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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: Herman, F., J. Braun, and W. J. Dunlap (2007), Tectonomorphic scenarios in the Southern Alps of New Zealand,
J. Geophys. Resl12 B04201, doi:10.1029/2004JB003472.

1. Introduction broadly agreed that many active orogens, including the
outhern Alps of New Zealand\flams 1980;Batt, 1997;

illett 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
ODoints of the landscape. This is the case because the
i . . ctural architecture of developing orogens evolves
steeper, precipitation is orographically enhanced and in t't\':npough time, and the surface must necessarily react to the
erosion increases. The geomorphic expression of th.e.m%'ﬂfnation of,new structures, across many timescales. In

[2] Mountain building is a dynamical process that resul
from the combination of crustal shortening, vertical thic
ening and erosional processes [eAglams 1980;Jamieson
et al, 1998; Koons 1987; Molnar and Englangd 1990;
Avouac and Burqv1996; Beaumont et al.2001]. As a
mountain belt grows, stream channels and hillslopes bec

cesses, interpretation of the evolution of the topography
tectonic timescales (Myr) is not obvious and most
mpts have so far relied on a priori models for fluvial/
glacial/hillslope erosion and transport procesdésirar
and England 1990; Whipple et al. 1999]. Similarly, ther-
mochronological data used to quantify erosion rates have
'Research School of Earth Sciences, Australian National Universipften been inappropriately collected to constrain the evolu-
Canberra, ACT, Australia. _ o o _ tion of the shape of the landformippett and Kamp1995;
2Now at Geological and Planetary Science Division, California Ins““@att, 1997]. We present here a thermochronological data set
of Technology, Pasadena, California, USA. that h b. | llected in the South Al f
3Now at Gesciences Rennes, Universie Rennes 1, Rennes, Francel1at Nas been purposely collected in the southern Alps o
New Zealand to provide direct estimates on the rate of

Copyright 2007 by the American Geophysical Union. landform change. We show that by coupling strategic
0148-0227/07/2004JB003472$09.00

tried to determine the rate at which landforms can resp
to external changes (i.e., climate and/or tectonics chang&@
and whether steady state landforms can etdtt et al,
2001;Montgomery2001;Whipple et al. 1999]. While it is
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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

v 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

\4 Southern Alps of New Zealand based on the predictions of a
3-D kinematic thermal model (Pecub&yrgqun 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 mod&tdun 2003] and

vV (2) a spectral analysis of the AERraun, 2002a].

