that
triggers very high erosion rates, and could potentially

explain the geometry of the thermochrons and metamorphic
isograds. Indeed, where the divide is currently near the
Alpine Fault the isograds and thermochrons are closely
spaced, whereas where the divide is further away from the
Alpine Fault, and then has recently migrated, the region of
high metamorphic grade rocks and reset ages is broader.

5.4. Local Geomorphic Model

[44] We now continue further in our interpretation of the
thermochronological data set by including the low-T data
we collected along a transect parallel to the Alpine Fault
(Figure 7). We now investigate whether it can be used to
derive constraints on the evolution of the relief in this area
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Divide high and close to the fault

Divide low and far from the fault

high grade rocks

Figure 15. Illustration of the effect of first-order topography on the distribution of the thermochrons. In
region where the divide is closer to the fault and higher, the width between each thermochron is narrower
than when the divide is lower and further away from the main fault.

of the Southern Alps which, we postulate, should tell us
something about the geomorphic evolution of the mountain
belt. We assume that a large-scale kinematic model
corresponding to a good fit in order to reproduce the mean
rock advection and exhumation in the area and proceed to
test various geomorphic scenarios (A = 24.6 km, 7 =27 km,
F=0.1kmand v, =76 mmyr ).

[45] We assume that topography at any point varies
linearly with time from zjni; (km) to Zioqay (km) where

Ztoday — Zmin,today
Zinit = Zoffset (— Zimax,init (10)
Zmax,today — Zmin,today

where Zyin today (= 0.0 km) and zp,x today (= 2.61 km) are the
maximum and minimum elevations of the present day relief,
Zofiset ANA Zmay inic are free parameters, z, e Varies between
0 and 1 km, and zax init Varies between 1 and 5 km. These
boundaries are chosen so that the relief does not grow faster
than what is allowed by the uplift rate, for any #,ie; Zofrset
represents the base level, whereas zyaxinit controls the
amplitude of relief. We also perform a parameter search, but
we now use the Neighbourhood Algorithm (NA) [Sambridge,
1999] to determine the optimum value for zyprer and Zimax init
and for the time in the past, f,;, at which the topography
starts changing from zjni t0 Ziogay- The misfit function used
in the NA is also defined by equation (9).

[46] Results generated by the NA, after 2460 model runs,
are plotted into the [Zofret, Zmax.inits finit] Parameter space
(Figures 16a and 16b). Lowest values of the misfit function
are observed where Zoprer and Zmay inie are both minimized,
(i-e., Zofrser 15 always small and zyax init Varies between 1.0
and 2.0 km, which is always smaller than 2.61 km). On the
contrary, no good constraints can be put on f,;; (Figure 16a).

[47] Figure 17a shows an example of predicted ages for a
set of parameters which provide a low misfit function value
(model 1). It clearly shows that overall, predicted ages are
close to the observations for both (U-Th)/He and FT ages.
The landform change needed to reproduce these measure-
ments corresponds to a local increase of the relief (zmax init =
1.315 km, zygpe¢ = 0.0 km and £;,;, = 0.5 Ma). If 5 is defined
as the ratio between relief amplitude now and at the time in
the past where the relief starts changing, our mean optimal

value of Zpax init (1.5 km) corresponds to a 3 = 1.74 + 0.4
which means that the local relief has increased sometime in
the past during the last 1.5 Myr.

[48] We compare in Figure 17b a good fit forward model
(model 1) to forward models which lead to larger values of
the misfit function (models 2 and 3). Model 2 corresponds
to a steady state landscape. It appears that most of the ages
are similar along the profile. In model 3, we simulate a
situation in which the relief decreases (Zmaxinit = 4.0 km,
Zottset = 0.0 km and #;,;; = 0.5 Ma). This situation also leads
to a poor fit to the data.

5.5. Effects of Horizontal Advection of the Landscape

[49] In section 5.4, the topography in our model was not
horizontally advected. However, it has been shown that
landscape advection due to horizontal motion may be an
important feature of the Southern Alps of New Zealand
[e.g., Willett et al., 2001; Craw et al., 2004; Herman and
Braun, 2006]. This is particularly important near the drain-
age divide since, in this part of the orogen, the tectonic
horizontal advection may be greater than the incision rate.
Furthermore, if a topographic feature from the east, where
the uplift rate is lower, is advected toward the western side,
a relief change should be expected. In the case of the
Whataroa-Perth catchment, advection of topography could
potentially have important consequences. Indeed, if a large
geomorphic feature is to be advected through the drainage
divide, the size of the catchment on the west side of the
orogen would increase which would cause the divide to
migrate away from the Alpine Fault [Craw et al., 2004;
Herman and Braun, 2006].

[50] In our model, we approximate this by computing the
vertical advection with respect to the fault only and pro-
gressively advecting the fault at a convergence velocity v,
as sketched in Figure 18. In this way we simulate a situation
where the landform is advected with the rocks. In
Figure 17b, we compare the (U-Th)/He in zircon ages to
the situation where the fault is fixed. This model interest-
ingly leads to a reasonable fit to the data. Although this
forward run does not produce as large differences in ages
with elevation than in the situation where the topography is
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fixed with respect to the Alpine Fault (Figure 17b), the
misfit obtained is comparable to model 1.

