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TECTONIC SIGNIFICANCE OF DUCTILE DEFORMATION IN
LOW-GRADE SANDSTONES IN THE MESOZOIC OTAGO SUBDUCTION
WEDGE, NEW ZEALAND

JEFFREY M. RAHL*, MARK T. BRANDON**, HAGEN DECKERT***, UWE RING?,
and NICK MORTIMERS®S

ABSTRACT. This study demonstrates how ductile strain measurements can deter-
mine the tectonic evolution of a large and long-lived subduction wedge. We provide a
synthesis of the geology of the South Island of New Zealand, with an emphasis on a
wedge tectonics perspective that contrasts with a traditional view that interprets New
Zealand geology in the context of terrane collision and accretion. We argue that the
Otago subduction wedge evolved in a steady fashion throughout its 290 to 105 Ma
history in response to accretion of trench-fill and abyssal-plain sediments, and slow
erosion of a subaerially-exposed forearc high. Maximum temperatures for rocks in the
flanks of the forearc high were no greater than 150 to 300 °C, with solution mass-
transfer active as the dominant ductile mechanism. The 54 studied samples provide
information about the absolute ductile strains acquired all along their flow-path, from
the site of accretion to exhumation in the forearc high. We use tensor-averages to
estimate strain at a regional scale. These show plane-strain uniaxial flattening, given
that the tensor-averages for S and S, are close to one. On average, S, is approximately
0.77, and this is balanced by a mass loss of about 23 percent. The average Z direction is
sub-horizontal in the prowedge and moderately plunging in the retrowedge, a differ-
ence attributed to spatial variations in the mode of accretion. We infer that rocks
presently in the pro-side of the Otago high were sourced by frontal accretion, and
those in the retro-side were underplated. This result highlights the important role of
accretion in determining the style of within-wedge deformation, and also demonstrates
the benefit of using a tensor-averaging approach to examine regional strain.

Key words: Subduction wedge, New Zealand, strain analysis, solution mass-
transfer, Otago schist

INTRODUCTION

The South Island of New Zealand exposes a well-known and well-preserved
example of an ancient convergent margin. Of particular interest are the deformed and
variably exhumed rocks in the forearc high region, which include multiply-folded,
strongly-lineated schists with a generally flat-lying foliation (Mortimer, 1993a; Turnbull
and others, 2001; Mortimer, 2003). There has been considerable debate regarding the
origin of these fabrics and how they relate to the subduction history; models have
related the fabrics to nappe stacking (Cox, 1991), terrane collision (Mortimer, 1993a),
strong subduction shearing (Wood, 1978), or extensional collapse (Forster and Lister,
2003). Provenance studies suggest that units within this convergent margin may have
been variably offset by strike-slip motion (Adams and others, 1998), raising the
possibility that the fabrics formed during oblique subduction. The orientation of
structures in the Otago region show regionally significant spatial variations (Mortimer,
1993a), so careful consideration is needed to understand how local measurements
relate to kinematics at the regional scale.
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Our goal is to understand how the preserved fabric relates to the tectonic
evolution of the Otago subduction wedge. In this contribution, we report 54 absolute
strain measurements from sandstones exposed in low-grade flanks of the Otago forearc
high. In contrast to previous studies that focused on relative strain measurements
(Norris and Bishop, 1990; Stallard and others, 2005), our approach allows us to directly
quantify the volume change component of the deformation. Although regional
deformation is often assumed to be constant volume (isochoric), numerous studies
suggest that regional-scale volume strains can be significant, particularly in low-grade
settings, like Otago, where pressure solution is an important deformation mechanism
(Ramsay and Wood, 1973; Wright and Platt, 1982; Wright and Henderson, 1992;
Feehan and Brandon, 1999; Ring and Brandon, 1999; Ring and others, 2001; Richter
and others, 2007). Ramsay and Wood (1973) were first to point out the shortcomings
of relative strain data. In particular, they noted that oblate strains were commonly
observed but given that volume strain was unknown, there was no way to know if this
strain was due to flattening, constriction, or plane strain. Note that we prefer the term
solution mass-transfer (SMT) over the more commonly used pressure solution because
in detail there are a variety of processes, in addition to sensitivity of solubility to normal
stress, that are associated with this deformation mechanism.

The absolute strain results presented here provide insight into the tectonic
evolution of the Otago wedge and support several new interpretations, including:
1) the bulk regional deformation was approximately coaxial and nearly plane
strain; 2) the well-developed lineations formed in the absence of significant regional
tectonic extension; and 3) the pattern of deformation reflects the overall flux of
material through the wedge, from accretion to exhumation. Our results highlight the
advantages of using absolute strains and tensor averages for interpreting tectonic
histories.

TECTONIC SYNTHESIS

Australia, New Zealand, western Antarctica, and western South America collec-
tively preserve evidence of a long-lived subduction zone active along the continental
margin of eastern Gondwana from at least the late Paleozoic and persisting locally
through today along the western margin of South America. New Zealand exposes a
remarkable section, from arc to trench, across this eastern Gondwana subduction zone
(Korsch and Wellman, 1988). Judging from the materials within the Otago wedge,
accretion was active in the New Zealand sector from about 290 to 105 Ma, an interval of
195 Ma (Korsch and Wellman, 1988). The result was a ~450 km across-strike subduc-
tion wedge, comparable in size to the largest wedges observed today (for example,
Makran >400 km; southeastern Alaska ~340 km; the Lesser Antilles ~325 km;
Barbados ~325 km; Hellenic subduction wedge >400 km; Cascadia ~250 km).
Exposures in the South Island represent only part of the wedge, which extends along
strike for about 1500 km from the Chatham Islands to the west, through the Otago
region, and continues on the western side of the Cenozoic Alpine fault in the central
North Island. Unlike many wedges with mainly along-strike sections exposed, a long
across-strike section outcrops throughout South Island.

In present coordinates, the downgoing slab was subducted to the southwest, with
the magmatic arc (Median Batholith) located in the southwestern part of the South
Island and the fossil trench located offshore to the north of the South Island (fig. 1).
Numerical (for example, Willett and others, 1993; Burbidge and Braun, 2002) and
analogue models (for example, Malavieille, 1984; Lallemand and others, 1994; Gutscher
and others, 1998) suggest that many features of convergent margins like New Zealand are
well-understood in the context of orogenic wedges (for example, Willett and others, 1993;
Brandon, 2004; Fuller and others, 2006). These models indicate that at subduction zones
accreted material is deformed into an asymmetric doubly-vergent wedge.
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Fig. 1. Simplified geologic map of the pre-Cretaceous basement of the South Island, New Zealand (after

Mortimer and others, 1999b).

This framework is useful for interpreting the geology of the South Island of New
Zealand, a region characterized by a series of distinct lithostratigraphic units (figs. 1
and 2). To the southwest is the Median Batholith, a magmatic arc that initiated in the
Carboniferous (~350 Ma) and remained active throughout the Early Cretaceous
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Fig. 2. Interpretative cross-section of the South Island, based on a crustal seismic reflection profile
presented by Mortimer and others (2002). Heavy lines show interpreted faults; short lines represent schist

foliation, which is horizontal beneath the Otago high and dips away to the NE and SW.
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(~110 Ma), indicating semi-continuous convergence and subduction for nearly 250
Ma (Mortimer and others, 1999a, 1999b). In the South Island, the adjacent forearc
region represents a structural lid, the tapered leading edge of the overriding plate
prior to subduction (for example, Brandon, 2004). The structural lid is composed of
three distinct lithologic terranes, which, from southwest to northeast, are the Brook
Street, the Murihiku, and the Maitai. The Brook Street is dominated by Permian lavas
and volcaniclastic sediments interpreted as a low-latitude intra-oceanic island arc and
basin complex (for example, Haston and others, 1989). The Murihiku terrane is
composed of volcaniclastic sandstones and mudstones interlayered with tuffs and is
thought to represent a Permian to Jurassic forearc basin (Campbell and others, 2001).
Farther outboard, the Permian to early Triassic Maitai terrane has two dominant
assemblages: a mafic-ultramafic igneous complex (the Dun Mountain Ophiolite belt)
and an overlying depositional sequence of graywacke and mudstone (Coombs and
others, 1976). These represent a more outboard part of the forearc, with the Dun
Mountain belt preserving part of the basement on which the overlying Maitai forearc
basin was deposited. Together, these three lithostratigraphic units are distinct from the
more outboard subduction complex in that they were always part of the overriding
plate. These units were thrust over the more frontal part of the wedge by the
Livingstone Fault, a steeply dipping zone of mélange up to a km thick that was
subsequently overturned.

