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Abstract

The highly deformed Permian and Mesozoic Torlesse Terrane forms much of the Southern Alps and the basement to
the east in the central South Island of New Zealand. It is made up of a succession of quartzofeldspathic sandstones
and siltstones deposited on oceanic crust and deformed into an accretionary prism at the active margin of the
Gondwana supercontinent. At least four major periods of deformation may have affected the Torlesse Terrane,
including deformation during subduction along the Gondwana margin, collision of the Torlesse and Caples
Terranes, extensional deformation during break-up from Gondwana, and transpressive deformation related to the
modem plate boundary through New Zealand. Structural work in the Mt Hutt Range at the Southern Alps range
front in Central Canterbury, South Island, was directed at detailed outcrop-scale observations in two well exposed
sections, to determine which episodes can be identified as leaving an imprint of pervasive deformation.
Morphological evidence of rheological states and geometric analysis of overprint relationships were the primary
data used in this analysis. Results suggest that virtually all deformation observed on outcrop scale can be most
readily attributed to the accretionary phase associated with subduction along Gondwana. Pervasive extensional
deformation occurred in the early stages of subduction, probably within underthrust sequences that were decoupled
from the compressional stress field in the overlying accretionary wedge and experienced strong gravitational
loading and fluid overpressures. Melanges developed locally at zones of high shear strain close to or within the
decollements. After the underthrust sequences were underplated to the accretionary wedge, they experience the same
compressional stress conditions as the frontally offscraped units, leading to pervasive outcrop-scale folding,
thrusting and back-tilting of bedding. Gravitational forces occasionally influenced the morphology of structures. A
second phase of folding and tilting of bedding acted oblique to the trench margin and is attributed either to collision
of the accretionary prism with topographic irregularities on the subducting plate, or to a change in convergence
vector. Subsequent tectonic events of collision and continental break up have not left any pervasive imprint of small
scale structures. The deformation history postdating accretion of Torlesse rocks to the Gondwana margin has largely
involved macroscale structures such as major faults and associated large folds, where strains on the outcrop scale are
accommodated only by pervasive fracturing of varying intensity and external rotation and translation. Thus,
attributing structures such as small scale folds, cleavage and evidence of high ductile strains to post-accretion events
needs strong supporting evidence of timing.
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Chapter 1: Introduction

1.1 Background of study
The highly deformed Permian and Mesozoic Torlesse Terrane forms much of the Southern Alps
and basement to the east in the central South Island and the axial ranges of the North Island of
New Zealand. It is made up of a succession of quartzofeldspathic sandstones and siltstones that
were probably deposited on oceanic crust and deformed into an accretionary prism at the active
margin of the Gondwana supercontinent. At least four periods of deformation may have affected
Torlesse rocks and have left an imprint on their structure:

1. deformation during subduction along the Gondwana margin;
2. collision of Torlesse Terrane with Caples Terrane;
3. extensional deformation during break-up from Gondwana;
4. transpressive deformation related to the modem plate boundary through New Zealand.

Understanding the deformation history of the Torlesse Terrane is important, since it played a key
role in the Mesozoic evolution of New Zealand. General mapping together with detailed
investigations of aspects of the geology of the Torlesse Terrane go back over many decades but
more recent stratigraphic, petrographic, geochemical and geochronological work has been
undertaken in the last two decades to cast light on the general provenance and the regional
depositional environment of Torlesse rocks. The complexity of structures has meant that
structural studies are scattered and still restricted in area, particularly in the older _Rakaia
Subterrane. The present study seeks to add to an understanding of the complex deformation
history of Torlesse rocks and to elucidate the degree to which different regional tectonic events
contributed to the final structural character of these rocks, when observed on the outcrop and
local scale.
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1.2 Aims of study
The aims of the study are:

• to characterize the observed structures in terms of style, texture, orientation and overprinting
relationships;
• to estimate the rheological conditions during the development of the different types of
structures;
• to determine the chronology of deformation by combining rheological and geometric
overprint information;
• to establish the tectonic setting in which the different types of structures developed by
integrating information about other ancient rocks of similar deformation style .and about
deformation processes recorded in similar modem tectonic settings;
• to correlate the structural evolution of the studied rocks with regional tectonic events in New
Zealand.

1.3 Methods
Fieldwork was conducted at Mt Hutt and Pudding Hill Stream Valley. Planar and linear
orientation data, such as the attitude of bedding, faults, fractures, fold limbs and fold hinges were
measured in the field with a geological compass. Photographic images were acquired in digital
form. Vein material was sampled for thin section analysis. The computer program Dips v. 5.103
from Rockscience Inc. was used to produce equal area, lower hemisphere stereographic
projections of planes and lines (stereoplots). Fold axes, axial planes and n-girdles were
determined graphically on the corresponding plots. Stereonetfor Windows v.1.1.6 by Richard W.
Allmendinger was used to rotate poles to planes. 2D topographic contour maps and 3D elevation
models of the study area were produced with Surfer v. 8. 04 and Grapher v. 4. 00 from Golden
Software Inc. Maps of folds and bedding were created with Autodesk Map. 3D models of
bedding and fold attitudes were drawn by hand. All images were processed with Carel Draw v.
11.633.
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1.4 Thesis organization
Chapter 2 is an introduction to the geological context of the present study. First, the geology

and tectonic evolution of New Zealand is briefly outlined. This is followed by a detailed account
of the present state of knowledge about the geographic extent, depositional environment,
provenance, and deformation history of the Torlesse Terrane.

Chapter 3 gives an overview of the geology in the study area, and includes a description of the

lithology, petrography, fossil content and metamorphic grade of the rocks.

Chapter 4 is a detailed description and illustration of all the structures observed in the study

area. This chapter is subdivided into two parts: the first part deals with faults and fractures and
the second part with folds. The structures are characterized by their geographic distribution,
texture, style and overprinting relationships, and interpreted in terms of the rheological
conditions under which they are thought to have formed.

Chapter 5 is concerned with the orientation of the structures. The distribution patterns of

bedding, folds and faults are presented separately in the form of maps and stereoplots, along with
possible interpretations of their significance. Several overall folding models derived from the
distribution patterns of fold axes are discussed and constrained with other structural boundary
conditions, to obtain a preferred model for the deformation history of the study area.

Chapter 6 begins with a summary of the structural evolution of the study are, integrating the

information acquired in Chapter 4 and Chapter 5. This is followed by a detailed discussion of the
tectonic environment inferred for the deformation of the rocks and an integration into a New
Zealand tectonic framework. This chapter is concluded with possible implications of the results
of this study for future work on Torlesse rocks.

Chapter 2: Overview of New Zealand geology and Torlesse Terrane
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Chapter 2: Overview of New Zealand
geology and Torlesse Terrane

2.1 Mesozoic basement of New Zealand
The Mesozoic basement geology of New Zealand is usually described in terms of terranes and
igneous suites (Fig. 2.1 ). The following descriptions and interpretations are based on summaries
given by Sutherland (1999), Mortimer (2004), and references therein, and have been mainly
defined in the South Island. Terranes are grouped into a Palaeozoic Western Province and a late
Palaeozoic-Mesozoic Eastern Province, separated by the largely plutonic Median Tectonic Zone.

The Western Province comprises two terranes. The Late Cambrian-Late Ordovician, quartzosemetasedimentary Buller Terrane was deposited at an active or passive continental margin. It
was intruded by the Devonian-Carboniferous and Cretaceous granitic Karamea-Paparoa
Batholiths and the Middle-Late Cretaceous granite-dominated Hohonu Batholith. The Takaka
Terrane, consisting of Cambrian volcanic and Ordovician-Devonian metasedimentary rocks, is

thought to represent an intra-oceanic island arc that was subsequently covered by passive margin
limestones and siliciclastic sediments.

The Median Tectonic Zone (MTZ) consists of Carboniferous to Early Cretaceous subductionrelated plutons, with subordinate volcanic and sedimentary rocks. Its western contact with the
Takaka Terrane is intruded by the Early-Mid Cretaceous Separation Point Batholith.

The Eastern Province consists of a series of volcanic, volcaniclastic and siliciclastic terranes.
These include, from west to east:
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• the Permian Brook Street Terrane, a subduction-related, basic-intermediate volcanic and
volcaniclastic sequence of probably intraoceanic island arc origin;
• the Late Permian-Late Jurassic Murihiku Terrane, composed of volcaniclastic manne
sandstones, conglomerates, mudstones and tuffs, deposited in a backarc or forearc basin and
folded into a broad syncline;
• the Maitai Terrane, a Late Permian-Middle Triassic well-stratified, metamorphosed
volcaniclastic sedimentary sequence of near-arc setting, unconformably overlying the Early
Permian Dun Mountain Ophiolite;
• the Permian-Triassic Caples Terrane, a marine volcaniclastic succession of sandstones and
mudstones deposited in a trench environment adjacent to an island arc;
• the Torlesse Terrane, a quartzofeldspathic association of sandstones and siltstones with
minor chert, limestone and basalt of Carboniferous and Permian age, deposited and accreted
in an active continental setting.

The Torlesse Terrane itself is made up of two subterranes: an older, Permian to Late Triassic
Rakaia Subterrane to the west, and a younger, Late Jurassic-Mid Cretaceous Pahau
Subterrane to the east. Both subterranes are separated by the Esk Head Melange, a zone of

deformation in the shallower parts of the accretionary prism. The western boundary of the
Rakaia Subterrane with the Caples Terrane is overprinted by the Haast Schists, a moderatepressure metamorphic belt related to collision at a convergent continental margin.

In the North Island, an additional terranes and a cover sequence have been recently defined
(Kear & Mortimer 2003): The Triassic to Late Jurassic Bay of Islands Terrane replaces the .
Hunua facies of the former Waipapa Terrane (Sporli 1978), whereas the Manaia Hill Group of
the Waipapa Terrane and the Waioeka Petrofacies of the Waioeka Terrane (Mortimer 1994) are
assembled into a Late Jurassic to Early Cretaceous, volcaniclastic cover sequence, termed
Waipa Supergroup.
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2.2 Tectonic evolution of New Zealand
The Western Province is widely regarded as representing two terranes of the Gondwana margin,
accreted to the supercontinent by Late Devonian times (Weaver et al. 1991). It has Antarctic
correlatives in western Marie Byrd Land (Ross Province), the Transantarctic Mountains, and
Victoria Land (Robertson Bay Terrane), and Australian correlatives in the Lachlan Fold Belt
(Cooper & Tulloch 1992, Pankhurst et al. 1998). Similarly, the MTZ can be traced to the
northwest along the Lord Howe Rise and Dampier Ridge into the New England Fold Belt and to
the southeast across the Campbell Plateau into eastern Marie Byrd Land, Thurston Island and the
Antarctic Peninsula (Pankhurst et al. 1998, Sutherland 1999). Its tectonic significance is not as
yet clear. The Eastern Province terranes are regarded as allochtonous, formed during more than
200 Ma of intermittent oblique convergence outboard from the Gondwana margin and
accompanied by arc magmatism and the formation of forearc basins, trench slope basins and
accretionary complexes (Bradshaw 1989, Sutherland 1999).

This long phase of Mesozoic convergent tectonics was abruptly terminated in Mid Cretaceous
times, and was almost immediately replaced by a period of rifting, mantle plume volcanism and
passive margin sedimentation. It presaged the initiation of seafloor spreading in the Tasman Sea
and Southern Ocean at about 83-85 Ma, and therefore the ultimate separation of New Zealand
from Australia and Antarctica (Laird & Bradshaw 2004, Sutherland 1999). A second, Late
Cretaceous phase of rifting at 80-84 Ma accompanied spreading and continued until Early
Miocene times (Laird 1993). In the southwest of the South Island, a new plate boundary
developed between the Australian and Pacific plates at about 45 Ma (Sutherland 1995). This
plate boundary initiated as an asymmetric spreading center in the Southeast Tasman Sea, but it
progressively rotated and developed into a strike slip system that cut northeastward into the New
Zealand continent and evolved by 24 Ma into the transcurrent Alpine Fault (Lamarche et al.
1997). The Alpine Fault linked to the incipient Hikurangi subduction zone off the eastern North
Island margin to creat a continuous plate boundary (Lewis & Pettinga 1993). At around 10-12
Ma, a southwestward migration of the Australia-Pacific pole of plate rotation imposed an
additional compressive component onto the new plate boundary, resulting in the initiation of

Chapter 2: Overview of New Zealand geology and Torlesse Terrane

8

subduction at the Puysegur trench, and uplift of the Southern Alps in the South Island (Lamarche
et al. 1997).

The present day plate configuration (Fig. 2.2) reflects this transpressive tectonic setting. Oblique
subduction takes place underneath the North Island at the Hikurangi Trough (west-directed) and
underneath the Campbell plateau at the Puysegur Trench (east-directed). Oblique continentcontinent collision within the South Island is partitioned between oblique reverse movement on
the Alpine Fault and numerous auxiliary faults, and penetrative deformation to the west of the
Alpine Fault, manifested in the orogenesis of the Southern Alps.