6. Spectral Analysis of AER

6.1. Overview

[51] As illustrated in Figure 1, for a given thermochrono-
metric system, there exists a critical wavelength (w,.) below

(a) and (b) Calculated misfit into the (Zofrset, Zmax.init> finit) Parameter space (see text).

which topography has little impact on the shape of the
isotherms. Consequently, the slope of the relationship
between age and elevation data collected at a scale smaller
than w,. provides an accurate estimate of the exhumation rate
(Figure la). On the other hand, at wavelengths much larger
than w,, the closure temperature isotherm follows the shape

of the topography so that there is no change in age with
elevation (Figure 1b).
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(a) Optimized fit to the data

3.5
O (U-Th)/He zircon, measured
B (U-Th)/He zircon, simulated (Model 1)

3 A FT zircon, measured
% A FT zircon, simulated (Model 1)
A
2.5

Ages (Ma)
N
HE—+—
»>
| —8—
[ ]
HEH
e

! %

n
0.5
0
-0.5 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5
Optimized fit to the data, steady-state landscape and decrease of relief
b 2.5
( ) —#— (U-Th)/He zircon, simulated, good fit (Mqdel 1)
=0 (U-Th)/He, steady state landscape (Mode] 2)
—2= = (U-Th)/He, decrease of relief (Model 3)
5 = =X= = (U-Th)/He, advection landscape (Model 4)
<
2 15
4
j*2
<
1
0.5
0
-0.5 1.5 3.5 5.5 7.5 9.5 11.5 13.5 15.5 17.5

Horizontal distance (km)

Figure 17. (a) and (b) Forward model results: model 1, model 2, model 3, and model 4 are the results
from a simulation with different values of Zyfrets Zmax.init and fini. Only (U-Th)/He in zircon ages are
shown in Figure 17b for clarity of the figure. Model 1: best fit model (i.e., relief increase during the last
0.5 Myr and fixed topography) (misfit = 5.82); model 2: steady state topography (misfit = 9.97); model 3:

decrease of relief (misfit = 12.19); model 4: steady state relief and advection of the topography (misfit =
6.22).

[52] Braun [2002a] used this strong dependency of the pendent estimates of exhumation rate and the rate of change
slope of age-elevation relationships on the wavelength of of surface landform. This new method takes advantage of
the surface topography to develop a new method of ana- the fractal nature of surface topography [Huang and
lyzing thermochronometric data. The method delivers inde-  Turcotte, 1989], which allows one to sample the relationship
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Figure 18. (a) Simulations with fixed topography (best fit
model and model 1). (b) Simulations with horizontal
advection (models 2, 3, and 4).

between age and elevation at a wide range of topographic
wavelengths by collecting data along one-dimensional
transects. Doing so, the problem can be reduced to a spectral
system having elevations as input and ages as output. This
system can in turn be described by its frequency response
function which is expressed in terms of a gain, G (if input
and output are in phase: G = RG), and a phase, F [Jenkins
and Watts, 1968]. Both are functions of the wavelength of
the input topography. Braun [2002a] showed that the
computed gain function contains two independent pieces
of information:

[53] 1. The asymptotic value of the gain at short wave-
lengths, Gs, provides a direct estimate of the inverse of the
mean exhumation rate (E):

E——.
Gs

(11)
This result is based on the assumption that exhumation rate
is constant along the profile.

[54] 2. The asymptotic value of the gain estimate at long
wavelengths, G;, indicates whether, in the recent past,
topography has remained constant (G, = 0), has increased
(G, > 0) or decreased (G, < 0) in amplitude. As shown in
Figure Ic, at very long wavelengths, any gradient in age
with elevation must be related to recent changes in surface
relief, experienced since the rocks passed through the
closure temperature isotherm. (3 (the ratio between relief
amplitude now and at the time in the past) can, in turn, be
calculated from [Braun, 2002a]

(12)
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Therefore the ratio G;/Gg provides a direct estimate of the
relative change in surface relief over the time period defined
by the mean age of the rocks. This result is based on the
assumption that when the rocks pass through the closure
temperature isotherm, the temperature field is near steady
state; if this is not the case, the ratio G;/G¢ must be regarded
as a maximum estimate of the relative change in relief.

[s5s] Efficient methods exist to compute Fourier trans-
forms from regularly spaced data [Jenkins and Watts, 1968].
It therefore requires thermochronological data to be col-
lected at regular intervals along one dimensional transect
orthogonal to the main tectonic transport direction. In
practice, if regularly spaced interval sampling cannot be
achieved, interpolation methods are required. For this to be
valid, the condition of uniform exhumation rate along the
profile must be met.

6.2. Results

[s6] We first projected ages and elevations collected
along the profile onto the line that best fits the samples
locations, using a classical linear regression. We then use a
linear interpolation to provide 64 regularly spaced samples
along the straight line (the results of this interpolation are
shown in Figure 19), and we calculate the Fourier compo-
nents for 32 data sets of length 32 each by taking only half
of the interpolated data sets and shifting them by one
interval for each subdata set (this provides us with 32
estimates of the Fourier coefficients from which statistical
estimates, e.g., variance, of G and F can be obtained
[Jenkins and Watts, 1968]).

