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Abstract—Foliation overprinting relationships preserved in porphyroblasts and the surrounding matrix in the
Otago schists indicate development of up to six penetrative foliations during the late Paleozoic-Mesozoic
Rangitata Orogeny. §;, 5; and S5 formed with steep dips, and 55, 55 and S, formed with gentle dips.

5, and §; are preserved only as inclusion trails in porphyroblasts because of matrix-foliation reworking during
progressive deformation. 5;-5¢ are preserved in the matrix as well as in porphyroblasts, and are generally
correlatable from one to the other. Inclusion-trail asymmetries define the location of the orogenic uplift core
during the Rangitata Orogeny when the porphyroblasts grew. The location of this core is consistent with
macroscale geological and structural observations.

Alternating steep and gently dipping foliations-are inferred to indicate alternating horizontal compression and
extension. Predictions made by an orogenic model compatible with continually alternating horizontal compres-
sion and extension compare favorably with geometries observed in the schists.

Reconstruction of the gross geometry of the Otago schists during the Rangitata Orogeny, based on the three-
dimensional geometry of porphyroblast inclusion trails, is similar to reconstructions based on regional geological
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considerations and plate tectonic calculations,

INTRODUCTION AND GEOLOGICAL SETTING

THIs paper discusses the deformation history of the
Otago schists, New Zealand (Fig. 1), based on a detailed
analysis of progressively developed porphyroblast and
matrix microstructures. The Otago schists are part of the
Haast Schist Terrane {(Coombs et al. 1976), which forms
an arc of medium- to high-grade metamorphic schists
extending from Marlborough in the northeast (Marlbor-
ough schists), southwards in a narrow zone along the
Alpine Fault and Southern Alps (Alpine schists),
spreading southeast into a much broader region across
Otago (Otago schists; Fig. 1). The rocks used in this
study were collected mainly in the Otago schists, with
some coming from the southern Alpine schists.

The Haast Schist Terrane is generally accepted as
having formed during the late Paleozoic—Mesozoic Ran-
gitata Orogeny, with parts of the schist belt having been
further deformed during the late Cenozoic Kaikoura
Orogeny {e.g. Findlay 1987, Kamp 1987). However, the
extent of the effects of post-Rangitata deformation and
metamorphism is not fully understood.

The Otago schists, some 30,000 km? in extent, consist
mainly of pelitic and psammitic schists, with traceable
horizons of metavolcanic rocks or greenschists com-
monly occurring throughout northwest Otago (Craw
1984, 1985). The schists grade from amphibolite meta-
morphic facies in the northwest, to prehnite—-pumpel-
lyite facies on their southwest and northeast margins,
with the largest extent of the schist belt in the greenschist
facies of metamorphism (Landis & Coombs 1967). The
belt is bounded by the Alpine Fauit to the northwest, the

Caples Terrane and Livingstone Fault to the southwest,
the Torlesse Terrane to the northeast, and crosses the
east Otago coast near Dunedin (Figs. 1 and 2).

Many studies have been devoted to structurat analysis
of portions of the Otago schists (e.g. Grindley 1963,
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Fig. 1. South Island, New Zealand, showing location of Haast Schist
Terrane. Rectangle outlines area detailed in Figs. 2, 9 2nd 10.

DUNEDIN

100 kem

727



728

S. E. JoRNSON

TASMAN SEA

hm

S0UTH PACIFIC QUEAN

m MURHIKU TN

m
m
@ HAAST 3CHIST TN B CAPLES TN

E LIVINGITOHE TN, MAITAI TN| OUN MT OPHIQUITE

TQRLESSE TR

Fig. 2. Geology of area outlined in Fig. 1, showing locations of porphyroblastic samples used in this study.

Wood 1963, 1978, Means 1966, Cooper 1974, Bishop et
al. 1976, Norris & Cooper 1977, Turnbull 1981, Craw
1985). Wood (1963) presented the first generalized geo-
metric interpretation, supporting earlier suggestions
made by Benson (1921) and Macpherson (1966), that
the Otago schists are a stack of recumbent and reclining,
thrust-related, nappe-like folds, flanked to the northeast
and southwest by reclined isoclinal folds. Further
detailed studies have provided a general confirmation of
this geometric interpretation (e.g. Means 1966, Brown
1968, Norris & Cooper 1977, Wood 1978, Turnbull
1981, Craw 1985), though the progressive structural
development of the belt remains unclear. Most detailed
studies have recognized similar features including two or
three early stages of ductile deformation associated with
the development of major nappe-like structures, fol-
lowed by two or three stages of brittle deformation.
Though some elements of the deformation history
appear to be similar from one area to another, direct
correlation of deformation events has not been accomp-
lished with any certainty (e.g. Craw 1985). Because the
Otago schists are difficult to analyse fully at the meso
and macro scales, and because they contain garnet and
plagioclase porphyroblasts, they provide a good setting
for microstructural analysis.

MICROSTRIUUCTURAL ANALYSIS

Introduction—use of pophryroblasts in structural
analysis

Porphyroblast microstructures, where inclusion trails
are present, have consistently yielded significant infor-
mation about the structural-metamorphic history of
orogenic belts (e.g. Fyson 1980, Bell & Brothers 1985,
Steinhardt 1988, Vernon 1988, Bell & Johnson 1989).
There is now considerable evidence that porphyroblasts
do not generally rotate relative to geographic co-
ordinates during ductile deformation, provided they do
not deform internally (e.g. Fyson 1980, Bell 1985, Belier
al. 1986, Vernon 1988, Steinahrdt 1988, Bell & Johnson
1989, Johnson 1999). This means that the orientations of
foliations preserved as inclusion trails (S;) within
porphyroblasts may be indicative of their original orien-
tations at the time of porphyroblasts growth, even
though the rock may have undergone subsequent, in-
tense, non-coaxial deformation.

Recently, Bell & Johnson (1989) have shown that this
is true even for classic ‘snowball’ garnet porphyroblasts,
such as those described by Rosenfeld (1968), Schone-
veld (1977) and Powell & Vernon (1979). The spiral-
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shaped and other complexly-shaped §; in these and other
porphyrablasts can be explained by suctessive over-
printing of near orthogonal foliations, and their orien-
tations and overprinting asymmetries can be used to
elucidate parts of a deformation history no longer pre-
served in the surrounding matrix {e.g. Steinhardt 1988,
Bell & Johnson 1989).

The effects of high-level faulting and fiexural folding
on the orientations of porphyroblasts are presently un-
known, although it may be reasonable to assume that
brittle faults with a rotational component of displace-
ment locally disturb them. How local this effect is
remains to be determined.

Method—sample and thin section preparation

All samples collected from the schist belt were
oriented, and at least two vertical thin sections were
made from each rock: one parallel to the length of the
belt in Otago (NW-SE), and the other perpendicular to
it. Thus all thin sections were oriented the same way
relative to the gross geometry of the belt.

If a rock was found to contain porphyroblasts with §;,
it was reoriented, and the faces from which the thin
sections came were marked with horizontal lines,
barbed to show direction down, which were then trans-
ferred to the thin sections. Obliquely-oriented thin sec-
tions were then cut to aliow correlation of the foliations
defined by the §;, and hence, their orientations in three
dimensions.