Tasman
Sea

*
~/

.

.

.

..

.

-

Active volcan6
Major active faults

filiZJ

D •Oceanic crust

Fig. 2.2: Tectonic setting and main structural features of the New Zealand micro-continent straddling the obliquely
convergent Australia-Pacific plate boundary. Numbered arrows show rates of relative convergence in mm/year. (F)
=fault.From Pettinga (2001 ).
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2.3 Torlesse Terrane

2.3.1 Geographic extent
The Torlesse Terrane is the most extensive and voluminous terrane on the New Zealand
continent (cf. Fig. 2.1). In the South Island, it constitutes most of the basement east of the Alpine
Fault. Its southern and western contact with the Caples terrane is masked by greenschist-facies
metamorphism and ductile deformation that accompanied collision of the two terranes, and gave
rise to the formation of the Haast Schists (Mortimer 1993). The Torlesse Terrane reappears west
of the Alpine Fault in northeast Nelson and extends northeast for two thirds of the length of the
North Island, where it is disconformably overlain by the Waipa Supergroup. The western
boundary of the Torlesse Terrane is obscured by Quaternary cover, and no Haast Schists are
exposed. However, drilling underneath the Wanganui Basin has revealed foliated Torlesse rocks
(Mortimer 1994). Offshore, Torlesse rocks are exposed on the Chatham Islands, and possible
schistose correlatives have been dredged from the Chatham Rise (Cullen 1965).

2.3.2 Age
Stratigraphic ages of Torlesse rocks have been derived from scarce but widely distributed
autochtonous fossils. The Rakaia Subterrane has been subdivided by MacKinnon (1983) into
four mutually exclusive fossil zones that strike roughly NW-SE and range in age from Permian
to Upper Triassic, decreasing in age towards the northeast. MacKinnon (1983) classified the
entire Pahau Subterrane as one fossil zone of Upper Jurassic-Lower Cretaceous age. In the North
Island, Pahau rocks with ages as young as Middle Cretaceous (Albian) have been described
(Barnes & Korsch 1990).
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2.3.3 Depositional environment
The vast majority of Torlesse rocks consist of alternating indurated sandstone and siltstone beds
of variable thickness, with an overall preponderance of arenaceous units. These sedimentary
rocks are widely interpreted as mass flow deposits, in many cases of turbiditic origin. Minor but
widespread additional lithologies include conglomerates, red and green mudstones, and spilitic
volcanic rocks with associated chert and limestone (MacK.innon 1983). Some early workers
favoured a shallow marine, deltaic depositional environment for Torlesse rocks, based on
sedimentary facies associations and abundant plant debris (Andrews 1974, Bradshaw 1972).
(Bradshaw et al. 1981) proposed a marginal marine to sub-marine fan origin on a passive or
transform margin, as implied by their Figure 1. However, there is now general agreement that
Torlesse sedimentary rocks were deposited in a deep-sea environment along an active
continental margin. Facies associations identified as deposits of channels and lobes that often
shifted laterally onto interchannel areas and in some cases built progradational-recessional cycles
are compatible with a submarine lower inner- and mid-fan depositional environment (Barnes
1988, Hicks 1981, MacKinnon 1980, 1983). There is a general paucity or lack of thick sequences
of siltstone and mudstone in Torlesse rocks that would be expected to form in the corresponding
outer fan areas. Similarly, only few conglomeratic units and slump deposits, indicative of upper
fan and slope environments, respectively, have been identified (MacK.innon 1980). The absence
of upper and lower fan facies was interpreted by MacK.innon (1980) as deposition of mainly
sandy sediments in an elongate trough, physiographically separated from areas of extensive
hemipelagic or pelagic deposition. Subsequent studies support this view and indicate deposition
of Torlesse sediments in an actively deforming, accretionary environment: Barnes (1988)
suggested a trench-fill submarine fan depositional environment; George (1992) described
deposits in a trench-slope basin trapped between accreted ridges; Suneson (1993) proposed
deposition of a series of overlapping fans in a base-of-slope slope apron environment; and
Leverenz (2000) envisaged deposition in lower trench fan and axial channel environments.
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2.3.4 Chemical composition and implications for source terrane
One of the most conspicuous features of Torlesse rocks is their uniform quartzofeldspathic
composition. Sandstones are arkosic, with an average quartz:feldspar:lithics ratio of 29:47:24
and a generally high proportion oflithic volcanic components (MacK.innon 1983). Conglomerate
components consist mainly of reworked Torlesse clasts, and also include felsic volcanic clasts,
metamorphic and siliceous metasedimentary clasts, silicic plutonic clasts and chert (MacK.innon
1983). MacK.innon (1983) postulates a silicic-crystalline and subordinate silicic-volcanic source
terrane in a mountainous, active continental arc setting. Detailed petrofacies analysis by the same
author revealed that the boundaries of the fossil zones he mapped (section 2.3.2) also define five
petrofacies. These petrofacies show a progressive decrease of lithic fragment content in the older
Rakaia sandstones, and a renewed increase in lithic fragment content, combined with higher
proportions of sedimentary and metamorphic lithics, in the youngest Rakaia and Pahau
sandstones. The petrographic trend in the older Rakaia Subterrane is interpreted as representing
the progressive erosion of volcanic cover rocks and the exposure of underlying plutonic rocks.
This interpretation is supported by recent geochronological, geochemical and isotopic work on
Rakaia rocks that indicates that unroofing was contemporaneous with continuous continental arc
magmatism from the Carboniferous to the latest Middle Triassic (Wandres et al. 2004b). The
petrofacies trend in the youngest Rakaia and Pahau rocks suggests an increasing degree of
cannibalistic reworking of older Torlesse rocks, some of which are metamorphosed up to
prehnite-pumpellyite facies (MacK.innon 1983). Roser & Korsch (1999) note that there is a
concomitant increase in volcanic lithic clasts, suggesting more influx of volcanic detritus into
younger Rakaia and Pahau depocenters.

2.3.5 Provenance
The specification of a source terrane for Torlesse rocks, particularly the Rakaia Subterrane, has
proven to be a difficult and controversial task. A simple derivation of Rakaia rocks from the
Western Province is problematic because the intervening, island-arc derived Murihiku, Maitai
arid Caples terranes have a basic to intermediate composition that differs significantly from the
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quartzofeldspathic composition of Torlesse rocks. An exotic, now distant or vanished source
terrane to the east has been proposed (Bradshaw & Andrews 1973), but is considered unlikely
due to the lack of evidence for such a terrane, both offshore and within Torlesse rocks
themselves (MacKinnon 1983).

Deposition of Rakaia sediments in an active tectonic setting adjacent to the eastern Gondwana
margin is now the generally accepted model. They were subsequently rafted off the continental
margin and juxtaposed to the volcaniclastic Caples Terrane in Mid Jurassic times (Little et al.
1999). There is considerable debate about the specific location of this Gondwana source, and a
wealth of geochemical and geochronological data has been produced in the last years to attempt
the clarification of this issue. Based on Rb/Sr ratios,

40Ar/3 9Ar

mica and U-Pb SHRIMP zircon

dates, some authors suggests a Queensland source, with main input from the New England,
Hodgkinson, Thomson and Cape York Fold Belts, and minor contributions from the Lachlan
Fold Belt (Adams et al. 2002, Adams et al. 1998, Adams & Kelley 1998, Pickard et al. 2000).
This model implies ea. 2500 km of south directed transport of Rakaia rocks into the New
Zealand region. This process must have been completed by 98 Ma, since Rakaia rocks are
intruded by volcanic rocks of this age with polar latitudes (Oliver 1979b, Tappenden 2003).
Recent work seems to point to an Antarctica source (Wandres et al. 2004b), a model that had
already been favoured by some previous workers (MacKinnon 1983, Roser & Korsch 1999).
Wandres et al. (2004b) derive their conclusions from petrographic procedures, major, trace and
RE element geochemistry, Nd-Sr isotopes and U-Pb SHRIMP dates of detrital zircons. These
authors reject an Australian source based on discrepancies in mineral age data and the lack of
suitable sources for older igneous components, and propose the Antarctic sector of the
Panthalassan Gondwana margin as the source for the Rakaia sediments.

Pahau Subterrane provenance appears somewhat less controversial. Recent petrographic, isotopic
and geochronological work by Wandres (2004a) confirmed that a large component of Pahau
sandstones is recycled Rakaia material. They further identified Caples and possible Maitai
components in Pahau sandstones, and MTZ and Campbell Plateau related igneous clasts in
Pahau conglomerates.
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2.3.6 Deformation
Structural work on Torlesse rocks is remarkably scarce, taking into consideration the regional
extent and the complexity of deformation of these rocks. This has various reasons, including the
general lack of major stratigraphic marker horizons, which combined with intense outcrop-scale
deformation, hampers the recognition of large-scale structures. Furthermore, especially in the
Rakaia Terrane, outcrops often occur in mountainous areas which are difficult to access, and a
high degree of brittle disruption of rocks exposed in the more accessible foothills often conceals
earlier structures. Early work on Rakaia rocks concentrated in the Mt Cook area (Findlay &
Sporli 1984, Lillie 1962, Lillie & Gunn 1964, Sporli & Lillie 1974, Sporli et al. 1974, Ward &
Sporli 1979). These authors were intrigued by the universal steep dip of bedding and steep axial
plunges of folds. They propose various models to explain the steep axial plunges, including
initial recumbent folding followed by tilting to steep plunges, contemporaneous upright folding
and steepening of fold axes, and folding of already steeply dipping bedding by strike-slip
displacement. Deformation is attributed largely to the Mesozoic Rangitata Orogeny, interpreted
as a collision event between the Rakaia and the Caples Terranes which is responsible for the
formation of the Haast Schists (Landis & Bishop 1972). Work in the Central Alps (Andrews et
al. 1974) and in the Tararua Range, North Island (Rattenbury 1986) supports the first, recumbent
fold model, and invokes a subsequent phase of tilting of bedding during the same orogeny. The
latest phase of refolding to open and gentle (Andrews et al. 1974) or steeply plunging
asymmetrical folds (Rattenbury 1986) is attributed to the Cenozoic Kaikoura Orogeny (Landis &
Bishop 1972). More recently, Suneson (1993) attributed the structures of Rakaia rocks in the
Wellington area to deformation in an accretionary setting, with a phase of underthrusting and
extensional disruption followed by underplating, backtilting and intense folding. A similar
tectonic setting is invoked for the deformation of Pahau rocks, both in the South Island (Kano &
Konishi 2001) and in the North Island (Barnes & Korsch 1990, 1991, George 1990, Sporli &
Bell 1976). Early isoclinal folding, strata! disruption and melange formation are regarded as
processes that took place at the toe of the accretionary wedge, followed by imbrication and
tilting to steep bedding attitudes. Late, generally steep phases of folding are correlated with
strike-slip faulting associated with oblique convergence at the Hikurangi Margin.
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Chapter 3: Introduction to the Geology
of Mt Hutt and Pudding Hill

3.1 Location of study area
The study area is located in Central Canterbury, South Island, New Zealand, approx. 90 km west
from Christchurch (Fig. 3.1). The Mount Hutt Range has an elongate dome shape with a northsouth trending long axis, and is part of the northeast-southwest trending range front of the
Southern Alps. The Mt Hutt Range is bounded to the east and north by one of the major rivers
draining the Southern Alps, the Rakaia River, to the west by the relative minor Redcliffe Stream
and Swift and Ashburton (North Branch) Rivers, and to the southeast by the Canterbury Plains.
The range emerges abruptly from the Canterbury Plains at an elevation of ea. 500 m, and
reaches, within less than 5 km, an elevation of 2185 m at the Mount Hutt peak. Due to the steep
topography, dense vegetation in low areas and extensive scree development in the upper parts of
the range, both accessibility and exposure are very limited. For this reason, fieldwork
concentrated on two sections where reasonably continuous outcrop was available (Fig. 3.2):

1. the Mount Hutt ski field access road, from approx. 2 km above the toll gate to the ski field
itself. Included in this area are also a few exposures along a 4WD track that runs parallel, and
200 m above, the main ski field road, just southeast of the ski field;

2. Pudding Hill Stream Valley, west of the ski field road, between its emergence from the
Canterbury Plains, next to Koromako Camp, and upstream to a point at the same latitude as
Scott's Saddle.