Outboard of the structural lid, the subduction complex is comprised of two large
units, the Caples and Torlesse, that formed by accretion along the Otago subduction
zone. The more inboard Caples is positioned within the retrowedge and is composed
primarily of Permian and Triassic graywacke and mudstone derived from an immature
island arc source. Farther outboard in the prowedge lies the Permian to Early
Cretaceous graywacke and mudstone of the Torlesse supergroup, composed of the
Rakaia (Permian to Late Triassic) and Pahau (Upper Jurassic to Early Cretaceous).
Compared to the Caples, the dominantly quartzofeldspathic Torlesse sediments show
affinities with a more evolved continental source (MacKinnon, 1983; Mortimer and
Roser, 1992; Adams and others, 1998; Wandres and others, 2004a). Progressive
accretion of the Torlesse is indicated by the younging of sediments towards the toe of
the wedge (MacKinnon, 1983), based on sparse fossils.

Although the similarities between the Mesozoic geology of New Zealand and other
convergent margins are widely recognized (MacKinnon, 1983), there has been substan-
tial debate over the role of margin-parallel offsets between the various parts of the
Gondwanan margin. Plate reconstructions (for example, Sutherland and Hollis, 2001)
and sedimentary provenance analyses have been used to argue for substantial right-
lateral (for example, Adams and others, 1998) or left-lateral (Wandres and others,
2004a) translation.

The early history of the wedge is complicated by the inferred margin-parallel
translations. However, both the age of the sediments and the history of activity in the
Median Batholith reach back to the Permian, so the Otago wedge may have been active
since at least that time. Kear and Mortimer (2003) show that the Late Jurassic
sediments of the Waipa Supergroup overlap the units of the Gondwanan margin,
confirming that by this time all components of the margin were assembled in
approximately their current geometry (Mortimer and others, 2002). We return to
translation issue below because our results suggest the Caples preserves a minor
amount of left-lateral shear.

The boundary between the Caples and Torlesse rocks lies within the Otago
culmination, a 150 km wide structural arch oriented parallel to the strike of the ancient
margin (Wood, 1978). The culmination represents the forearc high of the subduction
wedge and exposes the most deeply exhumed and intensely metamorphosed and
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deformed rocks in the region, referred to as the Otago Schist. Several lines of evidence
indicate that slow erosion of an emergent forearc high was a persistent feature
throughout the history of the Otago wedge. First, stratigraphic evidence preserves a
long record of terrestrial deposition and subaerial exposure, with Middle Triassic plant
material deposited by ~240 Ma (MacKinnon, 1983), the recycling of older Torlesse
rocks into the Upper Jurassic to Early Cretaceous younger Torlesse (MacKinnon, 1983;
Wandres and others, 2004b), and the incorporation of schistose clasts deposited in
riftrelated grabens at 102 Ma (Bishop and Laird, 1976; Adams and Raine, 1988).
Second, the exhumation history for high-grade rocks in the high (discussed below) is
consistent with slow but steady erosion throughout the history of the wedge. Finally,
our strain results (presented below) show that within-wedge deformation lacked
extension, indicating that erosion was responsible for exhumation of the high-grade
rocks in the Otago culmination. We note that a deeply exhumed forearc high is a
feature common to many modern subduction zones, including Cascadia (the Olym-
pics) (Brandon, 2004), the Hellenic subduction zone (Crete) (Rahl and others, 2005),
and southeastern Alaska (Kodiak Island) (Clendenen and others, 2003).

Metamorphism and deformation in the Otago region has often been interpreted
in the context of discrete orogenic episodes caused by the docking of tectonic terranes.
For example, the Rangitata orogen (Coombs and others, 1976; Wood, 1978; Mortimer,
1993a) was an inferred Mesozoic collision in which the Caples was thrust above the
incoming Torlesse unit, creating the Otago Schist. A range of ages have been proposed
for this “event,” including Early Jurassic (for example, Adams and others, 1985),
Middle Jurassic (Little and others, 1999), and Late Jurassic (Coombs and others, 1976;
Gray and Foster, 2004). In contrast, we regard metamorphism and deformation as
developing in a steady fashion during convergence on the Gondwanan margin. The
nearly continuous record of arc magmatism and progressive younging of sediments
towards the toe of the Otago wedge both suggest a gradual evolution instead of discrete
orogenic episodes. The observed pattern of more intense metamorphism and deforma-
tion in a margin-parallel belt flanked by less disturbed rocks is a common feature of
many active convergent wedges that grow through steady accretion (Willett and
Brandon, 2002), reflecting a greater level exhumation due to focused erosion at the
forearc high.

Metamorphic grade increases from the flanks towards the axis of the Otago Schist.
Apatite fission-track ages are reset even in the lowest grade rocks of the Torlesse,
indicating that all currently exposed rocks experienced temperatures in excess of
110 °C (Kamp, 1986). As noted by Vry and others (2008), estimation of peak metamor-
phic conditions for the monotonous grayschists of the Otago wedge is challenging due
to mineral assemblages unsuitable for traditional thermobarometry. Furthermore,
because plagioclase is consistently albite, geobarometers based on the partitioning of
Ca between garnet and plagioclase are inapplicable. As an alternative, Vry and others
(2008) present pseudosections for chemical compositions typical for the grayschists of
the South Island. These pseudosections describe distinctive assemblages that can place
constraints on the P-T conditions of the Otago rocks. Mortimer (2000) documents
more than 15 localities from the high-grade rocks of eastern and central Otago with an
assemblage of garnet + biotite + quartz + albite + phengite + chlorite + epidote. Vry
and others (2008) show that the stability of this assemblage is largely governed by the
abundance of Mn, which tends to stabilize garnet over a broad range of conditions. We
focus on sample P50723 described by Little and others (1999) from near Hindon in
eastern Otago. This sample contains the above mineral assemblage and has a Mn
content of 0.03 percent (Mortimer, 2000); for this Mn concentration, the pseudosec-
tions of Vry and others (2008) show that the above mineral assemblage is stable over a
narrow range of conditions, from 0.6 to 0.9 GPa and ~470 to 500 °C.
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Another approach to estimating maximum pressures in the Otago rocks comes
from the Si in phengite barometer (Massonne and Szpurka, 1997). Phengite from
sample P50723 has a Si content of 3.3 to 3.4 per 11 oxygens. Given a temperature of
about 500 °C, consistent with both the value from the pseudosections of Vry and others
(2008) as well as a ~470 °C estimate from eastern Otago based on Raman spectroscopy
of carbonaceous material reported by Rahl and others (2005), application of the
Massonne and Szpurka (1997) calibration gives a pressure estimate of about 0.72 *
0.08 GPa. Thus, both the pseudosection and phengite barometry approaches yield
similar estimates, and we consider the maximum metamorphic conditions in the
Otago culmination to be about 0.75 GPa and 500 °C. Assuming an average crustal
density of 2750 kg m ™, these pressures indicate a depth of about 27 km, consistent
with estimates of crustal thlckness based seismic data (Mortimer and others 2002).