Atleast two thin sections were cut for each orientation
to obtain enough porphyroblasts containing a major
portion of the structural history; only a porphyroblast
sliced through its center will contain all preserved stages
of foliation development, whereas one sliced through its
rim will only show the youngest stages. More thin
sections were used where the porphyroblasts were large
or few in number,

Deformation history preserved in porphyroblasts and
matrix

Porphyroblasts and matrix microstructures from the
Otago schists preserve multiple foliations that success-
ively overprint one another, providing a detailed history
of progressive structural development. Examination of
more than two thousand porphyroblasts with well-
developed §;, from the 21 sample localities shown in
Fig. 2, indicated that S, geometries {from these locali-
ties) generally fall into one or more of six groups:
(1) steep §; that are straight or sigmoidal, and commonly
continuous with a gently dipping foliation (S, ) directly
adjacent to the porphyroblast (Fig. 3a); (2) gently dip-
ping S§; that are straight or sigmoidal (Fig. 3b), and
commonly continuous with a steep §, directly adjacent
to the porphyroblast; (3) steeply and gently dipping §;
that have interpretable overprinting relationships (Bell
& Johnson 1989), where the last set of overprinting 5; is
commonly continuous with an orthogonal, steeply or
gently dipping S. adjacent to the porphyroblast
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(Figs. 3c & d); {4) variously oriented §; resulting from
late porphyroblast growth over tightly folded and/or
crenulated S, where the axial planes of the folds and or
crenuiations are steep and/or gently dipping (Fig. 4a);
(5) §; significantly oblique to the vertical and horizontal,
and continuous with, and commonly parallel to, S, (Fig.
4b); and (6) folded S; continuous with S, that
has been overgrown by very late porphyroblasts
(Fig. 4¢).

Three points about the above six geometry groups can
be made that have direct significance for the defor-
mation history of the schist belt.

(i} The majority of observed geometries fall into
groups (1)—(3) above. This means that newly developing
foliations, at locations in the orogen where porphyro-
blasts could overgrow them, had steep andfor gentle
dips. The preservation of steep and/or gently dipping
foliations within the majority of porphyroblasts exam-
ined has been found in a number of other orogenic belts
(e.g. Bell & Johnson 1989 and unpublished data from
the Pyrenees, Steinhardt 1988, 1989, T. H. Bell unpub-
lished data from the Appalachians, B. K. Davis unpub-
lished data from North Queensland, Australia, N.
Hayward unpublished data from the Appalachians, C.
Wilkins unpublished data from the Archean of Western
Australia).

(ii) A sensible interpretation of geometry (5) can be
found by examining the timing relationships between
those porphyroblasts with geometries (1)-(3), and those
with geometry (5). Figure 4 (d) shows several porphyro-
blasts with steep §;, and a gently dipping crenulation
cleavage in parts of the matrix. The crenulation cleavage
is progressively dextrally rotated and decrenulated dur-
ing reactivation (Bell 1986), resulting in an oblique re-
activated foliation in areas of relatively high progressive
shearing strain. The one porphyroblast in Fig. 4(d)
(large, tabular porphyroblast in the bottom-right of the
photomicrograph) that exhibits geometry (5) above has
grown over this reactivated foliation, and represents the
latest porphyroblast growth stage in this rock. These
porphyroblasts that overgrow the reactivated foliation
generally have a tabular shape (Fig. 4b), and their later
timing is demonstrated in part by the smaller angle
between S; and S5_ compared to the surrounding
porphyrobiasts. This smaller angle between §; and S, is
always the case, even when these porphyroblasts have
more equant shapes.

Thus, porphyroblasts with this S; geometry (and also
those with geometry 6-timing relationships between
porphyroblasts with geometries 5 and 6 could not be
determined) appear to be the last ones to have grown in
any particular rock, and they grew over a foliation that
was already significantly oblique to the vertical and
horizontal.

(iii) Geometry (3) above is quite common, and pro-
vides asymmetry relationships between overprinting
foliations trapped within the porphyroblasts. Bell &
Johnson (1989) have shown that spiral-shaped and other
complex §; can be a product of successive overprinting of
near-orthogonal foliations (see fig. 20 in Bell & Johnson
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1989). Their model for the formation of spiral-shaped
inclusion trails is further supported by this study. Stein-
hardt (1988) has described rocks that contain andalusite
porphyroblasts with spiral-shaped and other complex §;
with the same steep and gentle dips shown herein and in
Bell & Johnson (1989).

To form a perfect spiral, all the successively devel-
oped foliations must overprint with the same asymmetry
(see fig. 20 in Bell & Johnson 1989). Where variations in
the asymmetry of overprinting foliations occur, in-
clusion trail geometries show these changes. For
example, the albite porphyroblast in Fig. 5(a) preserves
three near-orthogonal foliations as S;, and one on its
margins, Note also that the overprinting asymmetries of
foliations (4) and (5) are sinistral, whereas the overprint-
ing asymmetry of foliation (6) is dextral. Note the well-
developed truncations that occur between the different
generations of S, (see Bell & Johnson 1989, for a detailed
discussion of these truncations). A fifth, weakly-
developed foliation significantly oblique to the vertical
and horizontal appears in the matrix, and is interpreted
to be a product of foliation reactivation (Johnson 1990).
Late-stage porphyroblasts occasionally overgrow this
foliation resulting in geometry (3) discussed above (Figs.
4b & d).

Figure 5(a) shows the deformation history preserved
at location 315 (see Fig. 2}. The microstructural history
was determined for each of the locations in Fig, 2 from
progressively developed porphyroblast and matrix
microstructures. Fig. 6 shows these histories, looking
northwest along the length of the Otago belt, for those
localities shown in Fig. 2. Wheras most areas show
development of at least three separate, near-orthogonal
foliations, several locations show more. The maximum
number of overprinting foliations preserved at any loca-
tion was six (locations 71 and 265, Fig. 6). 55 in these
samples corresponds to the last pervasive foliation pres-
ent at the meso scale. In many cases, this foliation is flat-
lving, and is used here as a marker for correlating
deformation histories from location to location. The
foliations in Fig. 6 were numbered inward from this
easily recognizable, pervasive §..

For most of the locations in Fig. 2, the total histories
shown in Fig. 6 can be found in numerous individual
porphyroblasts (e.g. Fig. 5a). At other locations this
history was pieced together from various growth stages
of albite porphyroblasts preserving different parts of the
deformation history. In several samples, conflicting
asymmetries were present for the same overprinting
event; however, in all cases one assymmetry was clearly
dominant over the other, and this dominant asymmetry
was the one chosen as representing the asymmetry of the
sample as a whole during that overprinting event.

Late kink-folds and crenulations are present in some
samples, but are not included in Fig. 6. These structures
clearly post-date -5, but their relative timing was not
determinable because overprinting relationships be-
tween the two were never observed. The relative timing
of these two structures was determined mesoscopically
by Craw (1985), and will be discussed later. These Kinks
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and crenulations, based on the relative timing deter-
mined by Craw (1985), are labelied F; and Fy, respect-
ively.

Foliation overpriniing mechanisms

Foliation overprinting in the Otago schists is most
commonly accommodated in two ways. The first in-
volves crenulation cleavage formation (Bell & Rube-
nach 1983). The second involves reactivation, with
associated rotation and decrenulation (e.g. Fig. 4b)
{Bell 1986). This generally occurs when the overprinted
foliation is a crenulation cleavage no further than stage 3
or 4 of crenulation cleavage development (Bell & Rube-
nach 1983}

These overprinting mechanisms commonly invelved a
degree of progressive rotation of the foliation, and
nucleation of a crenulation-type geometry around
heterogeneities such as porphyroblasts. If further
growth of the porphyroblast occurs, the overprinting
asymmetry of the crenulation-type geometry may be
preserved as §; (see fig. 20 in Bell & Johnson 1989).