A few additional observations were made around a small saddle between Pudding Hill Range
and Pudding Hill proper, southwest of Pudding Hill Stream Valley (Plate 1).
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In the following sections, the first area is simply referred to as Mt Hutt (MH), the second area as
Pudding Hill (PH), and the third area as Pudding Hill Saddle. The abbreviations MH and PH are

used as prefixes for locality ID numbers (Fig. 3.2). Locality ID numbers are employed as
geographical references throughout the text

Fig, 3,1; Location of study area. Grid spacing = 5 km. Source: NZMS 262 sheet 13; Christchurch.
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Fig. 3.2: Map of study area. White squares indicate localities referred to in the text. Grid spacing= 1 km. Source:
NZMS 262 sheet 13: Christchurch.
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3.2 Previous work
Previous work of the Mesozoic Torlesse rocks in the study area is scarce. In the late 19th century,
first reconnaissance explorations in Mount Hutt and the surrounding Malvern Hills, Clent Hills
and Mount Somers areas were undertaken by von Haast (1871, 1879, 1884), Cox (1877, 1884)
and Mackay (1880). These. authors mention the occurrence of fossiliferous greywackes, slates
and argillites similar to those of the "Mt Torlesse Formation" von Haast (1879). Cox (1926) reexamined the area and assigned an Permian or Triassic age to the Torlesse rocks, based on the
recognition of annelid tubes Torlessia McKayi Bather. Speight (1933) suggested a probable
Triassic to Lower Jurassic age and emphasized the high degree of deformation but low grade of
metamorphism of the rocks. More recently, Oliver (1979a, 1979b) mapped and described the
Mesozoic geology of the Mount Somers area as part of his PhD thesis (Oliver 1979a). He
subdivided the Torlesse rocks into groups and formations, and included Torlessia-bearing rocks
from the Pudding Hill Range, and tentatively those from Mt Hutt, into his ?Mid-lower Upper
Triassic Pudding Hill Formation. Campbell (1982) determined a dual but coeval origin of fossils
at Pudding Hill Stream, with shelf-derived fauna in the coarser parts of graded beds and
Torlessia tube fossils, of probable benthic origin, in the finer parts of graded beds. Pickard

(2000) dated detrital zircons from Pudding Hill Stream rocks, and obtained a Mid Triassic
maximum depositional age for the rocks (youngest detrital zircons 229 Ma and 232 Ma old).
Structural work in a wider sense has been undertaken by Kamp (1997). He applied apatite fission
track thermochronology to the late Cenozoic deformation in the Mt Hutt Range and concluded
that it formed by large-scale periclinal folding and reverse faulting. Elvy (1999) investigated the
area around Mt Hutt and Pudding Hill and focused on the identification and mapping of
geological and geomorphological evidence for late Quaternary-Holocene deformation in the
range front. He proposed an alternative model for the structural development of the Mt Hutt
Range to that of Kamp (1997), in which the differential uplift of the range is attributed to
thrusting along the SW-NE striking, Mt Hutt -Mt Peel rangefront fault zone, or a hidden Rakaia
Valley rangefront fault.

No description or analysis of Mesozoic structures in Mount Hutt and Pudding Hill have been
found.
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3.3 Lithological units
The rock successions in the study area are made up of mainly three lithological units: graded
sandstone-siltstone beds (turbidites), ungraded sandstone beds, and muddy siltstone beds.
Additional lithological units consist of occasional gravity flow deposits, very rare red and green
mudstones, melange-associated cherts, limestones, mudstones and volcanics, and rare, in-situ
igneous rocks.

3.3.1 Graded sandstone-siltstone beds
Graded sandstone-siltstone beds are generally 4 - 12 cm thick, although they may occasionally
attain up to 40 cm thickness. Sequences of more than 80 m of graded sandstone and siltstone
beds have been identified in the field. The grain size in the lower parts of the beds ranges from
medium sandstone to siltstone, with fine to very fine sandstone being most common. These parts
often shows sedimentary structures such as wavy lamination or ripple cross-lamination,
sometimes grading upwards into plane-parallel lamination. Deformation structures include
internal convolute lamination and load casts / flame structures at the base of beds. Substantial
erosion into underlying bedding was recorded in one outcrop where "bassoon casts", large flute
casts of more than 1 m length and 60 cm width, occur at the bottom of some graded sandstone
beds (Fig. 3 .3). The upper parts of the beds consist of dark, plane-parallel to massive siltstone or
muddy siltstone. Granular intermixing across the interface of siltstone beds and overlying
sandstone beds has been occasionally observed.

The graded sandstone-siltstone beds are interpreted as turbidity-current deposits featuring all, or
parts of, the divisions of the Bouma sequence. They are subsequently referred to as turbidites.
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Fig. 3,3: Large flute casts at the bottom of a sequence of turbidites.

3.3.2 Ungraded sandstone beds
Ungraded sandstone beds range in thickness from a few centimetres to up to 3 m. They are
commonly interbedded with turbidites and muddy siltstone beds. In sequences that consist
almost purely of thick sandstone beds, internal structures and bedding boundaries are largely
obliterated. Theses sequences are referred to as massive sandstone, reflecting their monotonous
and structureless appearance. Sandstone beds are made up of fme to granule-size sandstone, with
a dominance of medium-coarse grain sizes. The contact of sandstone beds with under- and
overlying beds is generally sharp, and both planar and undulating interfaces occur. An erosional
origin may be inferred in many instances, and is obvious where the lower interface is irregular
and blanketed by a basal layer of granule to pebble sized, muddy~silty rip~up clasts. Sedimentary
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structures are generally absent or not identifiable in the fieW., although some plane-parallel
layering has been observed locally. Load structures are common, and include some well-

developed mushroom- and flame-shaped streaks of dark siltstone or mudstone at the base of, or
within, sandstone beds (Fig. 3.4).

Sandstone beds are interpreted as grain-flow deposits.

Fig, 3.4: Mushroom- and flame-shaped streaks of dark siltstone or mudstone within a sandstone boulder.

3.3.3 Muddy siltstone beds
Muddy siltstone beds are subordinate to turbidites and sandstone beds. They generally occur as
thin (less than 5 cm, generally 1-2 cm thick) interbeds between thick sandstone beds. However,
there are a few outcrops where thick, massive to faintly parallel-laminated muddy siltstone is the
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dominant lithology, separating thin to very thin (a few millimetres thick) sandstone·interbeds by
upto 2 m.

Muddy siltstone beds are probably fall-out deposits in interchannel and interlobe environments,
with material derived from the wake of dilute turbidites or from background sedimentation.

3.3.4 Red and green mudstones
This lithological unit has been found in only one sequence of approx. 10 m thickness at Pudding
Hill (PH 19). The mudstones are calcareous and rich in muscovite, and contain some quartz and
feldspar. Thin bands and nodules of chert are interlayered with the mudstone. The red mudstones
obtain their colour from hematite, whereas the green ones owe their colour to chlorite, and
possibly other primary or alteration minerals.

3.3.5 Gravity flow deposits
Two different types of gravity flow deposits have been distinguished in the field area: sandstonesupported gravity flow deposits, and siltstone-supported gravity flow deposits.

Sandstone-supported gravity flow deposits have been identified at four localities (MH 06, MH
12, PH 02 & PH 12, cf. Plate 1). They consist of angular to sub-rounded, laminated siltstone or
very fine sandstone clasts that float in a matrix of coarse to granule-size sandstone. Two different
textures occur in the field. Clasts may be elongate in shape, densely packed (componentsupported), and strongly aligned parallel to bedding (Fig. 3.5A). Normal grading of the clasts is
present where components are < 5 cm long. Alternatively, clasts may be equidimensional and
irregular in shape, loosely packed (matrix-supported), and do not show any preferred orientation
(Fig. 3.5B). The second type of fabric was found both interbedded with otherwise undisturbed
units and intricately mixed with chaotically disrupted turbidites (described in section 4.2.1.3 ).
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Sandstone-supported breccias probably have an intraformational origin, with clasts of turbidites
or muddy siltstone beds picked up and reworked, to different degrees, by presumably

overpressured, liquefied sandstone moving downslope by a mixture of fluidal and mass flow
processes. An in~situ, load~induced origin for the more coherent units is conceivable, with
overloaded sandstone injecting silty turbidites from underneath (Fig. 3.6). However, the erosive
contact of the matrix and the fact that the upper contact of the breccia with a sandstone bed
similar to the breccia matrix appears to be gradational, argue more for a gravity flow origin.

fig. 3.5: Two different textures of sandstone-supported gravity flow deposits: (A) elongate clasts are densely
packed and aligned parallel to bedding; (B) elongate to equidimensional clasts of irregular in shape, are loosely
packed and do not show a preferred orientation.
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Fig. 3.6: Sandstone matrix of gravity flowintrttdirtg ooderlyirrg tttrbidites- and spteadirtg along bedding mtetfaces.

Siltstone-supported gravity flow deposits occur at two localities at Pudding Hill (PH 09 and

PH 14). At PH 09, a superb exposure of a ea. 8 m thick rock sequence illustrates the upward
transition from undisturbed bedding to a mass flow deposit. The first two meters or so above the

undismrbed beds consist of highly stretched and boudinaged sandstone beds and turbidites-,
similar to the underlying ones, that float in a matrix with numerous bedding-parallel shear
surfaces (Fig. 3.7). Further up-section, components become extremely poorly sorted (component
size 1 cm - > 1 m),_ subangular to well-rounded, roughly equidimensional and randomly oriented
(Fig. 3.8). They consists of various types of sandstone and siltstone, :frequently preserve internal

layering and structures, and also include a few angular, highly indurated conglomeratic (granule-
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pebble size) clasts that resemble some deposits found in situ at Mt Hutt. Shear planes within the
silty matrix have a less systematic orientation than in the lower parts of the outcrop. The upper

transition to undisturbed bedding appears to be gradational, but is not well exposed.
At PH 14, similar deposits of 2-6 m thickness occur interbedded with sandstone beds, and appear
to have an improving degree of clast sorting and rounding with decreasing bed thickness.

The abo-ve described units are interpreted as debris flow deposits. The drag exerted at their bases
triggered deformation of the substrate; and juxtaposed it with more distal; well-indurated
sedimentary material. Smaller versions of siltstone-supported conglomerate may represent tails
of more distally-sourced gravity flows (higher degree of sorting and rounding).

Fig. 3.7: Upward transition from undisturbed bedding (left) to a mass flow deposit (Fig. 3.8), consisting of
reworked substrate floating in a siltstone matrix with numerous bedding-parallel shears.
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Fig. 3.8~ f exture of mass :flow deposit Clasts consists of various types of sandstone and siltstone and are extremely
poorly sorted, subangular to well-rounded, roughly equidimensional and randomly oriented. The siltstone matrix is
pervasively sheared.

3.3.6 Lithological units associated with melange
Melange& are characterized by pervasive disruption of bedding and other primary structures; and
include "exotic" material, i.e. material not found in the surrounding lithologies. Two melanges
have been identified at Mt Hutt, and are described in more detail in section 4.1.1.4. The
foliowing lithologies are found within these melanges:

• red limestone: found as 2 - 30 cm long clasts of completely recrystallized calcite, sometimes
featuring a distinctive pressure solution fabric;
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• dark mudstone: clasts of a few centimetres length, found either on their own or m

depositional contact with limestone clasts;
• green mudstone: pervasively sheared, possibly of mixed abyssal-volcanic origin;
• chert: occurs as pale green and pale red, centimetre-sized lenses and bands within green

mudstone, and as internally laminated and rotated blocks of some millimeters length within
melange matrix;
• metavolcanics: vanous types of · meta-volcanic rocks have been found as melange

components, ranging in size from millimeter-long clasts to blocks of 8 m length. Due to a
high degree of alteration, it is often quite difficult to infer the primary composition of the
metavolcanic components. Some contain large amounts of albite laths, at times arranged with
altered pyroxene in weakly variolitic textures, and are interpreted as spilitic basaltic volcanics
erupted under submarine conditions. Other specimens show a strong development of
devitrification textures, indicating that the rock underwent rapid cooling. These rocks may
have trachytic or rhyolitic compositions (David Shelley, pers. comm.). The groundmass of all
metavolcanics is now largely replaced by calcite and chlorite.

In terms of the included lithologies, this rock association is very similar to that described by
other authors in Torlesse melanges elsewhere (Bradshaw 1972, 1973, George 1990, Sporli &
Bell 1976). The metavolcanics, chert and mudstones are interpreted as a distal ocean floor
association. The limestone· probably represents originally organic, micritic material, perhaps
deposited on top of seamounts.