2. Southern Alps of New Zealand

[s] The collision zone is viewed as incorporating the
Figure 1. Age-elevation relationships that can be observedntral mountain range (i.e., the Southern Alps) and its
at different wavelengthswf [Braun 2003]. T is the flanking Canterbury and Westland sedimentary basins. This
temperature andh is the altitude. (a) Short-wavelengtiprominent mountain range results from ongoing oblique
topography does not affect the geometry of closutierusting of the Pacific plate crust over the Australian plate
temperature isotherrt;, and the slope of the age-elevatiorgrust Sutherlang 2000] predominantly along a single
a versush, relationship gives the inverse of the exhumatiagrustal-scale structure, the Alpine FauNe]lman 1979]
rate,v, ( & h=a alhy = 1N). (b) Long-wavelength (Figure 2).
topography strongly affects the shape of Thdsotherm, .
and age is independent of elevatioa/( h = 0) (c) At long 2.1. Geodynamical Models of the Southern Alps
topographic wavelengths, any age variation with elevatiofe] It is commonly assumedWellman 1979] that the
is indicative of a relative chang®)(in relief amplitude mantle part of lithosphere of the incoming Pacific Plate
since rocks crossed tfg isotherm. delaminates, with material from above 25 km depth
advected to the surface along the Alpine Fault, while lower
) o ) ) crustal material is either added to the orogenic root or
sampling and analysis with numerical techniques, one cgfhqucted with the Pacific lithospheric mantle (Figure 3).
constrain the rate of evolution of the topographic surfaggis scheme is supported by geological and geophysical
which can in turn be used to calibrate surface procesggfjence and GPS measurements [Abis, 1981, 1986;
models. Craw et al, 1994;Stern 1995;Davey et al. 1995;Beavan
[s] Low-temperature thermochronology broadly has begp a1, 1999; Kleffmann et al. 1998; Molnar et al, 1999;
used to infer information on the evolution of topography iNorris and Cooper2000;Little and Holcombe2002].
different tectonic settings [e.drown et al,_1994;Br§lndor1_ [71 Geodynamical models, based on geophysical inves-
et al, 1998; Braun 2002b]. Age-elevation relationshipsjgations (Figure 3aJtern et al. 2001]), structural geology
(AERs) are commonly used to derive exhumation rat gure 3b [ittle and Holcombe 2002]) and numerical
(Figure 1). However, the temperature structure of thenylations (Figure 3cBatt, 1997]), suggest that subduc-
uppermost crust is strongly influenced by the presencetg within the mantle lithosphere leads to the development
finite amplitude topographyThircotte and Schuberi982; of two major oppositely dipping shear zones in the crust
Stuwe et al, 1994;Stiwe and Hinterriiller, 2000] and care [wjjlett et al, 1993; Koons 1994; Little and Holcombg
must be taken while interpreting AERBraun [2002b] 2002]. This model is known as the doubly vergent critical
showed that depending on the wavelength of topograpédge model Koons 1990]. One of these shear zones,
one will observe different responses. Indeed, for a giVRfmed the retro-shear zongillett et al, 1993] develops
thermochronometer, (1) short-wavelength topography do§® a major crustal-scale thrust structure, comparable in
not affect the geometry of the closure temperature isotheggaie and position to the Alpine Fault. The other, the pro-
and the slope of AER gives us an estimate of the exhum@zar zoneWillett et al, 1993] develops at approximately

tion rate (Figure 1a), whereas (2) long-wavelength topags in the opposite direction. The position of this zone
raphy strongly affects the shape of the closure temperature
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South Island of New Zealand

42 54.716
AUSTRALIAN PLATE
WESTLAND BASIN
Whataroa River
Franz Josef Glacier,
CANTERBURY BASIN
~9 mn&
~35 mm/yr
PACIFIC PLATE
mm \ain Divide
= = =ssw = Kilometers
01530 60 90 120
45 15.906

169 08.112 172 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 mé@Daley et al. 1995;Smith et al. 1995]. However, in detall,
develops, but rocks advect through this feature toward the Alpine Fault is not a single continuous feature, but
center of the wedge. This style of crustal deformation ¢ensists of N-S trending zones dominated by oblique over-
very similar to that proposed Wellman1979] many years thrusting, alternating with more E-W trending zones of
ago. predominantly strike-slip displacementSofris et al,
. : 1990]. This partitioning is, however, limited to the top 1—
2.2. Geologic Setting . 2 km of the crustNlorris and Cooper2000].
_[8] The geology of the Southern Alps is largely described[;5] The distribution of metamorphic grades has been
in a number of recent papers [e.Ylorris et al, 1990; interpreted as a reflection of differential exhumation rates
Chamberlain et a].1995;Walcot{ 1998;Beaumont et al. across the orogen. The Alpine Schists are exposed in a
1996; Batt, 1997]. Some specific aspects useful for thigarrow belt southeast of the Alpine Faufippett and
study are detailed here and summarized in Figures 3 ang4mp 1995]. They comprise low- to high-grade Triassic
[o] The Alpine Fault (Figure 3) is generally considered ggliated metagraywacke, sandstone and argilitelfews et
the boundary between the Pacific and the Indo-Australign 1976] initially deformed and metamorphosed during the
plates. This S-E dipping G0 [Sibson et al. 1979]) Jurassic-Cretaceous Rangitata orog&mindley 1963] and

dextral-reverse oblique structure is traceable in refracti@ibsequently during the ongoing Kaikoura orogéfigdley,
and reflection seismic surveys to at least 22 km depth
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Figure 3. (a) Crustal model with waves speed and apparent conductivity superimpose&teomeft
al., 2001]. (b) Crustal model from structural observation ftattbe and Holcombg2002]. (c) Doubly
vergent orogen model frofatt [1997].