[57] At long wavelengths (~8 km), the real part of the
gain function, Gy, is clearly positive indicating that the
relief has increased over the last 1.5 Myr (RGpean = 0.6142,
RGyariance = 0.0354). At short wavelengths, the gain and the
spectrum are not well constrained. Another method to
estimate G, must therefore be used. Better constraints could
be obtained on Gg by using the slope of the age-elevation
relationship (AER) in the Butler River as a proxy for a mean
exhumation rate. A linear regression in this part of the
transect leads to an estimate of the slope of the AER of
0.83 km Myr'. This result seems to underestimate the
mean integrated exhumation rate in the area. Brandon et al.
[1998] proposed a method to estimate the mean local
exhumation rate. In this calculation, it is assumed that the
steady exhumation profile for a one-dimensional layer of
thickness / is a function of the exhumation rate [Stiwe et
al., 1994]

_ 1 —exp(%)
T(z,E) =T; +gohw (13)

where go (°C km™") is the initial geothermal gradient, z, is
the depth of closure and x (m? s~') is the thermal
diffusivity. The cooling rate at closure is a function of the
exhumation rate, the closure temperature, T,., and the
vertical temperature gradient

2
ar _E° ( oh (14)

d  rk \1-— exp(%‘?") ~ L TS)
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Figure 19. Interpolated ages and elevations along a linear one-dimensional profile.
and in turn preted in several ways. For example, it could simply reflect
the difference of relief on either side of the divide, which in
_ 5y T.— T i zh 5 this case does not require any horizontal advection of the
=g T 2oh [1 = exp(—Ehr)] (15) topography. Another important mechanism which might

and z. is related to the age ¢ by

z. = Et (16)
For the range of closure temperature between 170°C and
190°C, one obtains a mean exhumation rate varying
between 3.75 and 4.25 km Myr ..

[s8] This yields to, using equation (12), 5 = 1.18 + 0.1.
The error includes the variance obtained from the compu-
tation of G; and the variance on the estimation of the
exhumation rate. This estimate is smaller than the results
obtained with Pecube and NA in the case of a topography
that is not horizontally advected, but it also suggests an
increase of relief in the area (5 is greater than 1.0). Contrary
to our thermal modeling, however, this result has the
advantage that the estimate of G, does not to rely on the
assumptions made on the value of the past or present
geothermal gradient.

7. Relief Change in the Southern Alps

[59] We have shown that different scenarios enable us to
reproduce the observed data, and it may be hard to discrim-
inate which one is best because the timing of change is
poorly constrained. First, we have shown that if the topog-
raphy is not advected, an increase of relief seems to be the
best solution. This augmentation of relief could be inter-

cause increase of relief is glaciation. It is well known that
strong glaciations have occurred in New Zealand [e.g.,
Adams, 1980; Whitehouse, 1987; Suggate, 1990]. Indeed,
our modeling results suggest that a twofold increase in relief
can happen during a very short period (<100 kyr). This is
permitted because, in this region, uplift and/or exhumation
regimes are such that up to 1 km of rocks can be exhumed
within a glacial cycle (i.e., 100 kyr). Adams [1980], Whitehouse
[1987], Hovius et al. [1997] and Herman and Braun [2006]
have also suggested that relief seems to decrease during
postglacial periods. Therefore glacial/interglacial cycles
would prevent the topography from reaching a steady state
and the results presented here would also suggest that relief
increases during glaciations. However, better constraints on
the timing of the relief change are needed to support such an
assertion. Finally, we have shown that if the topography is
horizontally advected, one cannot put tight constraints on
the evolution of the relief.

8. Conclusions

[60] Our modeling of existing and new thermochrono-
logical data enables us to address aspects of the tectonic and
geomorphic development of the Southern Alps of New
Zealand:

[61] 1. We put constraints on the convergence velocity, vy,
the listricity of the Alpine Fault, )\, and the thickness of the
crust above the decollement, 4. The modeling exercise
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suggests linear relationships between convergence velocity
and both listricity and crustal thickness. The ability of the
model to reproduce the data appears to be strongly con-
trolled by v,

[62] 2. Our numerical model shows that along strike
variations of the thermochron/isograd patterns may be
related to either the rate at which the rocks are exhumed
or the geometry of the topography. Erosion may therefore
play a critical role in defining changes in geometrical and
geological patterns along and across the mountain belt.

[63] 3. We show with two methods that the relief on the
retro-side (i.e., west coast) is likely to have increased
between 1.5 Ma and today if the landscape is not horizon-
tally advected. However, we cannot put tight constraints on
the time frame over which this occurs, but our results might
suggest that the change could have happened within a single
glacial cycle.

[64] 4. Including the advection of the landform in our
model leads to a different interpretation of the low-T
thermochronological data set. Indeed, if the landscape is
horizontally advected, there is no requirement for having a
relief change to successfully reproduce the data.
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