The reliability of foliation orientations in low-strain
zones and perphyrobiasts is relatively high, and it is
suggested that orientations oblique to these are com-
monly a product of foliation reactivation andfor rotation
during progressive deformation (e.g. Platt 1983, 1984,
Bell 1986, Behrmann 1987, Bell & Johnson unpublished
data).

Determining the strike of steep inclusion traiis

Where §; geometries were simple and steeply dipping,
their strike was easily measured in horizontal thin sec-
tions. Where simple §; were gently dipping, but had
curvature at the margins of the porphyroblast, the
strike, at time of formation, of the overprinting steep 5,
was determined as follows. Differently oriented vertical
thin sections were cut until a complete asymmetry
change was observed (compare the asymmetry of faces 1
and 2 with face 3, Fig. 7a). A line was drawn bisecting
the obtuse angle between the two nearest cut-faces
showing this asymmetry change (faces 2 and 3, Fig. 7a).
The direction perpendicular to this line closely approxi-
mates the strike of the steep §, that overprinted the
shallow §; in the porphyroblast.

Where §; geometries were complex, numerous thin
sections were cut until a consistent reversal in the asym-
metry of overprinting §; was observed. It is important
that when asymmetry change was achieved, it was com-
plete for all porphyroblasts in a given thin section.
Again, a perpendicular line to the bisector of these two
faces represents the approximate strike of steep S; (Fig.
7b}. This technique was rarely used, because porphyro-
blasts with relatively simple irails were generally pres-
ent.

After the approximate strike was obtained using this
method, horizontal thin sections were examined. In
samples where steep S; were present in porphyroblasts,
well-defined 5, were present in horizontal sections, and
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Fig. 6. Schematic diagrams showing the total preserved microstructural history of foliation formation for those locations

shown in Fig. 2. Where an ‘R’ appears after a foliation number, this signifies an oblique foliation formed by rotation or re-

activation, possibly during a final, incompletely developed overprinting event. For clearer understanding, compare the
diagram from location 315 with the albite porphyroblast from location 315 shown in Fig. 5(a).

were oriented subparallel to the previously determined
approximate strike direction (Fig. 7b). In samples where
only gently dipping S; trails were present in porphyro-
blasts, well-defined §; were seldom seen in these hori-
zontal thin sections because the plane of the section was
subparallel to the S; surface. However, where inclusion
trails were observed, they were consistently oriented
approximately perpendicular to the strike direction de-
termined for the steep trails (Fig. 7a). Because the
intersection lineation of two nearly coincident planes is
subject to marked variation with small variation in plane
arientations, these consistently-oriented, but poorly-
developed inclusions are interpreted as mineral
elongation lineations on the shallow §; surfaces, rather

than the intersection of the §; surface with the thin
section.

In porphyroblasts with overprinting §;, gently dipping
§; trails were seldom seen in horizontal thin sections.
Where they were present, they were consistently
oriented approximately perpendicular to the steep S;
and in this case were interpreted as either (1) a mineral
elongation lineation on shallow §;, or (2) intersection of
the gently dipping §; with the horizontal thin section
surface, at a moderate to high angle, because the devel-
oping gently dipping foliation wrapped around a pre-
existing porphyroblast core before the next porphyro-
blast growth-stage preserved the foliation as ;.

Using these techniques, numerous measurements
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were made of the strike of steep 5; and steep S, adjacent
to porphyrobiasts with shallow §;, in horizontal thin
sections, and these measurements were compiled into
rose diagrams (Fig. 8). From these rose diagrams, it is
clear that there are three orientation-domains within the
study area. For convenience, these domains will be
referred to as the NW, central and SE domains (see Fig.
2). 8;in the NW domain are simple and generally poorly
developed. Therefore, little information was obtained
about their development other than the strike of steep S,

Fig. 7. {a) Block diagram showing inclusion-trai| geometries on four

different faces of a rock containing porphyroblasts with gently-dipping

trails. Faces 1, 2 and 3 dre vertical, and face 4 is horizontal. See text for

discussion. (b) Block diagram showing inclusion-trail geometries on

four different faces of a rock containing porphyroblasts with variable

numbers of steep and gently dipping trails. Faces I, 2 and 3 are vertical,
and face 4 is horizontal. See text for discussion.
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in two specimens {Fig. 8). From the central domain,
many specimens contained porphyroblasts with well-
developed §; that, in most cases, provide asymmetry
information about three or more foliations. From the SE
domain, three specimens contained useful microstruc-
tural information. The consistency of strike in each
domain suggests both lack of porphyroblast rotation
(Johnson 1990) and that the orientation in each domain
indicates the regional trend of the belt at the time the
measured steep foliations (generally 55) formed, as
discussed later.

Two further observations can be made from Fig. 7 that
are critical to understanding the three-dimensional
geometry of inclusion trails. These observations are also
critical to understanding the geometric development of
the schist belt, and will be discussed later in this context.

(1) Complete asymmetry changes between nearly
parallel cut faces, where several sets of alternating,
nearly orthogonal §; were present, means that fold axes
associated with steep and gently dipping 5; were consist-
ently oriented from overprinting event to overprinting
event. Both sets of fold axes were subparallel to the
strike of steep S; at the time of porphyroblast growth
(Fig. 8). This was only verified in the central domain,
where several locations contained porphyroblasts with
well-developed overprinting 5.

(2) Complete asymmetry changes were occasionally
observed from porphyroblast to porphyroblast in a
single horizontal thin section, where porphyroblasts
contained several overprinting S;. This indicates that the
fold axes associated with the steep and gentle dipping S;
were gently double-plunging. or anastomosing, around
the horizontal at the time of porphyroblast growth.

MESOSTRUCTURAL ANALYSIS

Meso scale structures in the Otago schists also show
the results of multiple foliation overprinting. As with the
matrix microstructures, less structural history is pre-
served compared to that in the porphyroblasts, due to
the effects of foliation overprinting during progressive

~ deformation.

At the outcrop scale, foliation orientations are vari-
able, and generally oblique to the steep and gentle dips
found in porphyroblasts. Some areas of the belt have a
well-developed, flat-lying foliation, others have a weli-
developed, steeply-dipping foliation, and still others
have complex orientations and relationships. These
different orientations are commonly exposed in close
proximity to one another making structural interpre-
tation and correlation difficult.

Because of the problem this presents for structural
geologists working in the field, it is necessary to look for
key outcrops that preserve several overprinting folia-
tions and their orentations. One very useful criteria in
the Otago schists is the occasional occurrence of ‘refrac-
ted’ foliations (Fig. 5¢). Figure 5(c) preserves the orien-
tations, asymmetries and timing relationships of three
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Fig. 8. Rose diagrams showing the strike of steep inclusion trails measured from horizontal thin sections. For each rose
diagram, the mean vectoris given at the upper left, the location number at the lower left, the number of measurements at the
bottom ¢enter and the value of the largest petal at the lower right. Petals are in 10° increments.

separate foliations. 54 corresponds to the main gently
dipping foliation present throughout this area of the
Otago schists. Note that even though 55 has rotated
completely into §¢ at the margins of the quartz-rich
layer, it has a steep orientation within parts of the layer.
In the well-foliated rocks surrounding these layers, there
is little evidence for the two previously-formed folia-
tions. At the micro scale, an early foliation (S,) is
present that pre-dates 54, and overprinting criteria con-
firm the relative timing of §5 and S;.

Pillow lavas may also provide the competency con-
trast required to preserve earlier structures. Craw (1985)
described pillow lavas on Mount Avalanche as preserv-
ing ‘F’ folds from the effects of later deformation.