1987;Grapes and Watanabh&983]. Midamphibolite facies observed within the deformed zone of the Pacific Plate, east
rocks adjacent to the Alpine Fault are progressively replaagddhe Main Divide. This fault system dips steeply N-W and
by greenschist facies rocks (through biotite and chloriggtends 60 km along strike (Figures 4 and 3b). The Main
zones), pumpellyite-actinolite and ultimately prehnite grafpivide Fault Zone is being continually uplifted and carried
wacke facies rocks with increasing distance from the Alpimeestward, while new faults form in the same position at
Fault [Turner, 1933;Mason 1962]. depth Cox and Findley 1995]. The present exposure is
[11] A major fault system known as the Main Dividetherefore thought to be only the most recent expression of
Fault Zone of the Southern Alp€¢x and Findley1995] is this structural feature, with some schist fabrics between the
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(Cox and Findley, 1995)
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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 inferreBefaoam 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

43 10,024 mmmm
Whataroa-Perth Valley

Butler Range ﬁ ‘
‘ ‘@ Region of sampling

Q % ’ for this study (Figure 6)

precipitation rate of ’
up to 12 m/yr ¢
precipitation rate of ’

*" “ R ~1mfyr

L)
‘\ ‘ ~9 mm/yr
' P

¢
¢

Main Divide
43 47.96 o =35 mm/yr
¢ zircon FT (Batt 2000, Tippet and Kamp 1995) kilometres
O K-Ar biotite (Batt et al. 2000)
A K-Ar muscovite (Batt et al. 2000)
169 51.046 17042.474

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 fgatt et al.[2000] andTippett and Kamp

[1995], as well as K-Ar in Muscovite and BiotitB4tt et al, 2000]. The topography is extracted from a

50 m digital elevation model (Terralink).

Main Divide Fault Zone and the Alpine Fault possiblynterglacial erosion concentrates on valleys sMéstehouse
representing deeper equivalents of former Main Divid&987] described regions on the western side of the main
faults now uplifted and exhumed by movement on ttdivide as a fluvial-dominated landscape (where V-shaped

Alpine Fault and erosiondJox and Findley1995]. valleys have formed in response to intense fluvial dissec-
. . tion, landsliding, and rockfall-snow avalanching), evolving
2.3. Geomorphologic Setting toward a more glaciated landscape toward the main

[12] The Southern Alps exhibit a strong asymmetry ifrainage divide (characterized by the presence of steep
both topography and exhumation. West of the Main Dividgack-walled cirques) and an “older glacial landscape” on
mean surface elevation decreases rapidly toward the AlpiRe southeastern side of the divide dissected by long, linear,
Fault. Surface elevation is unrelated to lithological variatienshaped glacial valleys. It is, however, clear that the
or to total rock uplift Tippett and Kamp1995]. In contrast, geomorphology of the western side of the Southern Alps
east of the Main Divide the regional slope is gentler, wif§ best described as “transitional” between glacial and
elevation proportional to a rock exhumation as determing@stglacial conditionsWhitehouse 1987]. Although
by the interpretation of fission track dataifpett and today’s landscape shows fluvial characteristics, there are
Kamp 1995]. The Southern Alps are characterized hdications that components of the landscape on the west
asymmetrical precipitation patterns as they represent cast are glacial in origin as evidenced by the presence of
orographic barrier to the predominant westerly windgiacial relics Porter, 1975; Willett, 1950; Adams 1980;

resulting in orographically enhanced rainfall (up to 12 Whitehouse1987; Suggate 1990].
yr 1) on the west coasriffiths and McSavengyl983],

and a corresponding rain shadow effect on the east codst: Geophysical Constraints

Figure 5 illustrates the location of the Main Drainage Divide[14] Anomalously high heat flow measurements from

which approximates the orographic barrier that induces @l holes (190 + 50 W m? in the Franz Josef, 4 km SE

rain shadow effect. The position of the divide with regard to the Alpine Fault$hi et al, 1996], 90 + 25 W m? in the

the Alpine Fault is characterized by segmentation of 10 ktmast area and up to 76 = 15 W frwest of the Alpine

