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Abstract New 40Ar/39Ar ages of 12 white mica samples
from deep levels of the Otago and Marlborough Schists,
together with previously published whole-rock K-Ar ages
yield a nonlinear age-depth profile suggesting a fossil partial
retention zone for argon. In contrast to earlier studies, we
interpret (1) the peak of Otago Schist metamorphism to have
occurred in the Middle Jurassic (170-180 Ma) rather than
Early Jurassic; and (2) subsequent cooling to have been
episodic, not slow and continuous. These data cannot be
modelled uniquely but support a model where the schist was
held at mid to lower crustal depths until c. 135 ± 5 Ma, after
which it was rapidly unroofed at 0.6-1.0 mm/yr during
regional crustal thickening along the eastern margin of New
Zealand. We infer that there were also one or more younger
periods of argon loss affecting deep levels of the Otago/
Marlborough Schists in a spatially heterogeneous way after
c. 120 Ma. Late Cretaceous argon loss at <75-84 Ma
coincided with seafloor spreading offshore of New Zealand
and probably involved crustal reheating. Post-mid
Cretaceous phases of argon loss may have coincided with
periods of heat input into the crust, including metamorphism
of the Alpine Schist at deep levels of the Haast Schist.

Keywords Cretaceous tectonics; Ar-Ar geochronology;
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history

INTRODUCTION

The Haast Schist is a classic example of a moderate-pressure
regional metamorphic belt related to a convergent continental
margin (Hutton & Turner 1936; Mason 1962; Grindley 1963;
Wood 1963; Bishop 1972; Cooper 1974; Brown 1974;
Yardley 1982; Craw 1985; Mortimer 1993a; Grapes 1995).
The Haast Schist embraces the Otago, Alpine, and
Marlborough schists in the South Island (Fig. 1) and the
Kaimanawa Schist in the North Island (not shown on Fig.
1). The Otago Schist forms a c. 150 km-wide, two-sided
arch ranging from garaet-biotite zone greenschist facies in
its core to prehnite-pumpellyite facies on its more steeply
dipping flanks (Mortimer 1993 a). Otago Schist meta-
morphism was overprinted across a pre-existing suture
between the Caples Terrane to the west, and the Torlesse
Terrane (including the Aspiring Lithologic Association) to
the east (Norris & Craw 1987; Mortimer 1993b). The
Aspiring Lithologic Association (ALA) crops out between
the Caples Terrane and the Torlesse Terrane (sensu stricto)
and structurally underlies both units (Norris & Craw 1987;
Mortimer 1993a). The ALA is unusually rich in pelitic schist,
mafic metavolcanic rocks, and metachert relative to Torlesse
Terrane rocks to the east, and can be defined as a distinct
assemblage on that basis. For descriptive purposes here, we
include the ALA as part of the Torlesse Terrane. During the
late Cenozoic, c. 480 km of dextral slip on the Alpine Fault
moved the Otago Schist away from the originally contiguous
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Fig. 1 Simplified tectonostratigraphic terrane map of South
Island, New Zealand (after Mortimer 1993a), showing the outline
of Fig. 2 (Otago Schist map), and the location of the Glenorchy
(Fig. 3) and Marlborough Schist (Fig. 4) study regions. Heavy
dashed line offset by the Alpine Fault is the boundary between the
Caples and Torlesse Terranes.



306 New Zealand Journal of Geology and Geophysics, 1999, Vol. 42

Marlborough Schist (e.g., Mortimer & Johnston 1990). The
Alpine Schist in part abuts the Otago Schist, and forms a
10-25 km wide band of schist in the hanging wall of the
Alpine Fault; its metamorphic grade reaches amphibolite
facies to the west, and decreases to prehnite-pumpellyite
facies in Torlesse Terrane rocks to the east (Grapes &
Watanabe 1992; Grapes 1995).

Chamberlain et al. (1995) suggest that the latest phase o:
Alpine Schist metamorphism occurred at c. 68 Ma, on
the basis of U-Pb ages on igneous zircons and monazites
in pegmatites that intrude the schist. Others argue that
the Alpine Schist metamorphism is chiefly late Cenozok
in age (Findlay 1987; Campbell 1992).

PREVIOUS GEOCHRONOLOGICALWORK

Many K-Ar and Rb-Sr ages, chiefly of whole-rock samples,
have been measured in the Otago and Alpine schists (Mason
1962; Harper & Landis 1967; Sheppard et al. 1975; Adams
1981; Adams et al. 1985; Adams & Gabites 1985; Graham
& Mortimer 1992; Adams & Robinson 1993; Adams &
Graham 1997). The samples dated span the >15 km exposed
structural thickness of the variably dipping Otago and Alpine
Schist belts, and reveal an inverse relationship between
increasing structural depth and K-Ar age (e.g., Harper &
Landis 1967). In the Otago Schist, this apparent age gradient
has generally been attributed to a long-continued (200-120
Ma) phase of post-metamorphic cooling and slow uplift (0.2
km/m.y.) of the schists after they had reached peak
metamorphic temperatures in the Early Jurassic at up to
garnet-biotite grade in the greenschist facies (e.g., Adams
et al. 1985, Adams & Robinson 1993). Stratigraphic
relationships indicate that deep levels of the Otago Schist
were exposed to erosion by 101-107 Ma (Adams & Raine
1988).