Locally-developed, angular kink-folds that overprint
Sgwere observed at the outcrop scale, and are correlated
with F; kink-folds observed in thin sections. These
kink-folds do not generally have an axial plane cleavage
in central and northwestern Otago, and are commonly
found associated with thrust faults.
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Table 1. Correlation table showing how the structures recognized in this study correlate with those found in other
structural studies of the Otago schists. Structures $;~5; of this study have no correlative counterparts

Regions of previous structural studies*®

This study Aspiring Caples Hawea Cromwell Haast East Otage Copland
5-5;
5, Dy F F, Fy
‘7 £
5, D, Fs F, Fs
£
3., D, F Fy F, F3 D,
Kink-folds (F;) Dy Fy F, £y F D,
Crenulation (F3) Ds Fs Fy
F.

]

*The following covered the listed areas: Craw (1985)—Aspiring; Bishop er al. (1976)——Caples; Norris & Cooper
(1977}—Hawea; Turnbull (1981)}—Cromwell; Cooper (1974)—Haast; Brown (1968)—East Otago; Findlay

(1987)—Copland.

CORRELATION WITH PREVIOUS STRUCTURAL
STUDIES

Six penetrative foliation-forming events are recog-
nized in the Otago schists, based on microstructural
study. 54, 53 and 8§ formed with steep dips; and 53, 5,
and §, formed with gentle dips. At least two semi-ductile
fold generations, F; and Fy, followed these penetrative
deformations. Most of the porphyroblastic rocks used in
this study were coilected within the Aspiring Terrane in
northwest Otago, which was mapped by Craw (1981,
1985).

Craw recognized five phases (D~Ds) of deformation
in the Aspiring Terrane (Table 1). D-D; were con-
sidered syn-metamorphic, followed by post-
metamorphic, non-pervasive D, and Ds. Ds was charac-
terized by conjugate concentric crenulations and broad
warps of the main pervasive foliation. The F; folds were
generally found in phyllosilicate-rich layers only, and
correlate with late crenulations observed in this study
that have the same characteristics. These structures
were only locally developed, and no measurements were
made of their orientation though they were always
observed to be upright with shallow axes, as shown by
Craw (1983, fig. 17). Craw’s D, correlates directly with
the F; kink-folds of this study.

Craw correlated his Dy nappe-forming phase with late
nappe-forming phases throughout Ctago (Table 1).
These Dj structures have been gently folded by bread
D, folds, and were generally flat-lying prior to D,. They
correlate with S, of this study, which was the last
pervasive foliation observed at both the micro and meso
scales.

Assuming Craw’s overprinting relationships were cor-
rectly determined, his D, and D, structures may be
directly, though not uniquely, correlatable with 5, and
§s, respectively, of this study. Craw’s D, and I, struc-
tures are both fiat-lying, and associated fold axes were
assumed by Craw to be parallel to the F; fold axes
(though D, fold axes are indeterminable). If the corre-
lation between Craw’s D, and S; of this study is correct,
then Craw’s 5> would have originally been steeply-
dipping, having been rotated to a flat-lying orientation
by the effects of D,

Findlay (1987) argued that his Dy structures in the
Copland and Cook River Valleys in the south-central
Alpine schists were directly correlateable with Fj struc-
tures in the Haast area, and therefore the D, structures
of Craw (Table 1). The D; deformation in the Copland-
Cook River area was markedly heterogeneous, with
zones of intensely developed, steeply-dipping §; (Par-
inga domains) anastomosing around variably-sized, less
deformed pods (Landsborough domains) containing D5
and older structures. In these pod-like areas of less-
intense D, deformation, there are apparently large areas
of flat-lying S, that have been folded to varying degrees
around steep F axial surfaces (fig. 14 in Findlay 1987).

If the above correlations are correct, then D; and D5
in the Copland-Cook River area correlates with 5, and
F,, respectively, of this study. Findlay (1987) argued
that I; is progressively more intensely developed as the
Alpine Fault is approached, where its effects dominate
the outcrop. However, this was not observed in the
Haast Pass area during this study,

Findlay argued that this structural generation post-
dated the Rangitata orogeny, and was associated with
shortening against the Alpine Fault. He suggested that
the difference in development of D, between the Haast
area and the Copland area may be because the Alpine
Fault dips more steeply in the Copland area (see Allis
1981), causing tighter folding and steeply-dipping zones
of high strain {Paringa domains) as a result of shortening
against the fault,

MACROSTRUCTURAL ANALYSIS AND
REGIONAL TRENDS

Figures 9(a) & (b) are maps of the most prominent
foliations and lineations, respectively, in the Otago
schists. These {oliations and lineations are generally not
correlatable from location to location, but several re-
gional trends and relationships are immediately appar-
ent, and where appropriate, will be discussed in more
detail later.

(1) The prominent foliation-bedding surface
throughout most of the central and southeast parts of the
belt is gently dipping, steepening locally as the margins
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are approached, where it is generally subparallel to the
margins. This has been recognized since the turn of the
century (see Wood 1963), and has since been incorpor-
ated into several structural interpretations (e.g. Wood
1963, 1978).

(2) Where the prominent foliation surface has a
moderate to steep dip, its strike is commonly subparallel
to the overall trend of the schist belt, except where the
steep dip is caused by young faults oblique to this overall
trend.

(3) Textural and lithologic contacts, and metamor-
phic isograds bordering the southwest side of the belt are
parallel to the Livingstone Fault for most of its length,
but are progressively truncated by the fault at its north-
ern end (Wood 1962, Mutch & McKellar 1964}, The
Livingstone Fault is in turn cut by the Alpine Fault,
which also truncates textural zones and metamorphic
isograds (Mutch & McKellar 1964). This indicates post-
metamorphic activity of these faults, and suggests sig-
nificantly more displacement at the northern end of the
Livingstone Fault, relative to the southern and central
parts, possibly in conjunction with movement along the
Alpine Fault.

{4) Foliations become parallel to the Livingstone
Fault where it truncates textural and lithologic contacts,
and to the Alpine Fault where it cuts the Livingstone
Fault, suggesting relatively ductile deformation associ-
ated with movement along these faults.

{5) There are several domains within which lineation
orientations are consistent. In the southeast part of the
schist belt, the dominant trend is NNW-SSE. In the
central schists there are three main orientation domains:
N-S, NE-SW and E-W. In the northern schists the
lineations are generally NE~SW, subparallel to the
Alpine Fault at many locations.

APPLICATION OF AN OROGENIC MODEL
Introduction

The deformation history preserved in the Otago
schists, based on my interpretations of micro- and meso-
structural relationships, indicates cyclic formation of
steeply and gently dipping foliations. As discussed by
Bell & Johnson (1989), the preservation of alternating
steeply and gently dipping foliations in orogenic belts
may indicate alternating cycles of horizontal and vertical
shortening during orogenesis,

Bell & Johnson {1989) proposed an orogenic model
that involves a repeated two-stage cycle (figs. 24 & 25 in
Bell & Johnson 1989). The first stage involves crustal-
lithospheric shortening and thickening associated with
the formation of a steep foliation. It is followed by the
second stage involving gravitational collapse and thin-
ning of the crust-lithosphere associated with the devel-
opment of a gently dipping foliation. During the first
stage, folds form about the steep axial plane foliation,
and macroscopic fold vergence changes at the uplift core
of the orogen. When uplift reaches a critical level,
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gravitational forces exceed rock strength and the
uplifted pile collapses upon itself. During the collapse
stage, gravity sliding and gliding occur at shallow crustal
levels, whereas gravity spreading occurs at deeper
levels.