30 km length segments subparallel to the fault. Fault [Townend 1999]) are commonly interpreted as a
[13] The Southern Alps are characterized by a mixture obnsequence of the high exhumation rates southeast of the

fluvial and glacial landformsAdams[1980] suggested that Alpine Fault [e.g..Shi et al, 1996;Batt and Braun 1997,

glacial erosion may deepen and widen valleys, but ma999].

remove little material from the valley slopes, whereas
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[15] Between 1994 and 2002 repeated GPS geodedidvection by uplift and erosion. Most of the thermochrono-
measurements have been performed on the South Isllgical data sets have been collected along river channels on
[Beavan et a).1999]. Contemporary velocity and strain rateither sides of the divide&Kpmp and Tippett1993;Batt et
fields derived from these observations are largely invariat, 2000] making them unsuitable for constraining the age
along the northeasterly strike of the mountain range aofdthe landform Braun 2002a, 2002b]. To remedy this
Alpine fault. Across strike, inversion of contemporary straproblem, we performed additional sampling centered
estimates suggest that 60—70% of the relative surface ptateund the upper reaches of the Whataroa and Perth rivers.
boundary motion is accommodated by the Alpine Fault.

These geodetic data also suggest that a section of the Alpine i
Fault is currently creeping beneath 5—8 km depialvan 3¢ Samples and Analytical Method
et al, 1999]. 3.1. Study Area and Sample_s

[16) A broad negative isostatic gravity anomaly extendsl2] Sampling has been carried out along a 16 km transect
for 150—200 km along the Southern Alpall[s, 1981, near-parallel to the Alplng Fault, across the Whataroa-_Perth
1986; Stern 1995]. Interpreted in conjunction with otheatchment (Figure 6) which forms one of the main basin on
factors Reyners1987;Reyners and Cowar993;Smith et fthe west S|de_ of the orogen. The Whataroa—Perth catc_hment
al., 1995], this marked gravity anomaly is seen to reflect the an attractive site because this region has experienced
presence of up to 80 km of subducted lithospheric mangidbstantial denudation and is the locus of maximum exhu-
[Stern 1995]. mation rate in the entire orogen, i.e., up to 8—1_3 mnt yr

[171 Recent deep seismic velocity models along transel@9-, Batt and Braun 1997; Walcotf 1998; Norris and
in the central South Island provide an image of a 30 kiyPoper 2000]. Sampling has been performed within the
thick crustal root [Davey et al. 1995; Stern et al. 2000]. Upstream part of the Whataroa a_nd Perth rivers. The Iength
Davey et al[1995] identify the Alpine Fault as a moder-_Of the transect and sample spacing were chosen to provide
ately dipping (30—-40 low seismic velocity zone thatinformation on the evolution of the landform in the area (see
extends to about 30—35 km depth (Figure 3a). The uppeiaun [2002a] for a complete discussion on sampling
mantle structure beneath the Southern Alps has been ingkategy for dating landform evolution). As shown on the
tigated byStern et al.[2000]. Interpreting teleseismic Ptopographic (Figure 6) and geologic maps (Figure 4
wave arrival patterns, a high-velocity symmetric zone h&a C0X, IGNS)), sampling has mainly been done within
been evidenced, leadirgolnar et al.[1999] andStern et the same textural zone (textural zone 2B, adopting the
al. [2000] to suggest that following continental convef€xtural divisions defined byurner[1933]). The sampled
gence, the lithosphere has been homogeneously shortdRE4S are schist of greenschist facies. Zircon is fairly
and thickened rather than subducted. HoweRsklywec et abundant (largest grains were handpicked for (U-Th)/He
al. [2002] reconciled these apparently contradicting scendfting). These detrital zircons show large variations in
ios by suggesting that during the early stages of collision #fgaPe as well as in U and Th concentration. Cathodo-
system may evolve from uniform thickening to subductiotdMminescence imaging revealed grains of many shapes and

like behavior. internal zonation. We suspect that zonation as well as non-
. _ perfect grain geometry are the most likely candidate as the
2.5. Thermochronological Constraints cause of poor age reproducibility. Detrital apatites are less