Clear establishment of the timing of metamorphism and exhumation has been
difficult, in part because of uncertainty over whether white mica Ar ages represent cooling
or crystallization. Recent OAr /39Ar work (thtle and others, 1999; Forster and Lister, 2003;
Gray and Foster, 2004) demonstrates an inverse correlation between white mica age
and structural depth (Mortimer, 2003). Little and others (1999) model the cooling
age/depth relationship and conclude that the Otago rocks experienced a time-varying
cooling history, with a period of slow cooling from 180 to 135 Ma followed by a pulse of
more rapid exhumation. However, this modeling approach assumes uniform erosion rates
across the Otago wedge, and as noted above, spatial variations in exhumation rate
perpendicular to strike are characteristic of mountain belts focused er051on on the core of
arange (Brandon and others, 1998; Gasparini and Brandon, in review h.

To estimate the steady exhumation rate in the wedge, we apply a 1D thermal
model that determines the best-fit thermal profile consistent with observed metamor-
phic and cooling age data (Reiners and Brandon, 2006). Although horizontal advec-
tion of rock and heat may bias estimates of exhumation based on 1D thermal models,
these effects are minimized as rock particle paths become more vertical (Batt and
Brandon, 2002). Vertical particle paths are favored when accretion occurs through
underplating, a process our new strain data suggests is important in the Otago wedge.
Therefore, we conclude the 1D thermal model applied here will provide a reasonable
estimate of the steady exhumation rate. We focus on Little and others (1999) sample
P50723 discussed above. They describe a white mica Ar age from this sample with a
broad plateau age of 131.0 = 1.3 Ma that may be interpreted to record cooling rather
than crystallization given the metamorphic constraints discussed above. Model input
parameters include a maximum T = 495 * 10 °C; P = 0.72 £ 0.08 GPa; initial depth =
26.7 = 3 km; and surface temperature of 10 °C based on high latitude Albian mean
annual temperatures reported by Miller and others (2006). Sediments of the nearby
Shag Point Group (fig. 3) contain conglomerates with clasts of high-grade Otago
Schist. Zircon U-Pb ages of 112.3 = 0.4 Ma from a tuff from the base of unit provides a
constraint on the time of surface exposure of the Otago rocks (Tulloch and others,
2009). Given these inputs, the model (fig. 4) estimates a steady exhumation rate of
~1.00 mm/a, and a time of peak metamorphism of 144 Ma. Although this calculation
is based upon a single wellstudied sample, the overall similarity in Ar ages (for
example, Gray and Foster, 2004) and metamorphic assemblages (Mortimer, 2000)
along the strike of the Otago culmination suggests it is representative of the entire
wedge. The calculated 1 mm/a rate is typical for erosion in active mountain belts,
although higher rates (up to 10 mm/a) have been locally observed in some settings
(Ring and others, 1999).

! Gasparini, N. M., and Brandon, M. T., in review, A power-law scaling relationship for bedrock incision
at the drainage network scale: Journal of Geophysical Research—FEarth Surface.
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Fig. 3. Map showing key age constraints on the development of the Otago wedge. Young apatite and
zircon fission-track ages (gray symbols) indicating Cenozoic cooling are confined to a zone near the Alpine
Fault (data from Kamp and others, 1989; Tippett and Kamp, 1993; Kamp, 2001). The 45 Ma contour showing
the eastern limit of Alpine exhumation are plotted. Note that none of our strain samples come from areas
affected by substantial Alpine deformation. Also shown is the extent of the Waiponoamu erosion surface,
mid-Cretaceous rift related breccias, and Late Cretaceous overlap sediments (Mortimer, 1993b).

Within-wedge deformation is well-preserved in the Otago Schist. Mélange is rare
in the Caples and Torlesse (Nelson, 1982) and most units retain their original
stratigraphic coherence at the outcrop scale. Accretionary thrust faults in the higher-
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Fig. 4. Exhumation history calculated for a sample of high-grade schist from eastern Otago (Little and
others, 1999) using a 1D thermal model (Reiners and Brandon, 2006). Solid line shows the best-fit
exhumation history, consistent with steady erosion at a rate of 1000 m/Ma. The dashed line shows the
calculated geothermal gradient assuming no upward heat advection due to erosion.

grade rocks are generally obscured by later metamorphism and deformation, though
such structures are mapped in lower-grade rocks (Forsyth, 2001; Cox and Barrell,
2007). The oldest units are at the structurally highest position in the rear of the wedge,
with progressively younger units present towards the toe (MacKinnon, 1983). Al-
though greenstones, quartzites, and conglomerates are locally present, the bulk of the
Otago wedge is composed of lithologically monotonous graywackes and mudstone.
The lack of distinctive marker horizons impedes the identification of the regional
structure. To overcome these difficulties, many workers have used a system of four
textural zones (TZ1 to TZ4), originally described by Hutton and Turner (1936) and
Bishop (1972) and redefined on the basis of white mica grain size and the degree of
foliation development in the schist (Turnbull and others, 2001). The textural zones
roughly correlate with structural depth (Mortimer, 2003), deformation (Norris and
Bishop, 1990; Stallard and Shelley, 2005; Stallard and others, 2005), and metamorphic
grade (Mortimer, 2000). Norris and Bishop (1990) reported that SMT was the sole
ductile mechanism in TZ1 to TZ2A, but in TZ2B and higher rocks, dislocation glide
and climb (DGC) was activated as a competing ductile mechanism. A penetrative
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Fig. 5. Map of the study area. Sample localities are indicated by the black circles with bold italic
numbers. The orientation of dominant foliation is shown after Mortimer (1993a).

foliation is subhorizontal in the core of the culmination, where strains are highest and
the exhumation is greatest (figs. 2 and 5). This foliation progressively steepens towards
the flanks of the culmination. A prominent mesoscopic lineation is commonly
observed, defined by “quartz rodding.” Although consistently oriented on a local
scale, the direction of this lineation varies widely across the region (Mortimer, 1993a)

(fig. 6).
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Fig. 6. Map of study area showing the azimuth of stretching lineations from Mortimer (1993a). The dots
indicate the location of measurement. The data are not corrected for tilt, but because the foliation is
generally shallow this does change the angular relationships significantly. Note the widely varying orienta-
tion throughout the region.

A fundamental question is what processes controlled deformation in the Otago
wedge, and as noted above, several hypotheses have been proposed. As noted above,
one popular view is that fabrics developed during orogenic episodes caused by the
collision of tectonic terranes. A second idea is supported by recent work that has
documented extensional shear zones in the Otago high (Deckert and others, 2002a;
Forster and Lister, 2003). Deckert and others (2002a) suggest these features might be
related to either 1) syn-convergent within-wedge extension, with basal accretion
destabilizing the upper levels of the wedge (Platt, 1986), or 2) post-convergence rifting
associated with the late-Cretaceous break-up of the Gondwanan margin. The recogni-
tion of normal-sense shear zones raises the question as to how the high-grade rocks of
the forearc high were exhumed. We concur with Deckert and others (2002a) and
believe the extensional deformation is related to the break-up of Gondwana, given that
Ar*’/Ar* white mica cooling ages around 115 to 110 Ma (Forster and Lister, 2003;
Gray and Foster, 2004) indicate these structures initiated contemporaneously with the
onset of the rifting widely observed throughout New Zealand in Late Cretaceous time
(Laird and Bradshaw, 2004). Furthermore, as described above, we argue that an
eroding forearc high was a persistent feature throughout the history of the Otago
wedge. For these reasons, we adopt an alternative view and consider the ductile
features in Otago to reflect progressive deformation acquired during the full ~185 Ma
history of the Otago wedge.
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Convergence along the Gondwanan margin operated until about 105 Ma, when
either the collision of a spreading ridge (Bradshaw, 1989), stalling of the downgoing
slab (Luyendyk, 1995), or collision of the Hikurangi Oceanic Plateau (Mortimer,
2004) led to the cessation of subduction. Adakitic melts dominated the Median
Batholith from 130 Ma until magmatism shut off at 105 Ma (Mortimer and others,
1999b), supporting the interpretation that subduction of young, hot oceanic crust
contributed to the end of convergence. The youngest sediments in the Torlesse
contain detrital zircons with 110 Ma fission-track ages that indicate accretion contin-
ued until at least that time (Wandres and others, 2004b). Although metamorphic
mineral growth from the Alpine Schist has been cited as evidence that subduction
continued until about 87 Ma (for example, Vry and others, 2004), we note that the
widespread Late Cretaceous extension would advect isotherms towards the surface,
driving new metamorphic mineral growth.