3.3.7 Igneous rocks
Igneous rocks that are not associated with melange occur at PH 24 and MH 18. At PH 24, the
igneous rocks intruded turbidites and sandstone beds along bedding interfaces and fractures at
high angles to bedding (Fig. 3.9). The thicker parts of the intrusion (60 cm) have a plutonic
texture of interlocking, small plagioclase laths, aggregates of pyroxene (mostly augite, but also
some orthopyroxene present), idiomorphic olivine crystals, and possibly some hornblende.
Replacement of pyroxenes and ?hornblende with calcite is common. Where the intrusion is thin
(> 10 cm), the texture of the rock is volcanic, with altered olivine and augite idiomorphs and
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calcite-filled vesicles set in a fine-grained groundmass. The thickness-dependent texture of the
intrusive rocks, together with their petrological composition, are compatible with the

em-placement of an aitdesiric-basaltfo sill-dyke complex not far from the Earth's surface. The
almost complete absence of interaction between the sill and surrounding sedimentary rocks,
together with a lack of flow-banding, suggest that it probably was a short-lived, marginal
intrusion. At MH 18, the contact of the ea. 6-10 m thick igneous rock with the adjacent
sandstone beds is not exposed, but the lithological context and its compositional similarity with
the igneous rocks at PH 24 suggest an intrusive, rather than tectonic, nature of the contact.

The sills are thought to be related to the nearby basaltic-rhyolitic Mt Somers and Malvern Hills
Volcanics,. which erupted subaereally and were deposited onto a pre-existing Torlesse erosion
surface in Mid Cretaceous-times, at around 97-98 Ma (Tappenden 2003).

Fig. 3~9~ A sill intruding turbidites and sandstone beds along bedding interfaces and fractures at high angles to
bedding.
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3.4 Petrography of main lithologies
The main sandstone components are quartz and feldspar. Quartz is always clear, but may be
sutured or have undulating extinction under plane-polarized light. Feldspars have generally a
more cloudy appearance than quartz, resulting from diverse alteration reactions. Some grains are
clear, however, and a few show multiple twinning under cross-polarized light. Other common
minerals are muscovite, biotite, stilpnomelane, chlorite, epidote, and zircon. Very coarse to
granule-size sandstones show a wide range of lithic fragments, dominated by clasts of
sedimentary origin. Clasts include sandstones of variable grain size, sorting and degree of
alteration, often showing internal lamination and quartz-prehnite-pumpellyite veining, and
siltstones that had soft boundaries at the time of incorporation into the sandstone. Additional
rock fragments consist of quartz, calcite and zeolite of vein origin, cherts, and a few basic
volcanic and acidic plutonic clasts.

The petrography of siltstones is difficult to determine under the microscope. Quartz and feldspar
are common components, but with decreasing grain size, sheet silicates (micas and clay
minerals) become increasingly dominant and obscure the surrounding mineralogy.

3.5 Fossil content
The only body fossil encountered in the study area was Torlessia McKayi Bather, a tube fossil of
?Mid-lower Upper Triassic age (Campbell & Pringle 1982). Specimens are widespread and were
identified both randomly distributed within silty beds, and with a preferred orientation, parallel
to bedding, on the top surfaces of turbidites. Trace fossils were locally observed as casts formed
at the bases of turbidites. They feature a criss-crossing pattern of track-like traces with transverse
ornaments (Fig. 3.10), and are tentatively classified as Climatichnus (Collinson & Thompson
1989).
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Fig_ jj(i~ Trace fossils at the bottom surface of a turbidite. The casts feature a criss-crossing pattern of track-like
traces with transverse ornaments. tentatively classified as Climatichnus (Collinson & Thompson 1989).

3.6 Vein mineralogy and metamorphic facies
Mineralization of faults and fractures is widespread in the study area and occurs in a wide range
of scales, from microscopic fractures of only 10 µm width to cataclastic zones of several
centimetres of thickness. The most common vein minerals found in the study area are quartz,
feldspar and calcite. They occur both in separate vein systems and together in the same veins,
and in the latter case, either with an interlocking texture, suggesting simultaneous growth, or
with calcite replacing quartz and feldspar. Whenever feldspar is present, it is always associated
with quartz, but is easily overlooked due to its similarity with the latter under plane-polarized
light Other common vein minerals are chlorite and muscovite. They are found in association
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with quartz and/or calcite, and often grow parallel to the direction of displacement of the
adjacent wall rock.

Minerals diagnostic of metamorphic facies found in the study area are zeolites and prehnite. At
Pudding Htll, the distribution of these minerals shows an interesting zonation. South of PH 29,
the only diagnostic metamorphic minerals were identified at PH 04 as rare veins with pure
zeolite. North of PH 29, prehnite is common and widespread, both as small crystals intergrown
with muscovite and as large crystals associated with quartz, feldspar, and occasionally calcite.
No zeolites have been identified north of PH 29. This distribution of metamorphic minerals
points to the presence of the prehnite appearance isograd in the Pudding Hill section. As shown
in section 5.1.2, bedding at Pudding Hill has a generally south-younging attitude. Hence, there
appears to be a decreasing degree of metamorphism up-section, changing from prehnitepumpellyite facies in the lower parts to zeolite facies in the upper parts. At Mt Hutt, no
diagnostic minerals have been found within sedimentary rocks. Pumpellyite and epidote occur in
veins cutting metavolcanic components in melange, but are absent in the melange matrix and in
other components. This suggests that the volcanic components experienced prehnite-pumpellyite
facies conditions, and have subsequently been incorporated into a matrix of lower metamorphic
grade. However, the lack of diagnostic metamorphic minerals in a rock, by itself, is not sufficient
to rule out the possibility that it experienced higher degrees of metamorphism. This leaves the
possibility open that the melange matrix, and by inference also other sedimentary rocks at Mt
Hutt, may have experienced zeolite or prehnite-pumpellyite metamorphic conditions, without
having left any evidence in the vein mineralogy. Judging from the paucity of zeolite found in the
lower Pudding Hill section and compared with the abundance of prehnite in the upper section,
zeolite facies conditions appear more likely in the Mt Hutt section.
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Chapter 4: Description of Structures

4.1 Faults and fractures
In this section, description is restricted to structures defined by surfaces. The following
nomenclature has been adapted from Twiss & Moores (1992). A surface that conforms to the
above criteria but is otherwise undifferentiated is called a fracture. A fracture is termed an

extensional fracture if displacement occurred perpendicular to the surface,

an

oblique

extensional fracture if displacement was both normal and parallel to the surface, and a fault or
shear plane if displacement was parallel to the surface (shear displacement). The term fault is
used in a general way, whereas the term shear plane is reserved for surfaces ofa rather irregular
or wavy shape. Faults of a scale less than 5 centimeters are termed microfaults. A shear zone is
a continuous zone in which shear strain has been concentrated, resulting in a greater degree of
deformation than the surrounding rock. A shear zone may be delimited by faults and have a
width ranging from a few centimeters to several kilometers. The mode of deformation within a
shear zone may be brittle (strain concentrates on shear fractures as a result ofloss of cohesion on
those surfaces after exceeding the elastic shear strength of the material), ductile (strain is
continuously distributed within the affected zone), or a combination of both, depending on which
strain mechanisms prevailed during deformation. Brittle shear zones typically show a cataclastic
texture, and depending on the size of the clasts and proportion of matrix, the assemblage is
termed breccia (clasts > 0.1 mm, < 30% matrix), gouge (clasts < 0.1 mm, < 30% matrix) or

cataclasite (clasts < 10 mm,> 30%,matrix).

In the study area, there is good evidence that many of the early formed fractures have been
reoriented by later, unrelated events. Therefore, conventional reference to the present-day
horizontal presents nomenclature problems in defining the primary character of the structure.
The following system has been adopted to overcome this problem. Terms describing the relative
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movement of fault blocks, such as "normal", "thrust", "reverse", and "strike-slip", refer to the
relative displacement of bedding, irrespective of the present orientation of the fault and fault
blocks. The orientation of the faulted bedding planes, rather than a present-day horizontal
surface, is taken as a reference surface. The same applies to the terms "footwall" and "hanging
wall" for fault blocks and to the specification of fault angles. If the present orientation of a fault
is of concern, it is denoted as "true", i.e. a "true normal fault" is a fault that displays a normal
displacement relative to a present-day horizontal reference surface.

Specific folds associated with structures discussed in this section are referred to by their ID
number and may be located in Fig. 5.6.

4.1.1 Extensional deformation
Extensional deformation is widespread throughout the study area, both as ductile deformation of
sedimentary beds and as discrete faulting. The morphology of fault planes varies from sharp,
healed faults to broad scaly fault zones with intense gouge formation. Scale and style of
deformation are the main criteria employed to subdivide the extensional deformation described
in the following sections. It is important to keep in mind, however, that there is often a
continuous

transition between

different

styles

of deformation,

relating

them

both

morphologically and genetically.

4. 1. 1. 1 Microfaults

Some sequences with a relatively high siltstone-sandstone ratio feature microfaults, the smallest
faults observable in the field (Fig. 4.1 ). Microfaults are closely spaced, sharp planes that occur in
very thin (4 - 12 mm) layers of generally laminated sandstone embedded in thicker siltstone
beds. Displacement is almost exclusively normal, although very rare thrust faults cut across
normal faults (Fig. 4.2). Conjugate normal faults are common, leading to the formation of
smallscale horsts, grabens and halfgrabens, with downdip rotation of fault blocks to shallower
dips. Apparent displacements, between < 1 mm and 10 mm, are almost of the same order of
magnitude as the layer thickness, imparting a strongly disrupted appearance to the sequence.
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Faults with larger displacements sometimes cut across more than one sandstone layer. Apparent
dip angles range between 30° and 60° on the same outcrop face. All fault planes are healed. The
high variability in number and thickness of laminae present in adjacent fault blocks is probably
related to primary fluctuations in sediment geometry and density of faulting. However, one
cannot rule out that, locally, sediment thickness may have been controlled by sedimentation rates

and contemporaneous. movement of fault planes (cf. Fig. 4.1 ). A very early formation of the
microfaults is also indicated by the fact that the larger-scale bedding fabric of the siltstone beds

containing the faulted laminae is continuous and shows no sign of additional disruption.

Fig. 4.1~ Microfaults displacing thin sandstone laminae interbedded with siltstone. Arrows indicate possible sites of
fault-controlled sedimentation. Pencil nib is 3 cm long.
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Fig. 4.2: Conjugate faults through a 8 cm thick sandstone layer. Black arrows highlight thrust fault cutting across
fiortrtal fault. Pencil nib (yellow arrow) 3 cm long.

4. 1. 1.2 Distributed bedding-parallel extension
Continuously distributed bedding~parallel extension was observed in some sandstone beds within
siltstone-rich sequences. The sandstone beds are stretched to various degrees, forming pinch &
s-weH structures- and isolated boudinaged lenses (Fig. 4.3). The boundaries between sandstone
beds and siltstone beds are commonly blurred, suggesting some degree of intergranular mixing

across the lithological boundaries. Conspicuous load structures are often preserved in the
boudins. The high ratio of siltstone in these sequences possibly prevented drainage and led to
high fluid pressures and underconsolidation of the sandstones. Density inversion and extension
could thus have been penecontemporaneous processes, with load structures forming
preferentially on thickened areas in the sandstone beds. Locally, the necks between these
thickened areas are cut by high-angle normal faults and fractures (Fig. 4.4). This indicates a
mixed mode of brittle/ductile behaviour, probably related to fluctuations in strain rate or pore

fluid pressure. Siltstone accommodate extension dominantly by ductile flow, since fractures
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tarety extend from the sandstone beds into the adjacent siltstone, and when doing so, they die out
within less than 1 cm.

Fig. 4.3: Boudinage and pinch & swell structures within a siltstone-rich turbidite sequence. Arrows indicates load
structures (load casts and flames).
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Fig. 4.4~ Conjugate faults cutting across pinched and swollen sandstone layer. Note that faulting is concentrated in
the necks of the sandstone beds (yellow arrows).

4 .. 1.. 1.. 3 Shear planes at low angles to bedding and bedding-parallel shear

'This group of structures shows a great deal of variability, and in several cases it is responsible
for the disrupted appearance that many well indurated rock units show in the field. It seems to be
confmed to sequences involving turbidites and sandstone-beds with bed thickness of less than

approx. 15 cm. Shear planes cut bedding at ::S 30° and change dip along their surface in quite an
irregular way, often imparting an undulating appearance in outcrop (Fig. 4.5). Frequently,
bedding-parallel shear planes abruptly become clear-cut faults through sandstone beds, before

continuing as bedding-parallel shears at a different stratigraphic level (Fig. 4.6). The adjacent
siltstone-rich turbidites accommodate this deformation on numerous, closely spaced shear
planes.
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Fig. 4.5: Sandstone beds and silty turbidites disrupted by shear planes at low angles to bedding.