Testing the applicability of the Bell & Johnson (1989)
model

The applicability of the Bell & Johnson model to the
Otago schists can be tested by comparing the geometries
observed in the schist belt with those predicted by the
model. The Bell & Johnson model was designed to
accommodate alternately overprinting steeply and
gently dipping foliations, and is therefore consistent
with these observations from the Otago schists.

The model predicts that an orogen will have some
degree of structural symmetry. Such structural sym-
metry is present in many orogens (see Bell & Johnson
1989), even where geometric symmetry has not been
suggested in published cross-sections. In the Otago
schists, the asymmetry relationships of overprinting
steep S; shown in Fig. 6, from the localities shown in Fig.
2, consistently indicate a central orogenic core, across
which the asymmetry of steep S; changes (Fig. 10). This
suggests that the schist belt has a degree of structural
symmetry. This orogenic core corresponds with the core
of the Aspiring Terrane in a recently published geologi-
cal map of northwest Otago (Fig. 10} (fig. 2 in Norris &
Craw 1987}, and with locations of concentrically zoned
ultramafic pods (Cooper 1976). It also corresponds with
the metamorphic core of the schist belt, as indicated by
localities containing biotite (fig. 5 in Means 1963) and
almandine-rich garnet (Brown 1963).

The model predicts the occurrence of thrusts on either
side of the orogenic core that displace material outwards
from the core, with the development of one or more
major detachment surfaces. The Otagc schists are
bounded on the south and southwest by the Caples
Terrane, the Dun Mountain Ophiolite and Livingstone
Terrane, and the Maitai Terrane and the Murihiku
Terrane. The contacts berween most of these terranes
dip to the east and northeast, are probably tectonic (e.g.
Coombs et al. 1976} and are here interpreted as marking
the locations of thrust faults.

Major faults have been mapped on the east—northeast
side of the schist belt that parallel the belt (Mutch, 1963,
Gair, 1967). In many cases these faults are very steeply
dipping to vertical, commonly change their dip direction
along strike and have associated offsets characteristic of
both normal and reverse faults (Bishop 1974, Yeats
1987). It is unclear whether or not any of these faults
could have been SW-dipping thrust faults during the
Rangitata Orogeny.

Bishop (1974) argued that some of the faults in the
Dansey Pass area were major, NE-dipping normal faults
in the Cretaceous, with large, vertical displacements up
to 5 km. The fact that their orientations closely follow
the curvature of the schist boundary strongly suggests a
genetic link between these faults and the development of
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the schist belt. Their locations and offsets are consistent
with them acting to extend the orogen during collapse
stages of orogenesis.

The model predicts that in a collapse stage, gently
dipping foliations will develop, and extensional high-
strain zones associated with gravity spreading will occur
on either side of the orogen core, with a top-to-the-core
sense of displacement (Fig. 11). These predicted struc-
tures are mappable in NW Otago where the Aspiring
Terrane is in contact with the surrounding schists (Fig.
10), and were interpreted by Norris & Craw (1987) as
thrusts. The same structures are probably present in SE
Otago and outboard of the Aspiring Terrane contacts,
but the lack of rock-type variation in the majority of the
Otago schists makes it difficult to detect them.

The model predicts that the axes of folds forming early
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during both the uplift and the collapse stages should
generally be subparallel to one another and oriented
subparallel to the length of the belt. This prediction has
been confirmed in porphyroblasts (Fig. 7 and associated
discussion), where the orientations of these structures
are preserved relatively early during their formation.
Upright folds formed during an uplift stage will be
refolded about gently dipping axial planes during the
following collapse stage (figs 24 and 25 in Bell & Johnson
1989). The axes of these recumbent folds should initially
be parallel to the length of the belt, but as deformation
progresses they will be differentially rotated into the
stretching direction associated with gravity spreading
{see vergence boundaries, fig. 20 in Wood 1963, and
discussion of these boundaries in Wood 1978, fold axes,
fig. 1 in Turnbull 1981, nappe rotation in Craw 1985).

TASMAN SEA
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SHOWING DIRECTION TO QROGEN CORE

Fig. 10. Detail of area shown in Fig. 1 showing specific structural features predicted by the Bell & Johnson (1989) model of
orogencsis. See Fig. 2 for details of geology and parphyroblastic sample location numbers. See text for discussion. Location
of Aspiring Terrane rocks and high strain zones from Norris & Craw (1987).
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The model predicts that stretching lineations should
form at a high angle to the belt during a collapse stage,
and down dip during an uplift stage. At the macro scale,
lineations in the schists are variable, and the nature and
origin of those shown in Fig. 3(b) are largely uncertain,
having been measured by several different workers over
past years. Assuming these lineations are, for the most
part, stretching lineations, a simplistic analysis of their
orientations can be made. Any serious analysis would
require knowledge of the nature and origin of the
lineations, and an attempt to restore them to their
orientations prior to any post-Rangitata folding.

Though there are numerous complications and
heterogeneities, the overall pattern of lineations from
the east coast to the central part of the Aspiring Terrane
is roughly fan-shaped (Figs. 9b and 10), with most
oriented at a moderate to high angle to the local bound-
arics of the schist belt. In the eastern part of the belt,
lineations are dominantly N- and NW-oriented.
Towards the Aspiring Terrane, they progressively swing
around to an E-W ortentation. This lineation fan may be
related to the movement direction during gravitational
collapse, and would therefore be consistent with a col-
lapse stage of the Bell & Johnson (1989) model. Immedi-
ately north of the main occurrence of the Aspiring
terrane, lineations swing into N and NE orientations,
presumably due to deformation associated with the
Alpine Fault.

At the micro scale, lineations (stretching lineations,
Fig. 7) observed on shallow §; in horizontal thin sections
lie generally at a high angle to the strike of steep §;. and
therefore the length of the belt. Many vertical thin
sections were cut parallel to the strike of steep §; in
several samples in an attempt to identify stretching
lineations on these ;. As with shatlow §; in horizontal
thin sections, S§; in these thin sections were rarely well
developed. Where inclusions were abserved, they were
generally steep, or down-dip, as predicted by the model.

If the stretching direction is down-dip during an uplift
stage, upright folds formed during this stage may have
their axes rotated into the down-dip stretching direction
where the deformation was intense. This may explain

.,..—0.‘_

Fig. 11. Three-dimensional sketch showing cross-scction of an orogen

during a collapse stage, after significant erosion. and the surface

expression of extensional high-strain zones (ticks) and thrust faults

{barbs). The extensional high-strain zones are located along the long

limbs of recumbent, nappe-like folds that were actively accommodat-
ing shearing strain during the collapse stage.

S. E. JoHNSsON

the occurrence of steeply plunging, reclining folds in the
Wanaka-Hawea area, the axial plunges of which change
along trend such that they resemble “canoe prow
shapes” (Wood 1978).

Tracking rock paths through the orogen

Rock paths can potentially be determined using the
asymmetries of overprinting §; in porphyroblasts. In the
Bell & Johnson model, asymmetries associated with the
long limbs of folds will occur more commonly than those
associated with the short limbs of folds, because long
limbs are expected to dominate any sufficiently large
volume of rock during folding. When long-limb asym-
metries are considered, the Bell & Johnson model can
be divided into four general asymmetry quadrants ( Fig.
12). During any orogenic uplift stage, long-limb asym-
metries in the two left quadrants will indicate a sinistral
sense of displacement, with a dextral sense for the two
right side quadrants (Fig. 12a). During any collapse
stage, long-limb asymmetries in the upper-left and
lower-right quadrants will have a dextral sense of dis-
placement, and vice versa for the upper-right and lower-
left quadrants (Fig. 12b).