The Waipounamu erosion surface (WES) is a well-known low-relief upland surface
recognized throughout the Otago region (Bishop, 1994; LeMasurier and Landis,
1996) (fig. 3). We envision that this surface may be a vestige of the eroded forearc high
that persisted throughout the evolution of the wedge. Late Cretaceous (~87-86 Ma)
sediments in eastern New Zealand and the offshore overlap the WES and demonstrate
that the Otago wedge was not greatly dismembered during the Cretaceous extension
that ultimately led to the opening of the Tasman Sea by 85 Ma (Adams and Raine,
1988; Korsch and Wellman, 1988; Laird and Bradshaw, 2004) (fig. 3). Gently folded
remnants of the WES demonstrate that the region has experienced only mild deforma-
tion since the late Cretaceous related to the modern plate tectonic setting (Jackson
and others, 1996).

Although most of the Otago wedge is relatively undisturbed by post-Cretaceous
deformation, the western part of the study area has been affected by distributed
shearing along the modern Alpine Fault since 45 Ma (Molnar and others, 1975;
Sutherland, 1999). The lithostratigraphic units of the South Island show right-lateral
shearing in a zone that extends >100 km on either side of the fault (for example, Little
and Mortimer, 2001). Alpine deformation has also led to uplift and deep exhumation
near the Alpine Fault. For example, published apatite fission-track ages are young and
reset near the fault, in contrast to older ages preserved throughout the rest of the
wedge (fig. 3) (Kamp, 2000). In our study, the bulk of our samples are collected away
from the area affected by Cenozoic deformation, and we correct for postwedge
rotations below.

The synthesis described here highlights several reasons why the South Island of
New Zealand is an ideal setting to study ductile deformation within a wedge: 1) plate
tectonic, magmatic, and structural data all suggest that the Otago wedge experienced a
long and relatively steady evolution; 2) wedge material advected from the site of
accretion though the wedge, acquiring an integrated history of within-wedge deforma-
tion; 3) the presence of WES over most of the study region indicates that the wedge
deformation history is relatively undisturbed, and lithospheric bending associated with
recent Alpine deformation can be easily reconstructed.

FIELD AND MICROSTRUCTURAL OBSERVATIONS

Our study is focused on measurements of absolute strains for 54 samples of TZ1
and TZ2A sandstones from the Caples and Torlesse units exposed in the flanks of the
Otago culmination (fig. 5), where SMT is the dominant ductile deformation mecha-
nism. We provide a brief description of the sampled region, including the local
geology and microstructural changes observed with increasing textural zones.

In the field, the Caples and Torlesse are dominated by coherent sequences of
thick and massive turbiditic sandstones with minor intercalated mudstone layers.
Exotic lithologies, such as basalt, limestone, and chert, are present but rare. As
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Fig. 7. Plane and polarized light images from sample 000303-4 illustrating the microstructures of the
Otago Schist rocks.

defined, the TZ1 sandstones contain no visible cleavage, whereas the TZ2A sandstones
show the onset of a penetrative cleavage. Imbricate thrust faults are inferred given the
overall structure and sense of younging within the subduction complex towards the
northeast (MacKinnon, 1983). These faults are difficult to resolve at the local scale, but
their presence is suggested by abrupt changes in dip and a general lack of stratigraphic
continuity between outcrops. We found no evidence of wide shear zones in the low
textural zones within the study area. Mesocale folds are present but seem to be isolated
and only locally developed in the areas we sampled.

The sampled TZ1 and TZ2A rocks come only from stratigraphically coherent
sequences. Mélange zones and fold hinges were avoided. The samples are typically
composed of sand-sized grains of quartz, feldspar, and volcanic-lithic clasts, with other
minerals including pumpellyite, titanite, phengite and chlorite present in the matrix.
In thin section, detrital quartz grains generally lack undulose extinction, subgrain
boundaries, and other microstructures indicative of intragranular deformation. Quartz
and feldspar grains are often truncated by mica-rich selvages, and directed overgrowths
composed mainly of quartz, albite, and chlorite are common. These observations
indicate that SMT was the only active ductile deformation mechanism (Norris and
Bishop, 1990; Stallard and others, 2005).

We refer to the strain directions using X, Y, and Z, to represent the maximum
stretch, intermediate, and maximum shortening directions. We cut two orthogonal
sections for each sample. The first was cut parallel to cleavage, inferred to represent
the XY plane. The average orientation of the fiber overgrowths was used to determine
the X and Y directions in that plane. The second section was then cut parallel to the XZ
plane. These principal sections show that the matrix is almost entirely made up of
directed fiber overgrowths (figs. 7 and 8). The fibers are generally straight and always
unidirectional, which indicates SMT deformation is constrictional or plane strain (S, =
1 =§,=8). All grain boundaries that lie at a high-angle to the fiber direction are
mantled by fiber (figs. 7 and 8). In the XZ section, the fibers tend to parallel the trace
of cleavage, which indicates that SMT deformation was coaxial (Ring and Brandon,
1999; Ring and others, 2001; Ring and Richter, 2004). Grain fracture is rarely observed
and therefore inferred to be an insignificant mechanism during SMT deformation.
Grain boundary sliding on planes parallel to cleavage is required to account for the
heterogenous motion of diverging grains in the principal extension direction. Modal
measurements (discussed below) indicate that fiber overgrowth typically makes up
about 4 to 8 percent of the TZ1 and TZ2A sandstone samples we have analyzed. In



low-grade sandstones in the Mesozoic Otago subduction wedge, New Zealand 39

fibrous ]
overgrowth |

Fig. 8. Combined cathodoluminescence (CL) and electron back-scatter images (BSE) of sample
000305-5 from the Otago Schist (sample 47 from fig. 5). The large grains in the center of each image are
quartz. The CL reveals internal fractures and deformation lamellae. However, these features do not have a
systematic relationship to deformation features in the rock, such as the orientation of fibrous overgrowth. Thus,
we interpret these features as inherited from the original source rock rather than as forming i situ due to
deformation. The BSE portion of the image clearly shows the fibrous nature of the quartz overgrowth along the
margins of many of the grains. There is no evidence of any coherent overgrowths within the quartz grains.

contrast, veins are relatively uncommon in TZ1 and TZ2A rocks. Outcrop scale
measurements indicate that they comprise <3 percent of the total rock mass (Cox,
1991; Breeding and Ague, 2002). Thus, we assume that the extension in these rocks
occurred primarily by formation of the fiber overgrowths.