Fig. 4.6: Change of mode of shear displacement from bedding-parallel along the top surface of a thick sandstone
bed (left), to oblique to bedding along a fault cutting through the thick sandstone bed (right).
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At Pudding Hill Saddle, a clean exposure of a ea. 20 m thick turbidite and sandstone bed
sequence shows the transition from undisturbed bedding to pervasive shearing. Beds in the lower
part of the sequence are not significantly sheared (Fig. 4.7a). Towards the south, the sandstone
beds are frequently displaced by bedding-parallel and low angle fault planes (Fig. 4.7b). As the
thickness of beds decreases to the south, bedding is increasingly more difficult to discern (Fig.
4.7c), until the shear planes are the dominant outcrop fabric and bedding is no longer
recognizable (Fig. 4.7d). The presence ofup to 2-3 cm of gouge or cataclasite within some of the
shear planes suggests that they have been reactivated during a later phase of brittle deformation.
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!Fig. 4.7: Different stages of bedding disruption along a c. 20 m thick sequence ofturbidites. Intensity of disruption
increases from north (a) to south (d).Bedding youngs towards the south.
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4.1.1.4 Broken formation and melange

Melange is here defined as "a body of rock characterized both by the lack of internal continuity

of contacts or strata and by the inclusion offragments and blocks of all sizes, both exotic and
native, embedded in a fragmented matrix of finer-grained materiaI" (from Raymond 1984).
Broken formation is defined as above, but excludes exotic clasts. From a textural point of view,

broken formation and melange may be regarded a more advanced stage of the type of the
deformation described in sections 4.1.1.2 and 4.1.1.3.

Broken formations occur at four localities at Pudding Hill. They range in thickness from 5
meters to approximately 30 m, and have both gradational and faulted contacts with adjacent
coherent sequences. The dominant structures of moderately disrupted sections are pinch & swell
structures and isolated sandstone lozenges where intrabed cohesion is lost. The stretching effect
can be quite dramatic, as shown by a bed that is stretched from 10 cm to less than 2 cm of
thickness (Fig. 4.8). With increasing strain, the size of sandstone lozenges decreases through the
disintegration of the sandstone lenses and lozenges along various sets of fractures and faults,
leading to a serrated surface texture (Fig. 4.9). The siltstone matrix is highly sheared, and
reoriented clay minerals generate a conspicuous sheen on the shear surfaces. The fabric defined
by the shape and orientation of components and shear planes in the matrix is locally buckled into
gentle folds. Where sequences are particularly siltstone-rich, sandstone lozenges are substantially
flattened and barely recognizable in the field (Fig. 4.10). These lozenges also feature a strong
microscopic pressure solution fabric parallel to the surface, defined by irregular seams of opaque
minerals and biotite. The fabric is most prominent next to the surface of the inclusions and
decreases towards the centre. It is contemporaneous with pervasive quartz and calcite veining at
high angles to the lozenge surface, and is overprinted by conjugate oblique extensional fractures.

Broken formation was recognized only in one location at Mt Hutt, but it is possible that it
remained unidentified in some of the poorly exposed outcrops. It forms part of the lower
(upright) limb of Fold 21 at MH 13 (cf. Fig. 5.6 & section 4.2.2.2) and stratigraphically overlies
a siltstone-rich sequence with pervasive bedding-parallel extension. It is only a few meters thick
and underwent large amounts of strain, leading to the formation of a block-in-matrix fabric
similar to that of melange (see below).
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Yig. 4.8: Pervasive stretching and. dismemberment of sandstone bed~ and shearing. in. siltstone matrix. Yellow
outline highlights a strongly deformed sandstone bed.

Fig. 4,9: Broken formation with irregular, stretched and serrated sandstone beds and lozenges surrounded by a
matrix of highly sheared siltstone. The sequence is gently folded.
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Fig. 4.10: Highly strained, siltstone---rich broken formation. Pervasive shearing in the matrix resulted in the
reorientation of sheet silicates to produce sheeny shear surfaces. Flat, anastomosing sandstone components are
visible in the upper part of the picture.

Two melanges have been recognized in the study area. At MH I 0, the melange extends for
several tens of meters along the ski field road. The components of the melange have a wide
range of sizes. including decimeter-thick blocks of limestone and metavolcanic rocks. The upper
part of the melange is effectively a broken formation, with disrupted sandstone lenses floating in

a matrix of sheared siltstone. The boundary with the overlying coherent turbidites appears to be
gradual and conformable, although at places it may have been slightly tectonized. The melange
components have a sigmoidal shape indicating a consistent sense of simple shear (the sense of
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shear has notbeen determined, however, due to the lack of 3D exposures) (Fig. 4.11). The
melange fabric appears to parallel remnant bedding in most parts, but some rock packages of a
few meters thickness have slightly different fabric orientations. Close to the lower limit of the
exposure, the melange fabric is intensely crenulated into asymmetric, harmonic folds of a few
centimeters to tens of centimeters wavelength (Fig. 4.12). These folds may record a
superimposed phase of folding, or a local rotation of a melange packages within an overall
uniform stress regime.

At MH 14, the melange is approx. 10 m thick and occurs within an overturned sequence. Downsection, it appears to abut unfolded sandstone beds and turbidites, whereas up-section, it grades
into turbidites that are buckled into close and tight chevron folds. The siltstone matrix of the
melange is transected by numerous anastomosing, closely spaced shear planes. These shear
planes are oriented subparallel to the orientation of bedding in the surrounding coherent
sequences, and wrap around the melange components. Quartz veins in the melange follow the
shear planes, but are also deformed by movement along these planes, indicating that
mineralization and shear deformation were contemporaneous. The components of the melange
range in size from 5 mm to 20 cm in the upper parts of the melange, but their size decreases
dramatically towards the base of the melange, where components length does not exceed 3 cm.
Components are dominated by an ocean floor assemblage of chert, mudstone, limestone and
meta-volcanic material (cf. section 3.3.5). Most components display internal fractures that are
perpendicular, or at high angles, to layering (i.e. to remnant bedding) and do not transect the
matrix. These micro fractures are intergranular (displacement occurred by grain boundary
sliding), and are either barren, coated with a veneer of opaque minerals, or in:filled with quartz.
This type of fracturing either predates disruption and incorporation of the components into the
melange, or formed contemporaneously with the extensional fabric in the melange matrix. Most
components are disrupted and displaced along normal faults, indicating an initial
extensional/flattening regime. However, some of the faulted blocks are rotated with respect to
the matrix fabric, indicating that a non-coaxial, rotational stage of deformation superimposed
onto the extensional fabric. This stage of rotational deformation was also responsible for the
formation of a S-C fabric in the matrix (Fig. 4.13).
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Fig, 4.11: Melange fabric at MH 10. The matrix is pervasively sheared subparallel to bedding (latter not shown).

Components (sandstone, chert, limestone and metavolcanic rocks) often have a sigmoidal "fish" shape or are
oriented oblique to the melange matrix, indicating a component of simple shear (dextral on the shown rock face).
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Fig. 4.12: Crenulated melange fabric close to the bottom of the melange at MH I 0.

Fig. 4.13~ Thin section of melange, showing orientation of main extensional fabric (parallel to green line) and
superimposed shear planes at low angles to original fabric (parallel to red line), producing a S-C fabric.
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4.1.1.5 Normal faults at moderate to high angles to bedding, and associated

features

This type of fault has a more uniform morphology than those described in the previous sections,
and because deformation is generally concentrated on the fault plane itself, continuity of bedding
is only locally disturbed. The measured fault trace lengths range from a few millimeters to
several meters, but outcrop conditions often did not permit their full length to be determined.
Displacements range from < 1 mm to 5 m. The surface texture of high-angle faults is generally
planar. Faults commonly occur as conjugate pairs and are oriented at 45° - 90° to bedding, with
an average dip of 60°. Fault planes occasionally refract across contrasting lithologies: steep
gradients, often close to verticality, occur within sandstone beds, and become shallower when
passing through siltstone beds (Fig. 4.14).

Fig. 4.14: Refraction of normal fault at bedding interfaces. Angle to bedding changes from 60°- 70° within siltstone
beds to 85° within the sandstone bed.
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Bedding adjacent to high-angle normal faults may feature a variety of additional structures.
Frequently, some degree of "drag" (bending) of bedding along the fault plane is present (Fig.
4.15), and this is often the only indicator of the sense of displacement. Bending is restricted to
approx. 10-20 cm on each side of the fault plane, and where two adjacent fault planes have a
separation of this order of magnitude or less, the package of rocks caught inbetween is either sor z-shaped, depending on the configuration of fault - bedding angle and sense of shear.

In Fig. 4.16, an internally disrupted sandstone wedge (D) is caught below the intermediate block
(B) of two conjugate normal faults (pink arrows). It presumably represents the volume of rock
that is missing if the large sandstone bed in the hanging wall block (now true footwall, A) is
realigned with the corresponding bed in the footwall (now true hanging wall, C).

One normal fault has been observed to change orientation along dip such that, technically, the
sense of displacement changes from normal to reverse (Fault A, Fig. 4.17). The reverse segment
is interpreted as a local fault surface irregularity, possibly a reactivated early fracture (cf. section
4.1.4.1 ). Fault B on the downthrown block has the same orientation as the reverse part of fault A,
suggesting a similar origin. A fracture of same dip direction but shallower dip than Fault B
intersects the intermediate wedge, but does not feature significant displacement (Fracture C). It
may have formed due to geometric constraints resulting from contemporaneous movement on
planes (A) and (B).
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Fig. 4.16: Outcrop showing conjugate normal faults (pink arrows) and associated structures, such as minor faults (green arrows) and duplex formation
(Block D). Sequence is facing downward (yellow symbol). Outcrop is facing towards the east. See text for discussion.
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Fig. 4.17: Conjugate set of normal faults (A & B) with an anomalously oriented lower segment on fault A, and
fault-parallel fracturing (C). See text for discussion.
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Where two conjugate faults occur together~it is necessary to accommodate the mass of rock that
occupied the volume that, after slip, is taken up by the intermediate wedge. If only one wedge is

developed, strain may be taken up by brittle disruption of the underlying beds (Fig. 4.18).
Occasionally, both upper and lower wedges are developed; and in this case; the additional strain

may be accommodated by the formation of additional fault splays and bending of bedding (Fig.

4.19). Some of the strain may be taken up via volume reduction, but this only will be a minor
component, since no significant variation in thickness between corresponding beds in the wedge
and in the adjacent blocks has been recorded. Local reduction of the overall vertical maximum
stress below the horizontal stress value may be responsible for the displacement of a sandstone

bed along the upper surface of its offset equivalent across one of the normal faults (Fig. 4.19).

Fig. 4.18~ Conjugate set of normal faults (yellow arrows) deforming underlying siltstone unit. Green arrows indicate
displacement along minor normal faults. Concomitant fluid expulsion may be responsible for the mineralization of
the overlying faulted block.
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Fig. 4.19: Cross-cutting set of conjugate notrnal faults. The unequal displacement along Fault A and Fault B and the
overall decrease of displacement towards the fault intersection are compensated with the formation of additional
fault spays and bending of bedding. Note displacement of sandstone bed along the upper surface of its offset
equivalent across Fault A (red arrow).
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An unusual configuration of faults and fault blocks has been identified in two outcrops at Mt
Hutt. It consists of two faults of similar orientation, some decimeters apart from each other, with
the intermediate block downthrown with respect to both surrounding blocks. In one case, the
structure occurs on the upper, inverted limb of a large-scale syncline (Fold 21; section 4.2.2.2).
The structure is not directly accessible, so it was only observed from a distance. Both fault
planes appear to dip in the same direction (with respect to bedding), but they converge
stratigraphically upwards, so that the intermediate block becomes wedge-shaped and appears
"squeezed" into lower stratigraphic levels (Fig. 4.20). The second structure of this type is also
situated on an outcrop-scale fold, in this case on the upper limb and through the core of a
reclined anticline (Fold 26; section 4.2.2.2). Here, both faults have exactly the same orientation,
producing a tabular-shaped intermediate block (Fig. 4.21). The prominent bending of bedding on
both sides of Fault B is in accordance with a reverse sense of shear, whereas Fault A shows
normal displacement. Small-scale normal faults cut through the intermediate block and have an
orientation conjugate to fault A.

No simple mechanism could be envisaged for the above described configuration of faults. It is
possible that both faults formed as normal faults, as they both show a high angle to bedding, and
one of them was later reactivated as a reverse fault, perhaps under the influence of folding. It is
also possible that the faults formed during folding, and have a more complex history than could
be deduced from the field, possibly involving some component of strike-slip.
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Fig. 4.20: Similarly oriented faults with opposite- sense of displacement on the upper limb of an outcrop-scale
syncline. Bedding youngs towards the south.
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Fig. 4.21: Two similarly oriented faults with opposed sense of displacement. Minor normal faults are conjugate to
the normal fault A. Displaced marker horizon highlighted with green dashed lines.
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4.1.2 Thrust faults
Thrust faults occur as a subordinate type of fault in the study area. They range in scale from a

few centimeters to approx. 1 m. Angle with bedding is always less than 45°, and in 60% of cases
it ranges between 5° and 32°. Thrusts are commonly associated with varying degrees of folding
of adjacent bedding. In some cases, ramp anticlines and synclines develop in the hanging wall
and footwall, respectively, probably as a consequence of a locally steeper dip of the fault plane at
this site (Fig. 4.22). Thrusts passing through contrasting lithologies sometimes feature tectonic

thickening by thrust bifurcation and thrust tips that are driven along the bedding planes of
thicker; more competent sandstone beds (Fig. 4.23). A conjugate pair of thrust developed at MH
13 and lead to the formation of a duplex structure, with a fair proportion of the displacement
accommodated by bedding-parallel shear (Fig. 4.24).