Porphyroblast §, asymmetries should generalty reflect
the quadrant in which a particular §; was preserved. For
example, the path of the porphyroblast shown in Fig.
3(a), provided it represents the dominant long-limb
asymmetries for that part of the beit, can be tracked as
follows. It has an early steep §,, followed by gently
dipping S, and then steep S5, both with sinistral
usymmtry, followed finally by §; with dextral asym-
metry. Using the asymmetry of S;, the porphyroblast is
assumed to lie to the southwest of the active uplift core
(the photomicrograph is taken looking northwest). §,
and S¢ have opposite asymmetries, which can be inter-
preted as meaning that, during the uplift stage when 5;
formed, the porphyroblast crossed from the lower-left
quadrant,

Fig. 12. {a) Schematic diagram showing the bulk sense of displace-

ment expected during an uplift stage of orogenesis. {b) Schematic

diagram showing the bulk sense of displacement expected during a
collapse stage of orogenesis,
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Fig. 13. Cross-sections along lines A-B. C-D and E-F in Fig. 10. Section A-B is based on data from this study, Mutch
(1963) and Wood (1966). Sections C-D and E-F are modified after Norris & Craw (1987).

where §, formed, to the upper-left quadrant, where S
formed (cf. Fig. 12).

Thus, the porphyroblast can be interpreted as migrat-
ing upward through the left, or southwest, side of the
orogen with time. The sense of displacement associated
with the last stage of porphyroblast inclusion trails (Sg) is
correlatable with movement along the major high-strain
zones that bound the Aspiring Terrane (cf. Figs. 5a, 10
and 13).

In orogens where detailed P-T information can be
obtained, detailed P-T-t deformation paths could be
determined. Because of the complex interaction of
thrusting, spreading and folding during such a progress-
ive orogeny, these paths are expected to be complex,
commonly discontinuous, and partially dependent on
starting position within the orogen.

Discussion

An orogenic belt is a complex system formed by a
large number of hierarchical processes, many of which
are poorly understood. No orogenic model can, there-
fore, be expected to completely account for all of the
processes and geometrical complexities. However, from
the above discussions it appears that, geometrically and
kinematically, the orogenic model proposed by Bell &
Johnson (1989) successfully accounts for the observed
micro-, meso- and macroscopic geometries and geologi-
cal relationships in the Otago schists.

This is not the only model that can accommodate both
compression and extension; for example, those based on
critical shape theory can as well {e.g. Platt 1986, 1987,
Jamieson & Beaumont 1988). However, the Bell &
Johnson model provides more detailed predictions
about specific geometric, kinematic and geological re-
lationships.

The model can be described using critical shape

5§ 12:6-N

theory, but this description would require two wedges of
variable relative size, depending on the degree of struc-
tural symmetry of the orogen, rather than one backed by
a rigid buttress (8. E. Johnson unpublished data).
Single-wedge models backed by a rigid buttress are not
compatible with the large degree of structural symmetry
commonly found in orogens, regardless of the scale at
which that symmetry is observed {see Bell & Johnson
1989). Using critical shape theory would also require the
limiting assumption that the orogen has a bulk rheology.

In terms of the Bell & Johnson model. the Otago
schists appear to preserve a collapse stage of orogenic
development. Figure 13 is a highly generalized, interpre-
tive cross-section through the Otago schists (Fig. 10),
during the Rangitata Orogeny, showing what the orogen
may have looked like during a collapse stage.

The lower boundary of the diagram is a basal detach-
ment surface, below which is crust (not shown) that is
not involved in deformation during the collapse stage
(Bell & Johnson 1989). Strain taken up along this
detachment at depth is distributed into several thrusts as
the orogen margins are approached. Note that the
extent of this basal detachment to the North is unclear,
and that it could potentially penetrate well into the
Torlesse Terrane (Figs. 2 and 10). Individual terranes do
not necessarily extend to the depths shown on this
diagram, nor are they expected to retain the distinct
characteristics used to define them at the surface.

Two groups of faults are shown at the northern end of
the cross-section. The first are the NE-dipping, high-
angle normal faults mapped by Bishop (1974) in the
Dansey Pass area. These normal faults are interpreted as
a zone of gravity sliding or gliding above a zone of
gravity spreading, and may or may not sole onto a
detachment at depth, as shown in the cross-section.

The second group of faults are SW-dipping thrust
faults. These thrust faults are not documented in the
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published literature, and, if they exist, as predicted by
the model, they may be completely overlain by zones of
gravity sliding and gliding.

The detailed sections C-D and E-F.(Fig. 10} shown in
Fig. 13 are modified from Norris & Craw (1987), who
interpreted them as thrusts, and illustrate extensional
high-strain zones shown in Figs. 10 and 11. These sec-
tions are projected onto section A-B to illustrate their
positions relative to the orogen core.

During a collapse stage these extensional high-strain
zones should be flat-lying near the core, but they may be
bent up near the thrusts on the lateral extremes of the
orogen (Figs. 11 and 13), where they may be mistaken as
thrust faults. During an uplift stage, or, in the case of the

S. E. JounsoN

Otago schists, during post-Rangitata folding, these
zones will be folded into various orientations (e.g.
Norris & Craw 1987).

RANGITATA RECONSTRUCTION, AND EFFECTS
OF LATE-CENOQZOIC DEFORMATION AND
ASSOCIATED ALPINE FAULT MOVEMENT ON
THE OTAGO SCHISTS

Figure 14 shows a proposed reconstruction of New
Zealand basement terranes, including the Haast Schist
Terrane, during the early Tertiary (modified from Brad-
shaw et al. 1980 and Kamp 1987). Much of the arcuate

trails in Haast Schist tn

it ]
Waipspa in
]

el atrike of subvertical inclusion

Eak Head 5. tn

Pahau ». In

Rakaia 3. tn

Haast Schist tn

Caples tn
Dun Mtn |

Mataj tn |
angd
Murihiku tn |

Brook Street tn |

Prleozoic foraland

Fig. 14. Late Cretaccous—carly Tertiary reconstruction of Permian-Jurassic terranes of the Rangitata Orogeny. The shape
of the Haast Schist Terrane is based on the strike of steep §; in porphyroblasts. Modified from Bradshaw er af. (1980) and
Karmp {1987).
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shape of basement terranes in the southern South
Island, therefore, may have formed prior to the early
Tertiary, possibly as a resuit of late Triassic subduction
collision of a wedge-shaped Rakaia subterrane with the
pre-existing arc to trench assemblage of the Brook
Street through Caples Terranes (e.g. Coombs et al.
1976, Kamp 1987). As discussed by Kamp (1987), the
coincidence of the distribution of the Rakaia and Haast
Schist Terranes with the portion of the arc that is
concave to the east, strongly suggests a genetic link
between accretion of the Rakaia subterrane, formation
of the schist belt and formation of the arc. This arc must
have significantly tightened in the Cenozoic, as a result
of Alpine Fault-related deformation (e.g. Norris 1979,
Walcott 1979, Norris & Carter 1982).