There is a clear difference in the deformation behavior in samples from the low
(TZ1 and 2a) and higher textural zones. TZ2B marks the first point where DGC begins
to contribute to the ductile strain in the sandstones, with detrital quartz grains showing
undulose extinction and subgrain formation. In the higher textural zones, the detrital
grains and fiber overgrowths are nearly unrecognizable due to recrystallization and
grain boundary migration associated with DGC (Stallard and others, 2005). Fibrous
overgrowths and micaceous selvages are more abundant in TZ2B sandstones than in
sandstones from lower textural zones. TZ3 marks the point where the rocks first show a
segregation foliation, composed of repeating thin (several mm) quartzo-feldspathic layers,
a feature widely present in the higher textural zone rocks.

Automated electron backscatter diffraction (EBSD) measurements of crystallo-
graphic preferred orientation (CPO) data of quartz grains in five metagraywacke
samples were made to identify changes in active deformation mechanisms within
different textural zones (see Prior and others, 1999 for a technical description of the
method). The analyses were carried out with a LEO 1530 FEG scanning electron
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microscope using a 20 kV acceleration voltage and a HKL EBSD detector at Bayrisches
Geoinstitut, Bayreuth, Germany. Minerals and crystal orientations were indexed using
the software Channel 5 (HKL Technology Inc.). In each sample, a set of CPOs was
determined by moving the electron beam over a grid of regularly spaced points. Step
sizes range between 80 and 200 wm depending on the average grain size of quartz.

Samples from TZ1 and 2a show no quartz CPO. This contrasts with samples from
TZ2B that show a strong preferred orientation (fig. 9). This suggests that deformation
mechanisms capable of producing a CPO, such as DGC, did not operate in the low
textural zone rocks. This supports our interpretation that SMT was the dominant
deformation mechanism in the low-grade rocks of TZ 1 and 2A (see above). The EBSD
results indicate that intracrystalline deformation is important in samples from textural
zones 2B and higher, consistent with the observations of Stallard and others (2005).

As described below, our measurements of SMT strain require that 1) we account
for all new precipitated material in the rocks, and 2) the detrital grains remained
internally undeformed. Cathodoluminescence (CL) imaging provides a tool to iden-
tify coherent overgrowths and healed fractures in detrital grains deformed by the SMT
mechanism. CL is sensitive to variations in trace element composition and thus can
reveal structures that cannot be observed using standard optical methods. We studied a
subset of our samples using the CL system on the JOEL JXA-8600 Electron Microprobe
at Yale. The CL images do show some internal structure in the detrital quartz grains,
including cracks and deformation lamellae (fig. 8). However, these features lack a
preferred orientation among grains in a single section, indicating that the features
were inherited from the sedimentary source for the detrital grains. We found no
evidence for non-fibrous overgrowths on the detrital grains. Thus, we conclude that
the fiber overgrowths were the only material to be precipitated during SMT deforma-
tion. They have clearly defined incoherent boundaries with the host grains, and thus
were easy to identify for our modal measurements.

The framework of the rock consists solely of detrital grains and well-organized
fiber overgrowths. The fibers show clear evidence of growth by separation and
precipitation at the grain-fiber interface. The elongate quartz grains that give the
overgrowths their distinctive fibrous habit are internally undeformed and the fast
growth direction of the grain (parallel to the long dimension) appears to be indepen-
dent of the crystallographic orientation of the grain. The overgrowths are best
classified as displacement controlled antitaxial strain fringes (Passchier and Trouw,
2005, p. 175). Experimental and theoretical work has shown that this distinctive growth
habit can only form when the aperture at the grain-fiber interface always remains small
(several microns) relative to the average width of the fiber grains (Urai and others,
1991; Fisher and Brantley, 1992; Hilgers and others, 2001). If the aperture is large,
faster growing crystal faces exposed at the grain-fiber interface tend to spread in width
at the expense of the other fibers and the fibrous habit is lost. Our microscopy and CL
observations indicate that all overgrowths are fibrous, which indicates that the rocks
were fully compacted prior to the onset of SMT deformation.

MEASURING SMT STRAINS

Our study of SMT deformation in the Otago wedge has focused on siliciclastic
sandstones because detrital grains provide abundant strain markers (Mitra, 1976; Lisle,
1977; Mitra, 1978). One potential approach would be to estimate strains using the Rq-¢
method (Ramsay, 1967), but this requires that the grains deformed as passive markers.
However, SMT deformation is discontinuous at the grain scale, given that deformation
is accommodated by displacements at the grain boundaries and the grains themselves
do not deform internally, so the grain outlines do not directly track the strain ellipse.
Thus, R-¢ measurements of grain shape will not give reliable estimates of strain in
pressure-solved sandstones (Lisle, 1977; Onasch, 1984). This conclusion is supported
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Fig. 9. Lower hemisphere, equal area stereonets showing electron back=scatter diffraction orientation data
for 001 and 110 lattice directions in quartz from five samples of the Otago Schist (locations shown on fig. 5).
Lower textural zone samples (TZ 1 and TZ 2A) show no lattice preferred orientation (LPO), indicating that
dislocation glide was not active, which is consistent with other evidence indicating that grain-boundary pressure
solution was the dominant deformation mechanism for these textural zones. In contrast, rocks from TZ 2B and
higher do show quartz LPO, indicating that intracrystalline deformation has occurred.
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by our own experience, which indicates that Ri-¢ data from pressure-solved sandstones
generally fail to transform back to a random distribution when unstrained, thereby
violating a fundamental requirement of the method (Shimamoto and Ikeda, 1976;
Borradaile, 1984). The Fry method (Fry, 1979; Erslev and Ge, 1990) should work in
principal (Onasch, 1993), but the sandstones we have studied commonly do not have a
sufficiently uniform grain-size distribution to produce reliable results using this
method. Furthermore, even successful application of the Fry method produces only
relative, rather than absolute, strain measurements.

The PDS/Mode method of Feehan and Brandon (1999) and Ring and Brandon
(1999) was specifically designed to measure absolute strains due to the SMT mecha-
nism. The objective is to estimate the bulk SMT strain in the sample at the scale of
many grains. At this scale, the material can be viewed as a continuum deforming by two
processes, dissolution and precipitation. Shortening is accommodated by the growth
of dissolution “selvages,” which can be viewed as small “anticracks” (Fletcher and
Pollard, 1981). Extension occurs by separation between grains and the growth of
directed fibers in the opening voids (Williams, 1972; Mitra, 1976; Ramsay and Huber,
1983). The PDS/Mode method is based on the idea that the original grain dimension
parallel to the extension direction is preserved and may be used as a marker with which
to measure absolute shortening strains. The PDS/Mode method makes the following
assumptions: 1) the marker grains formed a statistically isotropic fabric prior to
deformation, although individual grains may have any shape. We believe this condition
is generally met for sandstones in nature; 2) the initial and final dimensions of marker
grains must be clearly identifiable. Intracrystalline deformation by dislocation pro-
cesses, the precipitation of material within a marker grain during deformation, or the
presence of unidentified overgrowth at the edge of a grain may lead to an incorrect
estimate of the original grain dimension. This restricts the method to rocks in which
only the SMT deformation mechanism has been active; 3) the volume of reprecipitated
material should be measurable.

PDS measurements of the detrital grains were made using a petrographic micro-
scope with camera lucida tube and an external digitizing tablet. The cursor for the
tablet has a bright LED light that is projected by the camera lucida tube into the
microscope field of view. Tests using a stage micrometer indicate that lengths can be
measured to an accuracy of better than *3 pm at magnifications of 100X and 250X.
Measurements were made on principal sections that show one direction of shortening.
We commonly observe both S and S, < 1, so for these samples measurements were
made in both the XZ and XY sections.