[18) Numerous studies have made use of thermochronabundant and usually very small. For this reason, only
ogy to improve our understanding of the dynamic history &gsion track dating was possible on some of the samples.
the orogen Adams and Gabited985;Kamp and Tippett :
1993;Batt et al, 2000].Adams and Gabitg4985] were the 3.2 (Q—Th)/He Dating Method )
first to describe a pattern common to most thermochronl2d _Zircon (U-Th)/He ages were measured on aliquots of
ometers in which young ages are associated with thé0 7 grains. Dated crystals were handpicked from sepa-
present-day Kaikoura (or Alpine) orogeny and withifgtes using a microscope and sqreened for Iarge inclusions
10 km of the Alpine Fault, whereas old ages associat®@d appropriate shape to permit the calculation ofathe
with the Triassic to Cretaceous Rangitata orogeny are foligction correction. Crystals were loaded in platinum foil
further than 25 km from the Alpine Fault. tubes that were heated for 15 to 20 min at 1250sing a

[1] Several investigations have focused on the fissi®fl:YAG low-blank (typically 3 10 “*mol over 25 min
track dating methodWhite and Green1986; Kamp and ©n masses 3 and 4) helium line at the Research School of
Tippett 1993; Tippett and Kamp1995]. Such data setgEarth Sciences (RSES), Australian Nat|o_nal Unlver_3|ty
provide good constraints on shallow crustal behavior J&NU). Temperatures were controlled using an optical
cause of the low closure temperature of the fission trakrometer. The evolved gas was purified by getters and
system for apatite, in the range of 110—125Gleadow measured by*He isotope dilution using a sensitivity-
and Duddy 1981; Green et al. 1989], and zircon, 240— mapped quad_rupole mass spectrometer. Crystals were
265 C [Hurford, 1990]. reheated at a similar temperature to ensure complete extrac-

[20] Batt et al.[2000] established ages for the K-Afion of helium. The reproducibility of the standatde
system in biotite and muscovite and fission track in zircGike was tested before and after most of the measurements.
and apatite throughout the orogen, providing insights intJ'ce retrieved from the line, crystals were dissolved in
the earlier stages of the dynamic development of the orogé@flon bombs using a HNgand HF mixture. Uranium and
Batt [1997] showed that in most parts of the Southern Alggorium were measured y*U isotope dilution using an
an exhumational steady state has developed over the fgitent inductively coupled plasma—mass spectroscopy
5 Myr, reflecting a balance between heat conduction afl§P-MS). Correction fola ejection was done using the
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4313933 ——

43 27.006 ——

170 22.330 170 37.562

Figure 6. Location of the transect near-parallel to the Alpine Fault where the new thermochronological
data have been sampled (Terralink).

zircon method described Wyarley [2002]. The total ana- 3.4. Helium Diffusion Behavior of Zircon

lytical uncertainty in each analysis (+3—-4%) is dominateq,4] Previous diffusion experiments suggest that zircon
by the precision of the He (including mass discriminatiome loss may obey an Arrhenius relationstiReihers et aj.

and U and Th measurements. Most of the samples wem2, 2004], except for the early stages of step heating
analyzed in duplicate to ensure a reproducibility of ag@fere the fraction of gas released is negligiBleiners et
within 5-15%. The errors reported here are a combinatign [2004] concluded that non-Arrhenius trends in the early
of analytical error and variability among replicates (i.e., tRgages would have a negligible effect on the bulk thermal
standard error given is the square root of the sum of ténsitivity and proposed a closure temperature window of
squared standard deviations). 170-190C (with a cooling of 105 Myr 1), with E, = 39—

. P - 41 kcal mol %, Dg = 0.09—1.5 crih We are using the mean
3.3. Fission Track Dating in Zircon and Apatite Vgé'l“e of these constants (i.&, = 40.4 kcal mol %, Dy =