Fig. 4.22~ Development of a hanging wall anticline and, less prominently, of a footwall syncline (outline of marker
beds pink) on both sides of a thrust fault.
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Fig. 4.23: Thrust fault cutting through a vertical turbidite sequence. Thrust splays and a secondary normal fault are
preseni in the hanging wall. Note how the thrust tip is driven along the bottom of the thick sandstone bed (green
arrow). Bedding yotiiigs towards the south.
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Fig. 4.24: Sequence of turbidites showing thrusting and formation of a duplex (block with pencil), accompanied by
bedding~parallel shear along roof thrust. Contortion of internal lamination adjacent to bottom thrust suggests a
semilithified state of sediments during thrusting. Younging towards the south.

In some cases; the relative timing of thrusting and folding cannot be readily determined. In Fig.
4.25, one of the thrusts cuts through the left hinge of a box-shaped fold with a thinned limb. It is

possible that the thrust formed as an accommodation structure that took up compressive strain
once the fold locked up. However, this does not explain the presence of the other thrusts more
distant from the fold. It is therefore more likely that buckling was initiated during faulting. In

this scenario; thinning of the right limb could be primary, or a consequence of folding.
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Fig. 4.is:t Swann of thrust faults spatially associated with a box-shaped fold. Folding was probably initiated during
thrusting. Marker horizons are highlighted with turquoise dashed lines.

4.1.3 Non-indurated shear zones
Due to the pervasive and fresh character of its structures, this is the most conspicuous type of
faulting encountered in the study area. Brittle shear zones, together with extensive and intensive
fracturing in the intervening fault blocks, are the structural elements responsible for the crumbly
and disrupted, "messy" appearance of many outcrops of Torlesse rocks. Along the Mt Hutt ski

field road, brittle shear zones are most extensively developed within the first 2.5 km adjacent to
the southeastem range front. Shear zone frequency and width decreases rapidly towards the
northwest, where shear zones occur only sporadically within otherwise indurated rocks. At

Pudding Hill,- the zone of brittle shearing is restricted to approx. 250 mnorthwest from the range
front, and extends to the southwest to Pudding Hill Saddle.
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Brittle, non-indurated shear zones vary in width, degree of disruption, and type of fabric formed
within the shear zones. The sense of shear can seldom be determined, since marker horizons are

commonly disrupted and surface shear indicators, such as slickenlines; yield contradictory
information. The latter points to successive slip events under different stress fields, most of
which are probably of local nature~ rather than representing changes in the general stress regime.

Thin shear- zones consist of zones of fault gouge or cataclasite of some millimeters to a few

centimeters thickness; confined between planar faults with a generally smooth surface texture.
These shear zones are both parallel and oblique to bedding, and commonly form a network of
numerous shear zones with apparently random orientations (Fig. 4.26). Some of the fault zones

contafo black, non-indurated, carbonaceous material. A few shear zones at high angles to
bedding show evidence for the reactivation of older fault planes, and in some instances also a

reversal of sense of displacement, with fault drag indicating an initial normal displacement while
the present~day sense of displacement is reverse (Fig. 4.27).

Fig._ 4.26: Network of shear zones of apparently random orientation. Hammer (yellow an·ow) for scale.
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Fig. 4.27~ Fauh with adjacent drag folds (highlighted by turquoise dashed line) indicating initial normal
displacement, but with a reverse displacement of marker horizons (A & B), suggesting late-stage reactivation of the

fault.

Slightly thicker (decimeter-thick) cataclastic shear zones show variable fabrics, depending on the
lithology they disrupt, and probably also the finite strain accumulated in that zone. Fine-grained
material tends to form fault breccias, i.e. the proportion of matrix is small. Displacement is
commonly concentrated on a few narrow, anastomosing shear planes around fractured sandstone
blocks (Fig. 4.28). Fig. 4.29 shows a close-up of a cataclasite developed in sandstone. It is 15 cm
thick, and clasts have a diameter of 5 cm or less, are generally equidimensional, angular to
subangular, and are set in a finely crushed matrix. Close to fault planes, the amount of strain
increases, developing more mature cataclasites with a higher proportion of fault gouge.
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Fig-. 4.29-:- Cataclasite adjacent to fault plane, showing a higher proportion of fault gouge close to the fault. Note
asymmetry of cataclasis.

In many cases, shear zones are several meters wide, and appear continuous and pervasive at
outcrop scale. Where shear zones transect turbidites or thin sandstone beds, they impose an

overall scaly fabric onto these sequences. In thin(> 4 cm) silty beds, the scaly fabric is defined
by numerous irregular and anastomosing sets of fractures that intersect bedding at various angles
(Fig. 4.30). They disintegrate the rock into angular chips ofup to a few centimeters length. There

is rarely indication of displacement between adjacent chips, and the original attitude of bedding
is commonly still recognizable.
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Fig, 4,30i Shear zone through siltstone-rich turbidites, producing numerous irregular and anastomosing sets of
fractures that define a scaly fabric.

A different kind of brittle~ non-indurated faulting is exposed at PH 04. A 2-3 m thick~ approx.
south-dipping kink band defines a domain of intense brittle disruption of steeply dipping beds,
and contains undeflected lenses of undisrupted bedding (Fig. 4.31 ). The sense of displacement is
top-to-the-south. This structure suggests a probably local, brittle extensional overprint;
displacing steeply dipping beds along a gently-dipping fault zone. This interpretation is
supported by the spatial configuration of adjacent faults exposed in the same outcrop (Fig. 4.32).
The angular relationship of these fault with bedding and the presence of bedding drag are
reminiscent of the high-angle normal faults described in section 4.1.1.4, and suggest that drag
formed during normal displacement while bedding was still semi-ductile. The present-day
displacement on the fault; however, is reverse relative to bedding, and normal in its present
orientation. Moreover, the fault contains a friable gouge. It is therefore likely that the fault has
been reactivated after tilting of bedding as a gently dipping, brittle true normal fault.
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Fig.

4.31! Kink band with internal brittle disruption through steeply dipping turbidites. Note preserved lens of
undisrupted bedding within kink band.

Fig. 4.32~ True normal fault with friable gouge. Fault drag of bedding (yellow) indicates that initial displacement
along the fault was normal respective to bedding, whereas the present geometry (shown by the displacement of
marker bed A) is normal relative a to present-day framework.
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4.1.4 Fractures
Fractures are ubiquitous in almost all units exposed in the study area. The geometric
relationships between sets of fractures is complex, and the scarcity of features that may be used
to distinguish between different sets of fractures makes them extremely difficult to analyze and
classify. It will be shown that, in many cases, fractures show evidence of shear along their
surfaces, and should therefore, technically, be classified as faults. They are, nevertheless,
included in the present section, since many fractures of similar style and orientation do not show
clear· evidence for shear displacement, and a clear-cut distinction between both types appears
arbitrary.

4.1.4.1 Fractures at high angle to bedding

Most fractures occur at high angle to bedding, commonly in conjugate pairs, with angles ranging
between 45° and 90°, and higher than 60° in more than 60% of the cases. These fractures
predominate in sandstone-rich lithologies, such as sandstone beds and the bases of turbidites, and
are found in all ranges of bed thickness.

Some of the high-angle fractures are spatially, and perhaps also genetically, related to normal
faults. Conjugate normal faults (section 4.1.1.4) are frequently associated with mineralized
conjugate fractures that intersect bedding at somewhat higher angles than the faults,( cf. Fig.
4.18). These fractures may have formed contemporaneously with the faults as secondary, oblique
extensional fractures taking up residual strains, or may be reactivated earlier structures. The
latter option offers an attractive explanation for the unusual surface topography of fault A in Fig.
4.17 (section 4.1.1.4): the fault segment with "reverse" sense of shear is probably an inherited
fracture that proved to be in a favourable orientation, and was therefore reactivated as a fault
segment instead of the formation of a fresh fault plane. On the other hand, many fractures cutting
across thick sandstone beds have angles to bedding of around 60°-70° and displacements of up to
3 cm, comparable to those of the adjacent faults cutting through the thinner beds (cf. Fig. 4.16 in
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section 4.1.1.4). These fractures are therefore best described as shear planes that probably
originated at the same time as the faults.

Most fractures in the field are unrelated to faulting, particularly those which are barren and fresh

in appearance. On plane view, these fractures display a complicated, but systematic, mesh of
intersecting fracture plane traces (Fig. 4.33). Some intersect at right angles and tend to dominate

the outcrop, whereas other sets are less continuous and generally abut the orthogonal sets. Where
fractures are exposed both in plan view and in cross section, it can be seen that both dip-slip and

strike-slip displacements along fractures are insignificant, and no consistent crosscutting
relationships are apparent (Fig. 4.34). These fractures are therefore interpreted to be of
extensional nature, and are probably the result of unloading during uplift of lithified rock.

Fig. 4.33: Bottom surface of sandstone bed showing an intricate pattern of fractures. Bright curved lines are trace
fossils.
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Fig. 4.34: Pattern of fractures exposed both in plane view (right) and m cross-section (left). No significant
displacement along fracture planes is recorded on either exposure.
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Fractures at high angles to bedding encountered in conjunction with folds generally retain a
constant orientation relative to bedding, i.e. their orientation varies in accord with their position
on the fold limbs. This pattern was also observed where mineralized fractures are rotated along
with bedding adjacent to a normal fault (Fig. 4.35). This configuration suggests that the fractures
either predate faulting or are synchronous with folding and follow local stress fields. There are a
number of cases, however, where fractures clearly cut across the hinges of the folds. This
crosscutting relationship occurs most frequently at folds with a strong differential behaviour, but
was also observed in hinges of more uniform chevron folds (Fig. 4.36). The latter example is
particularly interesting in that the fractures are mineralized and therefore probably relatively
early structures. These observations suggest that fracturing and mineralization were widespread
throughout the deformation history of the rocks, both predating and postdating chevron folds. On
the other hand, it is possible that some of the fractures with constant geometrical relationship to
bedding actually postdate folding. This is the case when fractures form under a local stress field
that results from the anisotropy introduced by bedding planes and adjacent beds of different
lithologies, rather than in response to the overall stress regime responsible for folding. In this
case, fractures will respond to the small-scale boundary conditions and therefore form
perpendicular to bedding, even though postdating the folding event, possibly by significant
amounts of time. Likely candidates formed by this mechanism are barren, fresh fractures that
often form during late-stage uplift.
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Fig. 4.35~ Normal fault (relative to bedding) and bending of adjacent turbidites. Mineralized fractures within
turbidites swing along with bedding as they approach the fault surface.
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Fig. 4.36: Veins cutting across the hinge of a moderately reclined chevron fold.

4.1.4.2 Fractures at moderate angles to bedding

Fractures at moderate angles to bedding are generally found in siltstone-rich beds, with dips

ranging between 35° and 65°. In many cases, these fractures represent the fine-grained
equivalents to high-angle faults through sandstone (cf. Fig. 4.7a, section 4.1.1.3). Fractures
through siltstone commonly have more regular surfaces; and therefore also sharper intersection
edges, than do fractures through sandstone. The amount of displacement along fractures through
siltstone is difficult to determme, but in many cases, it can be assumed to be equivalent to the

amount of displacement of adjacent sandstone beds. Under this assumption, fractures at
moderate angle to bedding form a continuous spectrum between extensional fractures, minor

shear planes. and faults; similarly to their high-angle counterparts in sandstone beds.
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4.1.4.3 Fractures subparallel to bedding

Siltstone units often show a strongly developed set of fractures that run along, or parallel to,
bedding planes. presumably following boundaries between layers of slightly different grain size.

These type of fractures imparts a certain degree of fissility to the siltstone succession; in the
study area, however, the fissility is rather weak and only locally developed. It is thought to have

resulted from the alignment of clay minerals parallel to bedding during burial-related
compaction. In some occasions, fissility combines with moderate to high angle fractures to
disrupt the siltstone sequences into small, elongate chips with sharp edges, imparting the outcrop
a very characteristic appearance (Fig. 4.37).