Stretches for those principal directions that have extended (S > 1) are estimated
using the Mode method. Since extension is accommodated through the precipitation
of overgrowth, the principal extensional stretch §,in a section can be estimated from
m, the modal fraction of fiber, using the relationship S, = (1 — m)~'. The modal
abundance of fibers was determined by line traverses using a computer-driven micron-
stepping petrographic microscope (line-integration method of Brimhall, 1979). The
traverses, ~2 to 3 cm long, were measured perpendicular to the cleavage in the XZ
section. Fibers are usually easily identified by the common directed habit of the
quartz-plagioclase-mica aggregates and the relatively uniform mineralogy of the fibers
across the thin section.

RESTORATION OF PRE-ALPINE ORIENTATIONS
The rocks near the Alpine Fault show clear evidence of distributed shear to a
distance of about 200 km on either side of the fault (McKenzie and Jackson, 1983;
Sutherland, 1999; Hall and others, 2004). This deformation began as early as 45 Ma
and probably continues at present, in association with active slip on the Alpine Fault.
One concern is that this distributed shear will have rotated our strain samples, with the
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degree of rotation increasing towards the Alpine Fault. To address this issue, we use the
“floating block” model, in which the upper crust is viewed as a highly fractured set of
small blocks that float on flowing viscous lower crust (McKenzie and Jackson, 1983).
The South Island has a dense set of fission-track ages (Tippett and Kamp, 1993) that
indicate that all of our samples were located at upper crustal depths (shallower than
about 10 to 5 km) by about 45 Ma.

Following Sutherland (1999), we use the Maitai terrane as a reference horizon. The
ophiolitic rocks of this unit have a strong magnetic signature (the Junction Magnetic
anomaly) that can be easily identified even in offshore areas around New Zealand. In the
Otago area, the Maitai is separated from the Otago subduction complex by the Livingstone
Fault. This fault presently has a steep to overturned attitude that ensures that erosion has
not significantly changed the map-view trace of the fault.

For our analysis, we assume that the shearrelated displacement decreases exponen-
tially with increasing distance normal to the Alpine Fault. Hall and others (2004) used this
relationship, noting that it is the expected relationship if the lithosphere behaved like a
thin viscous sheet (England and others, 1985). Like Sutherland (1999), we assume that the
Maitai terrane and Livingstone Fault started with an approximately straight trend, parallel
to the Otago subduction zone. These relationships are represented by

q(p) =q + taﬁ 0 + A exp(;p), (1)

where p and ¢ are coordinates for points along the Livingstone Fault. The p-¢
coordinate frame is defined relative to the Alpine Fault, where p indicates distance
normal to the Alpine fault and ¢, distance parallel to the Alpine Fault relative to an
arbitrary origin along the Alpine Fault. Equation (1) has four unknown parameters: ¢,
indicates the original position, before shearing, where the Livingstone Fault inter-
sected the Alpine Fault; 0 is the original trend of the Livingstone Fault (clockwise
relative to north); A is the total offset associated with distributed shearing on the
Otago-side of the Alpine Fault; and A is the characteristic length for the exponential
decay of offset away from the Alpine Fault. The parameters were estimated using least
squares, where predicted values of ¢from (1) were compared to observed values for the
Livingstone Fault, as a function of p. The inverse is nonlinear, so it was solved using
the Isgnonlin routine from Matlab. The equation fits the data very well, with R =
0.97. The best-fit estimates for the parameters are: ¢, = —56.3 km, 6 = 120°, A = 178
km, and A = 62.7 km. Note that this restoration only corrects for vertical axis rotations
and not tilting, which is expected to be minimal throughout the Otago region.
Offset is given by

s = Aexp(}ﬁ), (2)
the shear by
ds —p —p
V_dp_)\AeXp()\>’ %)
and the shear-induced rotation (McKenzie and Jackson, 1983) by
r= arctan%. (4)

In addition to the Alpine Fault, the Otago region is influenced by younger
structures such as the Nevis or Hawkdun Faults. Slip on many distributed faults will
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contribute to a deformation that appears continuous when considered at a regional
scale (for example, Price, 1973). Given that our samples are collected regionally, at a
scale over which mesoscopic structures such as lineations vary smoothly (Mortimer,
1993a), we can neglect the influence of local faults as we reconstruct regional ductile
strain.

Figure 10 shows a restoration of the Otago wedge, with the estimated shearing
associated with the Alpine Fault removed. This restoration shows a divergence of the
TZ2-T73 boundaries as they approach the Alpine Fault. This result is expected, given
the boundaries gently dip away from the Otago high and that erosion increases towards
the Southern Alps and Alpine Fault.

STRAIN RESULTS

Local Deformation

Our strain results are summarized in table 1 (uncorrected sample orientations)
and table 2 (orientations corrected for Alpine-related rotation). Individual samples
display a wide range of strain symmetry, from prolate to oblate (fig. 11A). In general,
distortional strains are small, with octahedral shear strains (vy,,.) < 0.6. The strain type
is typically constrictional, with shortening in two principal directions (thatis, §; < 1).
This holds true even for samples with oblate symmetry, creating an unusual fabric
possible only because of significant volume strains (fig. 11D). Individual samples show
only minor extension (<5%), despite having maximum shortening strains of ~33
percent. Volume stretch shows a good correlation with octahedral shear strain and the
maximum shortening stretch (figs. 11B and 11C), indicating that distortion was
accomplished primarily by the mass-transfer deformation.

Relative standard errors (RSE) were estimated using bootstrap analysis for all
measurements (fig. 12). RSE[S,] increases from 0 percent for S, ~ 1.0 to 2.5 percent
for S, ~ 1.23. RSE[S/] is uniform at ~8 percent, and RSE[S,] increases from 4 percent
for §, ~ 0.46 to 8.5 percent for S, ~0.92. The volume stretch is defined by the product
S, = 8.85,S.. RSE[S,] increases from 7.3 percent for S, ~ 0.31, to 12 percent for S, ~
0.96. These uncertainties include variances due to measurement errors and initial
grain fabrics. Replicate measurements by trained operators give results that are within
the range expected for measurement error alone.

The magnitude of deformation is similar for samples from both prowedge and
retrowedge, but the orientations of the principal directions are significantly different
(fig. 13). In the prowedge, X directions are nearly vertical, Y directions are widely
scattered in the horizontal but generally trend SE-NW, and Z directions are likewise
scattered in the horizontal but trend NE-SW. In the retrowedge, X directions are
clustered around a north-trending horizontal axis, Y directions around an axis
trending to the east with a moderate plunge, and Z directions around an axis trending
to the west with a moderate plunge.

Regional Deformation

Although strain measurements are obtained from individual rocks, our interest is
at the regional scale. Observed variations in strain may stem from either local affects or
large-scale heterogeneity in the deformation field. In the case of the Otago region, the
uniformity of the broad structure (the Otago culmination) suggests that ductile
deformation developed smoothly across the region (figs. 5 and 6). As a consequence,
the main source of observed heterogeneity must be at a local scale. In a sequence of
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Fig. 11. Strain plots using the methods of Brandon (1995). The white and gray circles correspond to
samples from the northeastern and southwestern flanks of the forearc high, respectively; black circles are
data from deformed conglomerates reported in Norris and Bishop (1990). The rectangles represent the
strain values for the regional tensor averages.

interbedded graywacke and mudstone like that found in the Otago region, lithologic
variation causes differences in rock competence that lead to the formation of local
structures. Therefore, at a minimum our average must integrate data collected at a
scale larger than these lithologic variations. We also wish to increase the precision of
our estimate by incorporating as many samples as possible. However, we should avoid
averaging over areas where the regional structure changes greatly. Consequently, we
divide our samples into two groups based on their position relative to the high-grade
rocks exposed in the Otago forearc high.