[23] Apatites were mounted in epoxy, polished and etchgdy @87 -2 1Rein t al.20047) to interoret our a
in a 1M HNG; solution at 20C for 50 s. Zircons were 650 CMT" [Reiners et a). ) to interpret our ages.

embedded in Teflon, polished and etched in a eutecd&. Measured Ages

NaOH-KOH melt at 228 for 6 to 8 hours. All samples [,5] The new thermochronologic data obtained in this
were dated by the external detector method, using a z&igdy are presented in Tables 1 and 2 and Figure 7. The
calibration factor for Fish Canyon and Durango age stanghnsect crosses two valleys in the upstream part of the
ards Hurford, 1990]. Samples were irradiated at the welizhatoroa-Perth catchment: the first part of the transect
thermalized ORPHEE facility of the Centre d’Etudegrosses the Butler River and the second part the Perth River.
Nucleaires in Saclay, France, with a nominal fluence gqfhe measurements indicate that the ages are young enough
2.5 A1015 neutrons cnf. Neutron fluences were moni-to be associated with the ongoing Kaikoura orogeny (i.e., all
tored using CN1 and NBS962 dosimeter glasses. Adss than 5 Ma). Average ages for the Perth and Butler
samples were dated at the Laboratoire desr@saAlpines, transects are close enough to assume that the mean exhu-
UniversiteJoseph Fourier Grenoble (France). mation rate is similar in both parts of the profile; indeed
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Table 2. Measured Fission Track Ages in Zir€on
ANU Sample N  rgNg, 1Ccn?  ri(N), 10 cn?  rgNy, 10 cn? PC?), % 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 15 0.1

N, number of grains counted,, spontaneous track density; induced track density, dosimeter track density; Ns, Ni, Nd, number of tracks counted
to determine the reported track densities;?P(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 thriiste thermochronometric systems to determine the age of a

the Alpine Fault. Most of the (U-Th)/He ages lead to a godahdscape and potentially its rate of change, the effects of

agreement with fission track measurements, except for dinée amplitude, transient surface topography on the tem-

sample (anu-05087, Table 1) where the fission track agepgrature structure of the upper crust must be taken into

zircon is younger than the (U-Th)/He age in zircon. This agecount.

is reported here but left aside in our interpretation. [2s] We achieve this by solving the transient, three-
dimensional heat transfer equation:

4. Numerical Method and Age Data
Interpretation LIV BV VL

[26] In this section, we present the numerical model used
for our interpretation, describing its underlying —k— —k— —k— TrA 1
assumptions, required input and consequent output. The * * Y ¥ 2 2
general objective is to simulate the thermal state of the crt&@t

with time and extract T-t paths from which ages can B§1€€T(X ¥, 2 1) is the temperature, is rock densityc is
calculated eat capacityv,, Vs and v, are horizontal and vertical

velocities, k is conductivity andA is radioactive heat
4.1. Solving the Heat Transfer Equation (Pecube) production per unit mass. Equation (1) must be solved for a

[271 Previous work has highlighted the effect of smalliven initial temperature field:
amplitude surface topography on the steady state thermal
structure of the crustircotte and Schubert982;Stiwe et To Toxyzt O 2
al., 1994; Stiwe and Hintermiler, 2000]. Furthermore, as
outlined in the introduction, it is unlikely that in an activelyjand a set of boundary conditions:
deforming mountain belt a true topographic steady state is
ever reached at all timescales [e\yillett and Brandon Txyz zt Ty 3
2002]. Consequently, in order to use low closure tempera-

Butler-Perth profile

3.5
—— Altitude
3 B (U-Th)/He in zircon
i A FTin zircon
— ¢ FTin apatite
IS 2.5
<
35
5 2
=
=
(? 1.5
T
= 1
()
(o))
©
0.5 .
Butler River Perth River
0
-1 1 3 5 7 9 11 13 15 17

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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Tsxyz Sxytt 0 4 (a) Velocity field derived from the rule of the normal
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n
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-104