Fig. 4.37! Siltstone-rich turbidites with pervasive development of bedding-parallel fissility. A lozenge pattern results
from the intersection of fissility planes and fractures at moderate and high angles to bedding.
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4.1.4.,4 Fractures subparallel to topography

Some fractures appear to have formed subparallel to the topography of the Mt Hutt Range.
Topography-controlled fractures do not feature significant displacement, as shown where such

fractures transect, but do not displace, the components of a breccia (Fig. 4.38). Most of these
fractures terminate against a set of high-angle fractures, suggesting an older age for the latter, but

in some cases; fractures at moderate to high angles to bedding terminate against topographycontrolled fractures, apparently indicating the opposite age relationship. An ultimate
discrimination between both options would require a more systematic study of fracture crosscutting relationships; but the observations described above and other observations in the field
suggest that either both types of fractures are penecontemporaneous, or that topography-parallel
fracturing postdates high-angle fractures.

Fig. 4.38: Fractures developed within a breccia (top) parallel to a brittle shear zone (bottom). Note that the :fractures
cut across the breccia components, but they do not displace them.
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4.1.4.5 Catactastic breccias

Two outcrops at Pudding Hill feature zones of indurated, cataclastically disrupted sandstone
beds. The boundaries of the cataclastic zones are irregular, and clasts range in size between 1

mm and 6 cm (Fig. 4.39). Precipitation of vein minerals must have ensued immediately after
fracturing, as it is unlikely that fluid pressures would have been high enough to support the

broken clasts in suspension after fracturing. The cataclastic breccia is probably the result of
hydraulic fracturing, a process by which high pore fluid pressures reduce the effective strength of
the rock to a point where the stresses acting on the rock exceed the rock strength and lead to
brittle failure, accompanied by volume increase.

Fig. 4.3'h Zone of cataclastic breccia with irregular botmdaries and clasts of varying sizes. Vein material is calcite.
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4.2 Folds
The Mt Hutt Range features a variety of fold styles at scales ranging from centimeters to tens of
meters. Small folds of wavelengths of 5 meters or less are most common in the study area,
especially along the ski field road. Large folds with wavelengths of more than 5 meters generally
occur as single anticlines or synclines. ·At Mt Hutt, exposures of large folds are rare and best
along the uppermost section of the road, where the vertical extent of outcrop is greatest. Their
half-wavelengths probably do not exceed 30 m. At Pudding Hill, folds with half-wavelengths of
several meters to a few tens of meters occur at three localities. Due to the notorious lack of
marker horizons characteristic of Torlesse rocks and the lack of exposure between key sections,
folds at scales of hundreds of meters or more (megascale folds) are extremely difficult to map,
and no such folds have not been identified in the study area.

In the following sections, folds are described with increasing scale, and subdivided by style,
starting with those with most obvious lithology-dependent response of bedding to buckling.
Again, the boundary between different styles is frequently blurred, and transitional stages occur.

4.2.1 Small folds
This section includes most of the folds identified in the field. At a number of folds, contrasting
lithologies reacted in a markedly different manner to buckling stress. Such packages of beds
commonly deform disharmonically, and are of short lateral extent. This style of deformation has
been observed more frequently at Pudding Hill, whereas only a few examples were found at Mt
Hutt. There is a whole spectrum in the degree of disharmonic behaviour, grading into structures
where the conformity of different lithologies is more uniform. This buckling behaviour is best
developed at large-scale folds and associated second-order folds, where the sequence deforms as
a multilayer, with a high degree of harmony.
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4,2.. 1.. 1 Microfolds

The term microfolds is used for folds with wavelengths of less than 15 cm. Such folds were
found in sections of low sandstone/siltstone ratio, where the thin, locally attenuated sandstone
beds are far enough from one another to deform disharmonically. Buckling strain is concentrated
on the weak, pinched areas of the deforming bed, and folds the swollen areas towards each other

(Fig. 4.40). The vergence of the folds indicates dextral shear, which is in agreement with the
position of these particular folds on the lower limb of a south-facing, recumbent syncline (further
discussed in 4.2.2.2). In Fig. 4.41, pre-folding extension of bedding is even more pervasive, and
rrregular bed surfaces indicate strong interaction between sandstone and siltstone at their
interfaces. The boulder also shows a pervasive pattern of irregular, short fractures at high angles

to bedding. These fractures may have formed contemporaneously with the folds and either
represent an element of volumetric change (axial plane pressure solution) or be the result of the
reorientation of some planar fabric element within the siltstone.

Fig._ 4.40~ Two thin,. boudinaged sandstone beds that are folded asymmetrically (vergence to the south). Buckling

appears to have concentrated in the necks of the stretched sandstone beds (yellow arrows).
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Fig. 4.41: Thin boudinaged and folded sandstone beds. Note the highly irregular sandstone-siltstone interface and

the short, anastomosirtg ftactttres at high angles to bedding within the siltstone.

4.2.1.2 Folds with pronounced differential behaviour of lithologies

At Pudding Hill, there is a range of folds that show a pronounced differential behaviour between

sandstone and siltstone. At PH 13, a 60 cm thick package of highly deformed sandstone beds and
turbidites is sandwiched between undisrupted bedding (Fig. 4.42). The sandstone beds are

deformed into irregular isoclinal folds with an apparent sinistral vergence. This structure
possibly resulted from a combination of concentration of fluid overpressure in the affected zone,
reducing the strength of the sediments, and simple shear parallel or subparallel to bedding,

buckling the weakened sediments.

Some turbidites and sandstone beds overlying the intrastratal deformation zone described above

are buckled harmonically into steeply reclined chevron folds with a half-wavelength of 2.5 m
(Fig. 4.43). The hinges within the thicker sandstone beds are rounded on the convex side of the

fold and more angular on the concave side. The intervening siltstone beds are pervasively
sheared parallel to the axial plane and flow into the gaps that result from the geometry of the

Chapter 4: Description of Structures

78

surrounding sandstone beds (Fig. 4.44). This is a comm.on pattern found where sandstone and

siltstone units buckle as a multilayer, aiming to maintain an overall similar shape (Twiss &
Moores 1992). Some of the thinner sandstone beds have a slightly carinate structure, possibly
accommodating additional layer-parallel shear and hinge dilation over the thick sandstone bed at

the core. A few fold limbs show considerable parasitic folding and associated thrusting, with
siltstone being squeezed into, and foliated parallel to, the cores of the parasitic folds (Fig. 4.45).

This suggests that both primary and parasitic folds formed contemporaneously. The folded
sequence shown in Fig. 4.43 may have evolved through continuing non-coaxial strain from an
upright; lift-off type fold (see below) into a more advanced stage of deformation, with its axial

plane being successively rotated to a lower angle to bedding. Alternatively, it may have
originated as an asymmetrical isoclinal fold.

Fig. 4.42: lntraformational disruption of sandstone beds and siltstone-rich turbidites (boundaries highlighted with
dashed lines). The vergence of the folded sandstone indicates, at least locally, a sinistral sense of shear.
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Fig. 4.43~ Steeply reclined chevron folds in a sequence of thick sandstone beds and turbidites. Carinate hinge
highlighted with red dashed line.
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Fig. 4.44~ Close-up of the hinge of the fold shown in Fig. 4.43. Outer arcs of sandstone hinge are rounded, inner
arcs are angular; the resulting misfit is compensated by ductile deformation of the intervening siltstone.

Fig. 4-.45-: Chevron fold with prominent parasitic folding and thrusting on the upper limb.
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The formation of some folds is linked with a detachment horizon (Fig. 4.46). These folds are
termed "lift~off folds-" (Campbell 2003, pers. Comm.). The outermost hinges are rounded, but

become more angular towards the core of the fold. This entails a downward reduction of the
radius of curvature, forcing the fold to die out against the detachment horizon as the radius

approaches zero and disrupting the intervening strata (Twiss & Moores 1992). The beds
overlying the disrupted zone lift off and buckle as a result of both lateral compression and simple
shear.

b)

~ 1m.

Fig. 4.46-: a) photograph and b) field sketch of a lift-off fold, showing the detachment horizon and disruption of
bedding immediately above it.
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4.2.1.3 Folds associated with slumping

An interesting set of structures was found at PH 13. Unfortunately, a landslide destroyed the
outcrop before photos were taken, so only field sketches are provided for illustration.

Fig. 4.47 shows the spatial relationship of the structural elements. At location (A), steeply
dipping, south-facing beds define a round, open recumbent anticline. At location (B), the dip of
the south-dipping beds becomes progressively more gentle. The upper part of the corresponding
beds in the lower, north-dipping zone are overturned. The resulting structure is a small,
recumbent synformal anticline that sits on the larger host anticline. Locally, a thrust displaces the
core of the anticline. The structure may therefore be regarded as a fault-propagation fold. The
thrust ends within a sandstone bed that is slightly thicker than neighbouring beds; this bed
probably offered enough resistance to brittle failure during the peak stage of stress to lock the
fault at this site. At location (C), the succession becomes highly disrupted, but the orientation of
some of the larger lozenges suggests an anticlockwise rotation of the beds, possibly along a
north-dipping slope. It suggests a gravity-induced slump origin.

The spatial relationship of the three structures described above appears to indicate a genetic
relationship between them: oversteepening of bedding at the hinge of the larger anticline
exceeded the strength of the material, causing it to fail under the influence of gravity with a
mixture of brittle and ductile modes. Some strain was taken up by displacement along a normal
fault and by formation of a fault-propagated fold, whereas bedding-parallel shear and folding led
to the formation of the slump structure. This interpretation has two important implications: the
material was still weak while the larger anticline formed, and it was close enough to the surface
to allow gravity-induced deformation.
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Fig. 4.47: Field sketch of the structures seen at PH 13, including a recumbent fold, a fault-propagated minor fold
and a slump structure. See text for discussion.

At MH 06, a zone of highly disrupted turbidites is in sharp contact with a succession of at least
60 cm of undisturbed bedding. It stratigraphically overlies an outcrop scale recumbent anticline
(Fold 50), but is separated from the fold by a small unexposed area. The disrupted zone consists
of variably deformed blocks of sandstone beds and turbidites interspersed with sandstonesupported breccia (section 3.3.5). All observed folds are rootless, and range from involute (Fig.
4.48) to recumbent isoclinal with parasitic folding on the limbs (Fig. 4.48). Hinges are rounded
and thickened compared to the limbs, forming class 1C folds (Ramsay 1967). This deformation
style suggests intrabed granular flow within the sandstone and a component of passive shear
folding as the bed yielded to buckling stress and strain concentrated in the fold hinges. The less
competent siltstone beds deformed in a more ductile manner, responding almost purely to the
geometrical constraints imposed by the surrounding sandstone bed. The occurrence of rootless
folds in conjunction with chaotically bedded turbidites suggests that the whole assemblage was
deformed during some form of slumping event, possibly triggered by over-steepening at the nose
of the adjacent recumbent fold.
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Fig. 4.48: Involute syncline formed in a disrupted sequence of turbidites.

Fig. 4.49: Isoclinal fold with parasitic folding on upper limb, showing thickening of hinges and thinning of limbs.
Note fractures cutting across the fold hinges.
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4.2.1.4 Rounded-to-chevron folds

Numerous isolated folds are scattered along the Mt Hutt ski field road. The spatial and structural
relationship of these folds to surrounding bedding cannot be established due to poor outcrop
conditions and the disrupted nature of the rocks. In many cases, the differences between these
folds and those described in section 4.2.1.2 are not obvious, and both groups may overlap or be
even equivalent. Many folds are open to close, rounded, with half-wavelengths of 1 - 3 m, and
have folding depths of 15 beds or more. As folds become tighter, their bluntness decreases to
become subangular to angular, and their limbs become straight (i.e. the structures become
chevron-like). Half-wavelengths may be as small as 30 cm. Due to their transitional character,
rounded-to-chevron folds are thought to be genetically interrelated. Differences in style either
represent various stages in fold formation or different positions along the axial plane of folds of
limited depth of folding (Fig. 4.50). In the latter case, concentric folding in the peripheral parts
of the fold gives way to chevron-type folding in the central parts of the fold.

Rounded-to-chevron folds also include a number of refolded folds. In most cases, the first stage
of folding produced isoclinal folds. The axial planes corresponding to the first stage of
deformation were subsequently folded by a second, coaxial stage that produced folds ranging
from open and rounded (Fig. 4.51) to close and angular (Fig. 4.52). In some cases, the resulting
folds are non-cylindrical. Both stages of deformation are thought to belong to the same
deformation event.

Folds belonging to a group of open to gentle folds with rounded hinges and half-wavelengths of
several meters have been loosely termed "undulation folds". This group possibly represents the
low-strain endmember of the above described rarige of fold styles. Undulation folds commonly
extend laterally for several tens of meters, show a high variability in wavelength, and locally
grade into, or are superimposed by, folds of greater tightness. Undulation folds may represent
low-amplitude monoclinal, early forms of tight, asymmetric folds, such as those shown in Fig.
4.43. Locally, they are closely associated with normal faults, with their axial plane at an
orientation conjugate to the latter. This configuration suggests an alternative interpretation of
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these particular undulation folds as large-scale monoclinal drag folds along a not exposed normal
fault.