The average strikes of steep S, in the NW, central and
SE domains (cf. Fig. 8) shown on Fig. 14 are compatible
with the shape of the Haast Schist Terrane in the
reconstruction. Because most of the §; and §, measured
to generate Fig. 8 were the late S; foliation (e.g. Fig. 3a),
it appears that the arc existed at the time S5 formed. The
strike of earlier steep §; (S; and possibly S;) could only
be determined in the central domain, where they had the
same strike in horizontal thin sections (see¢ Fig. 7b). The
central domain is therefore interpreted to have had
approximately the same trend throughout much of the
Rangitata orogeny. This may have occurred because the
central domain lay at the apex of the arc (Fig. 14).

In the Otago schists, the effects of post-Rangitata
deformation are largely reflected by the imprint of
generally NE structural trends upon N-§ trends formed
during the Rangitata Orogeny. The effects range from
negligible deformation in the far southeast, to steep
folding and major uplift and faulting in the Alpine
schists, associated with Alpine Fault movement (e.g.
Cooper 1974, Findlay 1987).

As discussed earlier, F; of this study, which is corre-
lated with F, of Craw (1985), F; of Cooper (1974) and F;
of Findlay (1987} (see Table 1), appears to be a late
Cenozoic, Alpine Fault-related structure. F; of Cooper
(1984) has recently been dated as late Oligocene—early
Miocene (Cooper et al. 1987) using lamprophyre dikes,
by arguing that F; folds and the dated dikes formed
simultaneously during wrenching related to the incep-
tion of the Alpine Fault. Craw (1985) and Findlay (1987)
argued for a mid-Tertiary age for their structures, and
Findlay suggested they were related to shortening defor-
mation along the Alpine Fault.

CONCLUSIONS

(1) The development of up to six penetrative folia-
tions in the Otago schists was determined from detailed
microstructural analysis. 5, and §, were found only as
inclusion trails in porphyroblasts. §;, S; and 55 formed
with steep dips, and §;, §, and S formed with gentle
dips. At the apex of the arcuate shape outlined by
basement terranes in the South Island, fold axes associ-
ated with §-S¢, at the time of porphyroblast growth,
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were probably subparallel to one another, striking NW
and gently plunging.

(2) Development of these six penectrative foliations
was followed by two folding events (F5, Fg) that, in the
Otago schists, were commonly semi-brittle, and are
interpreted as post-metamorphic. F7 structures are cor-
related with intensely developed structures in the
southern and south-central Alpine schists. These struc-
tures are considered to have formed during late Ceno-
zoic, Alpine Fault-related deformation.

(3) Observed structural and geological relationships
at all scales within the Otago schists are reasonably
compatible with the orogenic model proposed by Bell &
Johnson (1989). An orogenic uplift core predicted by the
model is defined by the asymmetry of foliations trapped
in porphyroblasts. This core coincides with the Aspiring
Terrane in NW QOtago, which is most readily interpreted
as an oceanic suite of lithologies (e.p. Norris & Craw
1987). The Otago schists appear to be in the collapse
stage of the Bell & Johnson (1989) model. This stage is
characterized by flat-lying foliations associated with
nappe development; high-strain zones along the limbs of
nappes, which appear to displace material towards the
core from either side of it; and gravity spreading-driven
thrusting on at least one margin of the orogen.

(4) The strike of S; in porphyroblasts measured from
horizontal thin sections is consistent with the arcuate
shape of the schist belt in late Cretaceous—early Ter-
tiary, pre-Alpine Fault reconstructions, suggesting that
the arcuate shape was well developed by the time of
porphyroblast growth.

Acknowledgemenis—The author gratefully acknowledges support
from an NSF Graduate Fellowship and James Cook University. Tim
Bell is thanked for his enthusiastic support and discussion over the
years. [ thank T. H. Bell, R. M. Carter, W. D. Means and M. 1.
Rubenach for constructively criticizing various drafts of this manu-
script. An anonymous reviewer is specially thanked for detailed,
helpful comments.

REFERENCES

Allis, R. G. 1981. Continental underthrusting beneath the Southern
Alps of New Zealand. Geology 9, 303-307.

Barry, J. M. 1966. Structural analysis in the middle Shotover Valley,
North West Otago. Unpublished, M.Sc. thesis, University of
Otago.

Behrmann, J. H. 1987. A precautionary note on shear bands as
kinematic indicators. J. Siruct. Geol. 9, 659-5666.

Bell, T. H. 1985, Deformation partitioning and porphyroblast rotation
in metamorphic rocks: a radical re-interpretation. J. metamorph.
Geol. 3, 109-118,

Bell, T. H. 1986. Foliation development and refraction in metamor-
phic rocks: reactivation of earlier foliations and decrenulation due
to shifting patterns of deformation partitioning. J. metamorph.
Geol. 4, 421444,

Bell, T. H. & Brothers, R. N. 1985. Development of P-T prograde and
P-retrograde/T-prograde isogradic surfaces during blueschist to
eclogite regional metamorphism in New Caledonia as indicated by
progressively developed porphyroblast microstructures. J. mera-
morph. Geol. 3, 59-78.

Bell, T. H., Fleming, P. D. & Rubenach, M. J. 1986. Porphyroblast
nucleation, growth and dissolution in regional metamorphic rocks as
a function of deformation partitioning during foliation develop-
ment. J. metamorph. Geol. 4, 37-67.

Bell, T. H. & Johnson, 5. E. 1989. Porphyroblast inclusion trails: the
key to orogenesis. J. metamorph, Geol. 7, 279-310.



746

Bell, T. H. & Rubenach, M. J. 1983. Sequential porphyroblast growth
and crenulation cleavage development during progressive defor-
mation. Teclonophysics 92, 171-194.

Benson, W. N. 1921. Recent advances in New Zealand gealogy. Rep.
Australas. Ass. Adv. Sci. 18, 45-133.

Bishop, D. G. 1974. Stratigraphic, structural and metamorphic re-
lationships in the Dansey Pass area, Otago, New Zealand. N.Z. J{
Geol. Geophys. 17, 301-335.

Bishop, D. G., Bradshaw, J. D., Landis, C. A. & Turnbull, F. M. 1976.
Lithostratigraphy and structure of the Caples terrane of the Hum-
boldt Mountains, New Zealand. N.Z. JI Geol. Geophys. 19, 827-
B48.

Bradshaw, J. B., Andrews, P. B, & Adams, C. 1. D. Carboniferous 1o
Cretaceous on the Pacific Margin of Gondwana: The Rangitaia Phase
of New Zealand. Gondwana Five (edited by Cresswell, M. M. &
Vella, P.}). A. A. Balkema, Rotterdam, 217-221.

Brown, E. H. 1963. The geology of the Mt Stoker area, eastern Otago:
Part }—metamorphic geology. N.Z. JI Geol. Geophys. 6 , 847-871.

Brown, E. H. 1968, Metamorphic structures in part of the eastern
Onago schists. N.Z. J{ Geol. Geophys. 11, 41-65.

Coombs, D. 8., Landis, C. A, Norris, R, J., Sinton, J. M., Borns, D,
J. & Craw, D. 1976. The Dun Mountain Ophiolite Belt, New
Zealand, its tectonic setting, constitution and origin, with special
reference to the southern portion. Am. J. Sei. 276, 561-603.

Cooper, A. F. 1970. Metamorphism, structure and post-metamorphic
intrusives of the Haast River area, South Westland, New Zealand.
Unpublished Ph.D. thesis, University of Otago.

Cooper. A. F. 1974, Multiple deformation and its relationship to
metamorphic crystallization at Haast River, South Westland, New
Zealand, N.Z. Ji Geol. Geophys. 17, 855880,

Cooper, A. F. 1976, Concentrically zoned ultramafic pods from the
Haast Schist zone, South lsland, New Zealand. N¥.Z. J Geol
Geophys. 19, 603-623.