Proponents of the slow cooling model use the age-depth
gradient displayed by whole-rock K-Ar ages to infer an
average Jurassic-Early Cretaceous uplift rate of c. 0.20-0.23
mm/yr for the Otago Schist (Adams et al. 1985; Adams &
Robinson 1993). This inteipretation assumes: (1) that the
whole-rock K-Ar ages date cooling of all the samples
through some fixed closure temperature (Tc) less than the
peak metamorphic temperature (Tmax); (2) that no 40Ar in
the whole-rock samples has been derived from degassing
of detrital K-feldspars or micas; and (3) that there have been
no younger reheating or recrystallisation events which might
cause partial degassing of argon from the minerals after
initial closure to argon diffusion. A problem in applying the
closure temperature concept to whole-rock samples is that
there are likely to be multiple K-bearing phases (e.g.,
muscovite, feldspar, amphibole, stilpnomelane, biotite), each
with a different abundance, grain-size distribution, and Ar
retentivity, so that the degassing behaviour of the rock may
be complex.

A corollary of the progressive, slow-cooling model is
that the rate of cooling (and by inference, unroofing and
uplift) has remained constant throughout more than 80
m.y. of the Mesozoic. Recent geochronological and
petrological studies suggest that the Haast Schist has
experienced a complex thermal history that includes not
only a Jurassic metamorphism in the Otago Schist, but
also other heating events of mid Cretaceous and younger
age (e.g., Cooper et al. 1987; Bradshaw 1989; Kamp et
al. 1989; Kimbrough et al. 1994). Mortimer (unpubl. data)
argues that metamorphism of the Alpine Schist post-dated
earlier regional metamorphism of the Otago Schist, and
caused widespread retrogression of biotite and garnet to
chlorite-bearing assemblages in the Aspiring Lithologic
Association (ALA) to the north of Lake Wakatipu.

SCOPE OF PRESENT STUDY

To date, no 40Ar/39Ar ages have been published for the Otago
or Marlborough Schists. Relative to conventional K-Ar
dating, this method has the advantage of greater analytical
precision and the ability to incrementally step-heat a sample
to obtain an age spectrum from which aspects of the thermal
history may be inferred. In this paper we use the 40Ar/39Ar
method to test previous interpretations of slow, continuous
cooling in the Haast Schist against others involving episodic
cooling or polyphase metamorphism. Twelve of the 14
samples that we analysed are pure separates of phengitic
white mica collected from deep levels of the Otago and
Marlborough Schists near and below the boundary between
the Caples Terrane and the ALA of the Torlesse Terrane. Of
these, five are from the Otago Schist, near Glenorchy ot
Queenstown, and six are from the Marlborough Schist ir
the Wairau Valley (Fig. 2, 4). One white mica separate i-
from East Otago, near Dunedin, close to the axis of the Otagc
Schist culmination.

In this paper we compare incremental step-heating result-
for micas from the western (Caples) side of the Otago Schist
arch with existing whole-rock K-Ar data from the same
region, and compile these data on a plot of apparent age
versus structural depth. Using newly available thermometrk
constraints on Tmax in the Otago Schist (Mortimer
submitted), our estimates of structural thickness difference-
between samples, and a range of possible Ar diffusion
parameters for white mica, we test alternative cooling
histories for the Otago Schist using the MacArgon modelling
program (Lister & Baldwin 1996).

METHODS

Sample numbers prefixed "VUW" and "P" refer to sample-
archived in the rock collections of Victoria University ane
the Institute of Geological & Nuclear Sciences, respectively
Operating conditions for the JEOL electron microprobe an:
described in Mortimer & Little (1998).

White mica separates were prepared by crushing, sieving
shaking on filter-paper, and washing in H2O, acetone, am
isopropyl alcohol. All separates (212-250 |im grain-siz>.
fraction) were handpicked under a binocular microscop-:
until a >99.5% pure concentrate of monomineralic grain-
were obtained. Samples were dated at the Stanford
University 40Ar/39Ar laboratory. During each heating step
temperature was ramped over a 2 min interval and then held
at constant temperature for 10 min. Resistance furnace
blanks for 40Ar were typically c. 1 x 10"16 moles at 800°C
to c. 1 x 10 15 at 1400°C. Uncertainties for ages quoted in
this paper are ±2 standard deviations. Our white mica
separates were stepwise degassed between 500°C and
1400°C over 16-27 heating steps (mean = 21 steps)
Appendix 1 presents the analytical data for the samples dated
as a part of this study.