-15]
wherez = z, represent the base of the crust & y, t) is
the surface topographyraun [2003] developed a finite
element code (Pecube) that solves equation (1) withindas |
crustal block. This code is used here to simulate the
evolution of the temperature field beneath the Southern3°

ustal depth(km)

-20 1

0 10 20 30 40 50
Alps of New Zealand. Unlike other models of its kind [e.qg., Horizontal distance (km)
Ehlers et al. 2003], Pecube includes the effects of time
varying surface topography. (b) Fault geometry

[29] Assuming the thermal properties of the crust, the
model mostly requires two inputs: (1) the model is only © 1
kinematic, so that a velocity field must be assumed and (2Eas -
geomorphic scenario must be supposed. For the modgls, |
presented herein, the thermal properties and boundary c@rj;s ]
ditions of the crustal block are as followE; is equal to
500 C, thermal diffusivity K = k/r ¢) of 25 knt Myr * and
radioactive heat productiodVE) of 28.8C Myr . Using
Pecube, we can predict temperature-time histories (T-t) for° ]
rocks that are exhumed and brought to the surface, assurrss
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 systgfgure 8. (a) Assumed velocity field in a crustal block
investigated (the methods used to caIcuIate. the appaigthined by applying the rule of the normBrgun et al,
ages from each thermochonometer are briefly outlingdg]. The rule of the normal assumes that lines within the
below). hanging wall that are normal to the fault before deformation

[30] For this study, we have modified Pecube to includ@main so following deformation. (b) Geometry adopted for
horizontal motion. Our velocity model represents crust@le shape of the Alpine Fault.

deformation by movement along the Alpine Fault and
assumes horizontal transport and vertical uplift that are
coupled to ensure mass conservation. The derivation4e?. From Temperature to Ages

the velocity field is based on the “rule of the normal” [31] In our model from each T-t path an age can be
[Braun et al, 1994] which is a simple kinematic modekalculated. K-Ar biotite and muscovite ages are computed
based on the assumption that lines within the hanging wiayl solving the solid-state production-diffusion equation for
initially normal to the fault remain so following deformaa given geometry using a finite difference scheme:

tion. In our model, the deptty((km)) of the Alpine fault is
represented by an exponential of the form (Figure 8)

-20 1

-25

Crustal

o] 20 40 60 80 100 120
Horizontal distance (km)

— D? P 7
t

X
Y exp-— 1h . . . .
P Cis the concentration of Ar arilis its production rateD(t)

. ) ] is the time-dependent diffusion coefficient obeying the
x (km) is the horizontal distance east of the surface tracef@fowing Arrhenius relationship:

the Alpine Faulth (km) is the thickness of the deforming

layer (i.e., depth of the decollement) ahd(km) is the D Do E.

listricity. Furthermore, in order to include a drag along the 2 2P Rt 8
fault, we introduce an extra paramekeftkm). WhenF is

equal to zero, the velocity is taken equaltceverywhere
along the line normal to the fault;, (mm yr %) is the

whereDy is the diffusivity at infinite temperaturgg is the

X 4 ctivation energyRis the gas constariL,is the temperature,
convergence component of velocity of the Pacific Plate wi dais the diffusion domain radius. We adopt the diffusion

respect to the Alpine Fault. Fergreater than 0, the VeIOCitycharacteristics of biotite derived blarrison et al.[1985]
isgivenby F z Fv,between [OF] (z is the distance (E, = 47 kcal mol?l, Dya® = 342 s* and a diffusion
from the fault) and is equal te, for z larger thanF  geometry that is cylindrical) and tested Dynlap [2000].
(Figure 9a). The velocity field is shown in Figure 8. Thgnhe giffusion properties for muscovite have been investi-

resulting rock paths are similar to those predicted from tBSted by several groups and still remain uncleadgon
doubly vergent critical wedge theor{dqons 1990;Willett  1973: Hames and Bowring1994; Kirschner et al, 1996;

et al, 1993]. Dunlap et al, 1991]. Here we use diffusivities calculated by
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