Tensor averages are used here to estimate SMT strain at the regional scale. Our
samples were deformed coaxially, so tensor averages can be calculated using the
Hencky method of Brandon (1995). The tensor average for our sandstone samples
from the prowedge indicates that S,, Sy, S, and S, are 1.00, 0.91, 0.84, and 0.76,
respectively. The flattening plane (XY) is nearly vertical, and has a 134° strike,
sub-parallel to the 125° trend of the Otago culmination. The samples from the
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Fig. 12. Plots showing relative standard errors for principal stretch values, determined through
bootstrap analysis (Efron and Tibshirani, 1994).

southwest give a tensor average with S, Sy, S,, and S, equal to 0.98, 0.93, 0.87, and 0.79,
respectively. The flattening plane strikes at 166° and dips 37° to the east. A bootstrap
analysis was performed to delineate the 95 percent confidence intervals for the
principal directions of the tensor averages (fig. 14).

The complete strain dataset shows significant differences in the pattern of
deformation at the regional and local scales (figs. 13 and 14). The distortional strains
exhibited in local samples are, in general, much greater than the bulk deformation at
the regional scale. For example, the octahedral shear strain for every individual sample
is greater than that for the regional tensor average (fig. 11B). On most of the strain
plots, the regional tensor average falls off of the trend defined by the local strain
measurements. The reason for this result is that the variance in the principal directions
reduces the magnitude of the principal stretches given by the tensor averages (Bran-
don, 1995). In contrast, volume strain is a scalar quantity, so it can be averaged
independent of the tensor values defined by the principal stretches and the principal
directions.



52 Jeffrey M. Rahl and others—Tectonic significance of ductile deformation in

Prowedge Samples

Fig. 13. Stereograms showing principal directions for each strain sample (table 2). Directions are
restored for shear-related rotations associated with the Alpine Fault. X, Y, Z refer to the principal directions
determined from the tensor mean. Gray line shows the modern trend of the Otago high.

DISCUSSION

Deformation in the Otago Wedge

The strain data presented here provide important new constraints on the deforma-
tional history of the Otago wedge. Although the individual measurements give insight
into the local deformational field, we prefer to make tectonic interpretations using the
regional tensor averages calculated for the pro- and retro-sides of the Otago wedge.
Individual samples from the prowedge consistently show minor subvertical extension
with shortening in one or two directions within a subhorizontal plane. The magnitude
of SMT deformation is generally modest, on the order of about 5 percent extension
and 10 to 45 percent shortening in the Y and Z directions (table 2). The Hencky tensor
describing the regional deformation in the prowedge gives a vertically oriented
flattening plane trending subparallel to the strike of the mountain belt. The magni-
tude of the deformation is small but consistent with a weak subvertical foliation
observed in the field (for example, Mortimer, 2003).

Individual samples from the retrowedge show strains with a comparable shape and
magnitude as those in the prowedge (see fig. 13). The similarity in strain intensity in
the rocks of the low-grade flanks indicates that the observed deformation correlates
with peak metamorphism and exhumation rather than position with respect to the toe
of the wedge. Despite the similar magnitudes, there is a consistent difference in the
orientation of the strain axes (fig. 14). In the southwest, the maximum stretch
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Prowedge _ ; Retrowedge

Fig. 14. Bootstrap analysis of tensor means for our strain measurements from the prowedge and
retrowedge samples (table 2). The X, Y, and Z symbols mark the principal directions determined by the
tensor mean. The small gray circles show the distribution of principal directions generated using bootstrap
replicates for the tensor mean. These distributions are used to define the 95 percent confidence intervals
(black lines) for the principal directions.

direction (X) is consistently sub-horizontal rather than sub-vertical. (Note that we refer
to X as the direction of maximum stretch rather than principal extension, to avoid
confusion for cases where S, = 1.0.) Both the Y and Z axes plunge moderately in
opposite directions, working together to thin the wedge in the vertical. The tensor
average for the retrowedge shows that X has a value of about 1.0, indicating that the
vertical shortening occurred without horizontal extension. The flattening plane for
the deformation strikes nearly north-south and dips moderately to the east. The
moderate angle (~42°) between the strike of the forearc high and trend of the Z axis
may indicate a minor component of left-lateral rotation in the retrowedge, consistent
with the proposal of Wandres and others (2004a) based on the provenance of igneous
clasts within the Rakaia rocks.

The tensor averages indicate that deformation in both the pro- and retrowedge is
plane-strain (that is, one of the principal stretches = 1.0). An interesting aspect to this
deformation is that the plane-strain axis is not the Y direction but rather the maximum
stretch direction (X). This allows the unusual circumstance of the deformation being
both plane-strain and constrictional, in that two of the principal stretches are less than
one. The result implies that horizontal extension has not contributed to the exhuma-
tion of the rocks in the low-grade flanks of the Otago forearc high. Rather, the
observed tectonic thinning was accommodated by mass-loss.

Our strain measurements indicate spatial variations in the geometry of ductile
deformation from the prowedge to retrowedge. This is consistent with the meso-scale
observations of Mortimer (1993a), who noted the orientations of prominent quartz
rodding lineations vary smoothly across the Otago region (fig. 6). Mortimer (1993a)
interpreted these lineations to be parallel to the principal strain directions, which is
confirmed by our results (figs. 6 and 14). However, the maximum stretch direction
changes from subvertical in the prowedge to subhorizontal in the retrowedge (fig. 14).
Although our strain analysis method is inapplicable to the higher-grade rocks exposed
in the forearc high, field observations of the regional foliations (Mortimer, 1993a;
Mortimer, 2003), seismic observations (Mortimer and others, 2002), and X-ray texture
goniometry of mudstones (Deckert and others, 2002b) all suggest that vertical thin-
ning is dominant in the high-grade rocks of the Otago culmination.
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What might account for the change from horizontal to vertical thinning observed
moving towards the rear of the wedge? We believe this transition reflects a change in
the mode of accretion into the wedge. Theoretical (Dahlen, 1984), numerical (Willett,
1992), and physical models (for example, Davis and others, 1983; Lallemand and
others, 1994; Gutscher and others, 1996) have shown that the velocity field within a
subduction wedge reflects the material fluxes into the system. Offscraping at the front
of a wedge tends to reduce wedge taper and push the system into a “sub-critical” state
that promotes horizontal contraction and vertical thickening. This deformation may
occur by both brittle and ductile processes and will continue until the wedge gains
sufficient strength to slide stably upon its base. In contrast, parts of a wedge with an
underplating flux tend to develop a gentle flattening plane, as basal accretion tends to
increase wedge taper and drive vertical thinning (Platt, 1986). We note that concepts
derived from two-dimensional models like those referenced here apply in settings with
strike-parallel motions like Otago. A system is effectively two-dimensional if a series of
cross-sections taken perpendicular to strike are similar, even if material is free to move
in between the sections.

Our view of the deformation in the Otago wedge is presented in figure 15A.
Accretion of incoming sediment at the toe of the system drove minor vertical
thickening and the development of the weak subvertical foliation as the wedge grew to
maintain a stable taper. We infer the existence of a ramp beneath the more deeply
exhumed rocks of the forearc high that cut through the remainder of the incoming
section and provided a significant flux of material into the wedge. Accretion likely
occurred at depths of about 25 to 30 km, consistent with the published estimates of
peak metamorphism in the Otago region (for example, Mortimer, 2000). The under-
plating caused surface uplift that pushed the forearc high above sea level, leading to
subaerial erosion and terrestrial sedimentation (MacKinnon, 1983). Continued accre-
tion lifted and pushed the structural lid back away from the prowedge, overturning the
Livingstone Fault and creating the large, southwest-vergent fold of the Southland
Syncline.