Cooper, A, F., Batriero, B. A., Kimbrough, D. C. & Mattinson, J. M.
1987. Lamprophyre dike intrusions and the age of the Alpine Fault,
New Zealand. Geology 15, 941-944.

Craw, D. 1981. Lithology. structure and metamarphism in the Mount
Aspiring area, North-West Otago and a study of biotite in Otago.
Unpublished Ph.D. thesis, University of Otago.

Craw, D. 1984. Lithologic variations in Otago Schist, Mt. Aspiring
area, northwest Otago, New Zealand, N.Z. JI Geol. Geaphys. 27.
151-166.

Craw, D. 1985, Structure of schist in the Mt. Aspiring region, north-
western Otago, New Zealand. N.Z. J{ Geol. Geophys. 28, 55-75.
Findlay, R. H. 1987, Structure and interpretation of the Alpine schists
in Copland and Cook River valleys, South Island, New Zealand.

N.Z. Nl Geol. Geophys. 30, 117-138.

Fyson, W. K. 1980. Fold fabrics and emplacement of an Archean
granitoid pluton, Cleft Lake, Northwest Territories. Can. J. Earth
Ser. 17, 325-332,

Gair, H. §. 1967, Sheet 20, Mount Cook (1st ed.), Geological Map of
New Zealand, 1:250,000. Department of Scientific and Industrial
Research. Wellington, New Zealand,

Grindley, G. W. 1963. Structure of the alpine schists of South
Westland, Southern Alps, New Zealand. N.Z. JI Geol. Geophys. 6,
872-930.

Jamieson, R. A. & Beaumont, C. 1988. Orogeny and metamorphism:
amodel for deformation and pressure-temperature—time paths with
apptlications to the centrat and southern Appalachians. Tectonics 7,
417145,

Johnson, 8. E. 1990, Lack of porphyroblast rotation in the Otago
schists, New Zeatand: implications for crenulation cleavage devel-
opment, folding and deformation partitioning. J. metamorph. Geol.
§, 13-30.

Kamp, P. J. J. 1987. Age and origin of the New Zealand orocline in
relation to Alpine Fault Movement. J. Geol. Soc. Lond. 144, 641-
652,

Landis. C. A. & Coombs, D. 8. 1967. Metamorphic beits and orogen-
esis in southern Mew Zealand. Tectonophysics 4, 501-518.

Macpherson, E. O. 1946, An Qutline of Late Cretaceous and Tertiary
Diastrophism in New Zealand. New Zcaland Department of Scien-
tific and Industrial Research Geological Memoir 6.

5. E. Jounson

McKellar, I. C. 1966. Sheet 25, Dunedin (1st ed.), Geological Map of
New Zealand, 1:250,000. Department of Scientific and Industrial
Research, Wellington, New Zealand.

Means, W.D. 1963. Mesascopic structute and multiple deformation in
the Otago schist. §.Z. /I Geol. Geophys. 6, 801-816.

Means, W. D. 1966. A macroscopic recumbent fold in schist near
Alexandra, Central Otago. N.Z. JI Geol. Geophys. 9, 173194,

Mutch, A. R. 1963. Sheet 23, Oamaru (1st ed.), Geological Map of
New Zealand, 1:250.000. Depariment of Scientific and Industrial
Rescarch, Wellington, New Zealand,

Mutch, A. R. & McKellar, I. C. 1964. Sheet 19, Haast (Ist ed.),
Geological Map of New Zealand. 1:250,000. Department of Scien-
tific and Industrial Research, Weilington, New Zealand.

Norris, R. 1. 1979, A geometrical study of finite strain and bending in
the South Island. Bull. R. Soc. N.Z. 18, 21-28.

Norris, R. J. & Carter. R. M. 1982, Fault-bounded blocks and their
role in localising sedimentation and deformation adjacent to the
Alpine Fault, southern New Zealand. Tectonophysics 87, 11-23.

Morris, R. J. & Cooper. A. F. 1977. Structure and metamorphism of
the Haast Schist in the Kawarau Gorge and at Lake Hawea. Geol.
Soc. N.Z. Queensrown Conference Field Trip Guides, C1-Cl4.

Marrs, R. J. & Craw, D. 1987, Aspiring Terrane: an oceanic assem-
blage from Mew Zealand and its implications for terrane accretion in
the southwest Pacific. In: Terrane Accretion and Oragenic Belts
(edited by Leitch, E. C. & Scheibner, E.). Am. Geophys. Un,
Geodyn. Ser. 19, 169-178.

Platt. J. P. 1983. Progressive refolding in ductile shear zores. J. Struci.
Geol, 5, 619-622.

Piatt, J. P. 1984. Secondary cleavages in ductile shear zones. J. Strucr.
Geol. 6, 439-442.

Platt, I, P. 1986. Dynamics of oragenic wedges and the uplift of high-
pressure metamorphic rocks. Bull. geol. Soc. Am. 97, 1037-1053,
Platt, I. P. 1987. The uplift of high-pressure—low-temperature meta-

morphic rocks. Phil. Trans. R. Sec. Lond. A321. 87-103.

Powell, C. McA. & Vernon, R. H, 1979. Growth and rotation history
of garnet porphyroblasts with inclusion spirals in a Karakoram
schist. Tectonaphysics 54, 25-43.

Rosenfeld, }. L. 1968. Garnet rotations due to the major Paleozoic
deformations in Southeast Vermont. [n: Swudies of Appalachian
Geology (edited by Zen. E.-an er al.). Wiley Interscience, New
York, 185-202,

Schomeveld, C. 1977. A study of some typical inclusion patterns in
strongly paracrystalline rotated garnets. Tecronophysics 39, 453
471.

Steinhardt, C. K. 1988, Foliation development and deformational
history of the Adelaide Géosyncline based on microstructural and
field studies of porphyroblast bearing schists. Unpublished Ph.D.
thesis, James Cook University of North Queensland.

Steinhardt, C. K. 1989. Lack of porphyroblast ratation in non-co-
axially deformed schists from Petrel Cove, South Australia, and its
implications. Tectonophysics 158, 127-140,

Turnbull, 1. M. 1981. Contortions in the schists of the Cromwell
district, Central Otago, New Zealand. N.Z. JI Geol. Geophys. 24,
65-86.

Vernen, R. H. 1988, Sequential growth of cordierite and andalusite
porphyroblasts, Cooma Complex. Australia: microstructural evi-
dence of a prograde reaction. J. metamorph. Geol. 6. 255-270.

Walcott, R. 1. 1979. Plate motion and shear strain rates in the vicinity
of the Southern Alps. Bufl. R. Soc. N.Z. 18, 5-12.

Wood. B. L. 1962, Sheet 22, Wakatipu (Ist ed.), Geological Map of
New Zealand, 1:250.000. Department of Scientific and Industrial
Research. Wellington. New Zealand.

Wood, B. L. 1963. Structure of the Otago schists, &.Z. JI Geol.
Geophys. 6. 641680

Wood, B. L. 1966. Sheet 24, Invercargill (1st ed.), Geological Map of
New Zealand, 1:250.000. Department of Scientific and Industrial
Research. Wellington. New Zealand.

Wood, B. L. 1978. The Otago Schist megaculmination: its possible
origins and tectonic significance in the Rangitata Orogen of New
Zealand. Tectonophysics 47, 339-368.

Yeats, R. 5. 1987. Tectonic map of Central Otagoe based on Landsat
imagery. N.Z. JI Geol. Geophys, 30, 261.271.