Similar deformation has been identified in the retro-side of many subduction
wedges. For example, in Cascadia (fig. 15B), the structural lid is represented by the
Crescent terrane, an oceanic unit docked to North America prior to formation of the
Olympic subduction complex (Tabor and Cady, 1978). Growth of the Cascadia wedge
has carried the structural lid away from the prowedge, uplifting the Crescent terrane
and deforming it into a large asymmetric fold analogous to the Southland Syncline.
Large-scale backfolds and steeply dipping or overturned faults are common features in
the retrowedge of many orogenic systems. Other examples include the European Alps
(Schmid and others, 2004), the Apennines (Fellin and others, 2007), and the Pyrenees
(Munoz, 1992).

We also compare other features of the Otago and Cascadia wedges. Although the
Otago wedge is significantly wider (fig. 15), both settings are characterized by a
subaerial forearc high where erosion is concentrated. Erosion rates reach similar
maximum values in the high (~1.0 mm/a in Otago, 0.6-0.8 mm/a in Cascadia;
Brandon and others, 1998) and drop off across strike. Yet, despite the broadly similar
pattern of surface erosion, the observed deformation fabrics for the two wedges are
markedly different. Although detailed strain work in the Olympics is not yet complete,
Tabor and Cady (1978) have shown a steeply-dipping foliation and a consistently
sub-vertical extension direction, contrasting with the structural arch observed in
Otago. This example highlights the important control the mode of accretion exerts on
the structural development of the wedge. In the Olympics, models of thermochrono-
logic data (Batt and others, 2001) indicate that 80 to 100 percent of sediment was
accreted frontally. As noted above, this process tends to reduce wedge taper and
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promote vertical thickening through ductile stretching and thrust faulting. Thus,
despite the similar patterns of erosion, the deformational fields in the Otago and
Cascadia wedges appear to be dictated by the mechanism of accretion.

Tectonic Coupling in Subduction Wedges

Our observations also have implications for the strength of the boundary between
the wedge and the subducting plate. Some workers have argued that deformation in
the Otago region results from shearing at the base of the subducting plate (Wood,
1978; Cox, 1991). This interpretation implies a strong boundary at the base of the
wedge in order to impart significant simple-shear deformation. As noted above, we
argue that deformation is controlled by the distribution of accretionary and erosional
fluxes around the wedge. Our observations, including the straight fibrous overgrowths
and EBSD results, are consistent with a deformation that is largely coaxial. Stallard and
others (2005) also reach a similar conclusion, although they do note rare o-style
overgrowths that indicate local non-coaxial deformation. Other workers have also
noted local asymmetry in the region. For example, Cooper (ms, 1995) argued for
simple shear deformation along the Caples-Torlesse terrane boundary based on
asymmetric quartz c-axes patterns. However, in that study shear-sense indicators show a
range of orientations, with some sites recording top-N shear and others showing top-S
deformation. Maxelon (ms, 1999) also found asymmetric quartz c-axis fabrics in rocks
from the Caples-Torlesse boundary that indicate a range of shear sense directions,
including top-N and top-W. When considered together these data do not imply a
consistent sense of shear. This observation illustrates that the scale of observation plays
in the assessment of geologic deformation (see the Regional deformation section above).
Because deformation at one locality may be balanced by deformation at another
locality, local samples will always show deformation of a greater magnitude than what
has occurred at the regional scale. In the case of the Otago wedge, the bulk
deformation appears coaxial despite local examples of asymmetric shear.

The generally coaxial nature of the deformation in Otago and relatively low shear
strains, both for the low-grade rocks (this study) and rocks from the core (Deckert and
others, 2002b), suggests that the strength of the boundary between the downgoing
plate and the Otago wedge must have been low. These findings are typical for many
subduction wedges, including the Alps (Ring and others, 2001), the San Juan islands
(Feehan and Brandon, 1999), the Franciscan complex (Ring and Brandon, 1999; Ring
and Richter, 2004; Ring, 2008), coastal Chile (Richter and others, 2007), and Crete
(Stockhert and others, 1999; Ring and Reischmann, 2002).

Volume Strain

The mass-transfer deformation in the Otago wedge displays both open and
closed-system behavior on the scale of a hand sample. All samples exhibit mass-loss
deformation. The average S, for the individual samples is 0.79 to 0.75, suggesting that
~20 to 25 percent of the dissolved material has been removed. This finding is
consistent with results from other studies of low-grade terranes, many of which employ
different approaches for estimating absolute strains (Wright and Platt, 1982; Beutner
and Charles, 1985; Henderson and others, 1986; Goldstein and others, 1995, 1998;
Feehan and Brandon, 1999; Ring and Brandon, 1999; Ring and others, 2001).
Together, these studies suggest that significant mass-transfer volume strains may be
characteristic of low-grade metamorphic terranes. Experimental studies indicate that
the dihedral angles of fluids in quartz-aggregates are 60° or smaller for temperatures
below 400 °C (for example, Holness, 1993). For these dihedral angles, grain boundar-
ies will form a stable and interconnected network capable of supporting fluid flow
(Bulau and others, 1979). Convergent margins are generally a fluid-rich environment
and meteoric water may account for 50 to 90 percent of the fluid budget (Kastner and
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others, 1991). Thus, we envision that fluid circulation within the wedge provides a
mechanism to transport mass out of the Otago wedge system. Fluids flowing up-
temperature are capable of dissolving silica and carrying it deeper into the wedge
(Ferry and Dipple, 1991). Ultimately, these silica-rich fluids may be channeled upward
and discharged into the ocean (Goldstein and others, 1998), consistent with observa-
tions of large fluid fluxes out of modern convergent wedges (Kastner and others,
1991).

CONCLUSIONS

This paper presents a regional tectonic synthesis and a detailed study of the
ductile deformation field of the Otago subduction wedge. Our work leads us to the
following conclusions:

1) The Mesozoic geology of New Zealand is well-understood in the framework of
a long-lived subduction wedge. In the Otago area, individual rocks preserve an
integrated record of progressive deformation and metamorphism acquired
during continuous advection through the wedge. The pattern of deformation
and metamorphism observed today reflects the individual paths taken by the
exhumed rocks rather than discrete tectonic events.

2) Significantly different views of deformation may be obtained by focusing on
local versus regional deformation. Along the flanks of the Otago Schist,
individual samples generally exhibit non-plane strains with extension in one
principal direction and shortening in the other two principal directions. In
contrast, the regional deformation is characterized by shortening in two
directions, with the maximum extensional stretch generally about one. For
complexly deformed terrains, care should be taken when using local observa-
tions to interpret deformation at a regional scale.

3) In the Otago prowedge, ductile deformation is characterized by horizontal
shortening, with individual samples showing a weak vertical stretching. This
pattern contrasts with that from the rear of the wedge, where the rocks are
characterized by a shallow foliation and vertical thinning. Underplating at the
base of the Otago wedge destabilized the rear of the wedge, causing a spatial
transition from vertical thickening to vertical thinning. The style of deforma-
tion in wedges is controlled by the pattern of accretion.

4) Deformation within the Otago wedge is predominantly coaxial. Local observa-
tions of simple-shear have no consistent orientation and tend to balance out at
a larger scale. The coaxial nature of the deformation suggests that the
coupling between the downgoing plate and the overlying subduction wedge is
too weak to drive simple-shear deformation in the wedge.

5) Deformation along the flanks of the forearc high was dominated by open-
system pressure solution processes that led to a significant mass-loss volume
stretch (S, = 0.75). There are no obvious sinks for the dissolved mass, so we
assume that advecting fluids have removed the dissolved material completely
from the subduction wedge.
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