Fig. 4.50: Transition from rounded hinges in the peripheral parts of a fold (A) to subangular hinges in the fold core
(B).
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Fig. 4.5h lsoclinal fold refolded to a round, open fonn. AP = axial plane.

Fig. 4.52: lsoclinal fold refolded to close and rounded to angular forms. AP = axial plane.
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4.2.1.5 Chevron folds

It is probable that chevron folds represent the high-strain endmember of the rounded-to-chevron

folds described in the previous section. However, they are dealt with separately, as they are more
locally constrained, and in most cases they can be tied into a larger-scale structural context.

Chevron folds at Mt Hutt are all located in the upper reaches of the Mt Hutt ski field road,
between MH 10 and MH 14 (this area is known amongst the ski field employees as "The Bluffs"
because of its steepness and associated rockfall hazard). A typical outcrop of chevron folds is
shown in Fig. 4.53. Chevron folds have subangular to angular hinges and straight limbs, and
range in tightness from open to tight, being most commonly close. Wavelengths are in the order
of tens of centimeters to a few meters, and folding is generally harmonic. Most folds are
asymmetrical and have a consistent sense of vergence, but at few locations · folds are
symmetrical. Both the degree and the sense of asymmetry of the folds are related to the position
of the chevron folds within larger-scale folds; this relationship is elaborated in section 4.2.2.2.
Chevron folds commonly feature some conspicuous irregularities, generally associated with the
fact that anomalously thick layers need to be incorporated into multilayer buckles. In Fig. 4.54, a
somewhat thicker sandstone bed surrounded by asymmetrically folded turbidites is folded into a
box-shaped anticline-syncline pair. The surrounding turbidites adjust to this geometry by
gradually reducing the length of the intermediate limb and becoming chevron folds (downsection), or by forming more irregular hybrids of chevron folds and box folds with opposing
closing direction (up-section). In other sequences, turbidites in the core of the anomalously thick
bed have carinate structures and, closer to the thick sandstone bed, multiply collapsed hinges
(Fig. 4.55). These structures may be interpreted as features accommodating the additional stress
that was required to fold the thicker sandstone bed. Hinge collapse can occasionally be seen at
the anomalously thick bed itself (Fig. 4.56). This structure may have resulted as a consequence
of the adjustment of the thick bed to the overall wavelength of the multilayer (Price & Cosgrove
1990).
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Fig. 4.53~ Typicai outcrop of chevron folds at Mt Hutt
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Fig. 4.54: Box-shaped syncline-anticline pair, and associated irregular folding. Note changes in fold style both above and beneath the
anomalous sandstone bed (yellow outline). See text for discussion. Outcrop facing towards the west.
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Fig. 4.55: Chevron fold with carinate hinges (A) and collapsed hinges (B) in the core of anomalous thick sandstone bed. Outcrop facing
towards the west.
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Fig. 4;S6~ Collapsed carinate hinge in an anomalously thick sandstone bed.
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Chevron folds have also been recognized at Pudding Hill. A landslide at MH 13 generated an
impressive outcrop, where entire face is taken up by chevron folds with broadly horizontal axial
planes (Fig. 4.57). Only the lowermost parts of the outcrop could be accessed, and a few
measurements around one hinge suggest that fold axes are gently reclined to the SE, although
these data may not be representative for the whole section. The chevron folds are asymmetrical,
with short north-facing and long south-facing limbs. The former are fairly straight and constant
in orientation, whereas the latter are slightly bent and highly variable in dip along profile. The
axial planes are gently folded. This deformation could be the result of a second folding phase
with the maximum stress axis oriented at low angles to the first axial planes (now subhorizontal).
However, this scenario fails to explain why the long limbs are not affected by the overprinting
deformation. A more attractive explanation is conceivable if the chevron folds are analyzed in
conjunction with the immediately adjacent fault-propagated fold and slump-type structure
described in section 4.2.1.3 (Fig. 4.58). The contact between both sets of structures is not
exposed, but they are separated by only a few meters of shingle. Both the asymmetric chevron
folds in the upper part of the outcrop and the large recumbent fold in the lower part of the
outcrop verge towards the south. This coincides with the direction of fault-propagated folding
and slumping. Hence, all these structures probably formed during a single event that presumably
involved tectonically induced, south-vergent folding and gravity-induced deformation and failure
of unfavourably oriented bedding. The latter mechanism also explains the differential
deformation of the limbs of the asymmetric chevron folds: the short limbs deformed under the
pull of gravity, while the long limbs were able to accommodated the corresponding strain by
bedding-parallel shear.
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Fig. 4.57: Outcrop showing train of asymmetric, south-verging chevron folds, with straight long limbs and curved short limbs. This
configuration results in undulating axial planes of chevron folds. Outcrop is facing west.
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:Fig. 4.5S: IIIustration showing the spatial relationship between asymmetric chevron folds (upper right, cf. also Fig.
4.57) and the fault-propagated fold and slump described in section 4.2.1.3. See text for discussion.

A similar tectono-gravitational origin is inferred for two peculiar strucn1res exposed at Pudding
Hill. These structures comprise a triangular zone of bedding of abnormal orientation and
substructure enclosed between the steeply dipping limbs of recumbent to reclined chevron folds.
At PH 04; the intermediate limb is subhorizontal to gently inclined and tapers towards the south
(Fig. 4.59). It is connected to the upper limb via an angular hinge forming a close fold, whereas
the transition to the lower limb is more gradual. To the south, the upper and lower limbs
eventually meet to form a gentle, recumbent syncline with subhorizontal axial plane. The second
structure of this type is found at PH 12 (Fig. 4.60). The upward extent of exposure is limited; but
the orientations of the three limbs are identical with those at PH 04, therefore the flat limb is also
inferred to taper to the south. The intermediate limb features some interesting second order
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structures (Fig. 4.61). The beds are intersected by a set of semi-ductile normal shear planes that
recur periodically every 30 - 40 cm and show displacements of 1 - 5 cm. Brittle failure
dominates the thinner sandstone beds, notably in the lower part of the outcrop, and is associated
with antithetic ("bookshelf') rotation of the intervening fault blocks. Thicker sandstone beds are
displaced by ductile shearing, rather than brittle fracturing, and form drag folds along the shear
zone.

Extension and rotation of fault blocks within the intermediate limb could be envisaged as the
result of the intermediate limb being oriented at a high angle to the principal stress responsible
for the formation of the chevron fold (oriented subvertical in the present configuration of the
structure). In this orientation, it would experience an effective extensional stress, and therefore
fail through minor normal faulting. It is surprising, however, that only one pair of conjugate
faults should develop. The alternative and favoured interpretation involves again the influence of
gravity. If not fully lithified, the intermediate limb would be, in its present orientation, at an
unstable orientation and fail under the pull of gravity, with the mode of failure (ductile vs.
brittle) controlled by lithology. This scenario fits well into the gravitational collapse model
proposed above in the context of similar asymmetric chevron folds adjacent to slump structures.
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Fig. 4.59~ Gently inclined chevron fold with lower limb deflected towards the hinge. Bedding notably extended in
the curved section of the lower limb approaching hinge is suggestive of bending rather than buckling. Light blue
dashed line = axial plane.
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Fig. 4.60: Gently inclined chevron fold with lower limb deflected towards the hinge. Blue dashed lines = axial
planes.

Fig. 4.61 : Extensional defonnation within the deflected part of the lower limb of a gently reclined chevron fold (Fig.
4.60). Dashed lines = ductile shear zones, solid lines = brittle faults.
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4.2.2 Large folds
Only a few folds with half-wavelengths of several meters to a few tens of meters have been
identified in the study area, and are described in tum.

4.2.2.1 Large folds at Pudding Hill

Three large folds have been identified at Pudding Hill. At PH 02, the first large-scale fold (Fold
1) is an open, gently plunging and moderately inclined anticline with a half-wavelength of
approx. 40 m. Adjacent to its northern limb, bedding becomes again south-dipping, suggesting
the presence of a corresponding syncline. However, the transition to this domain is not well
exposed, and an intervening zone of highly sheared bedding suggests that faulting modified the
structure (Fig. 4.62). Adjacent to the sheared beds is a rounded, isoclinal syncline that may have
formed in response to upward drag of bedding along the adjacent shear zone. Another minor fold
sits on the south limb of the anticline. It has a half-wavelength of 30 cm and is cut by a roof
thrust and by another thrust through its hinge, paralleling the axial plane. Both small-scale folds
are coaxial with the large fold, and probably formed under a similar stress regime as the largescale host fold.

Fig. 4.62: Simplified sketch of Fold 1 at PH 2 and adjacent disrupted and overturned bedding, suggestive of shear
across the hinge of a corresponding syncline. Arrows indicate younging direction.

At PH 13, large-scale recumbent folding is indicated by the orientation and sense of asymmetry
of smaller structures. It has been already described and discussed in sections 4.2.1.3 and 4.2.1.5.
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The third large-scale fold at Pudding Hill (Fold 15) occurs at PH 18. This open, gently plunging,
steeply inclined anticline is, with approx. 150 m half-wavelength, the largest single fold
identified in the study area. It involves a sequence of sandstone beds several meters thick that
show a well developed set of fractures. Towards the south, the structure grades into a section of
flat-lying bedding (domain 3, section 5.1.2) over a zone of gently dipping thrusts and rampanticlines (Fig. 4.63). It is therefore conceivable that the large anticline also formed in
conjunction with roughly south-directed thrusting.

N

lOm

3/--s

Fig. 4.63: Simplified sketch of large-scale anticline at PH 18, thrusted onto flat-lying bedding towards the south.
Arrows indicate younging direction.

4.2.2.2 Large folds at Mt Hutt

Only two large-scale folds have been identified at Mt Hutt outside "The Bluffs" (MH 10 to MH
14). The first fold is a tight, gently reclined syncline, and is the only large fold in the study area
that shows a noticeable degree of straightening of limbs and a subangular hinge (Fig. 4.64).
Further to the west, the fold is transected by a ea. 1 m thick shear zone that bent the thicker beds
and sheared the thinner ones (not shown in Fig. 4.64). The second large-scale fold is located at
MH 06, and has already been mentioned in conjunction with slump-associated folds (section
4.2.1.3). The exposed part of the fold outlines a gently plunging, gently inclined anticline, but it
is probable that the lower, steeper beds represent the hinge of the fold, so the structure is better
described as a recumbent anticline (Fig. 4.65). The beds of the lower, steeper part of the fold
cannot be matched up with that in the upper, more gently dipping beds, so faulting along a plane
of unknown nature and sense of shear has to be invoked.

Chapter 4: Description of Structures

101

Fig, 4,64: Large-scale, gently reclined syncline at MH 16. Hammer (arrow) for scale.

Fig. 4.65~ Large-scale. gently plunging and inclined anticline at MH 06, cut by a fault of unknown sense of

displacement. Hammer (arrow) for scale.
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The most instructive section oflarge-scale folding occurs along The Bluffs. At MH 13, two large
synclines (Fold 20 & Fold 21) extend for approx. 200 m along the ski field road and make up an
impressive outcrop. Both synclines are close to tight, have rounded hinges, are moderately to
steeply inclined and plunge gently towards the east-northeast. The area between the two
synclines is obscured by a high degree of bedding disruption, but it is inferred to be a fault, as
there is no sign for an intervening anticline. The northern syncline (Fold 21) shows degree of
some shearing through the lower limb associated with secondary synclines (Fig. 4.66).
Immediately adjacent to the north limb, bedding is highly disrupted. However, a few continuous
sandstone beds reveal that the attitude of the beds is very flat (i.e. strongly overturned). The
vergence of some second-order folds indicates sinistral shear, indicating a correspondence on the
upper limb of the syncline (Fig. 4.67). In the lower part of the outcrop, fold patterns are blurred
by bedding disruption, but a few internal bedding structures indicate that the younging direction
is the right way up. Together with one small fold with a dextral vergence, this indicates a
correspondence to the lower limb of the syncline. For the next 200 m or so to the north, outcrop
quality remains poor, and no younging directions could be determined, but the attitude of
bedding remains fairly consistent, dipping to the northeast. Small-scale folding is only
discernible in one narrow zone where folds appear to be symmetric. At MH 14, a section of
asymmetrical chevron folds (described in section 4.2.1.5) consistently indicate a dextral sense of
shear, and include the microfolds described in section 4.2.1.1.

Finally, some 100 m to the north, the last large-scale structure is encountered (Fig. 4.68). The
form of the thick sandstone beds and younging directions deduced from the turbidites, point to
the structure being some sort of recumbent syncline-anticline pair, but the downward extent and
geometry of the anticline is unknown. Trend and plunge of the fold axis are similar to those of
Fold 20 and Fold 21. Some chevron folds in the hinges of the recumbent structure are, as
expected, symmetric and disharmonic with respect to the thicker sandstone beds that surround
them (Fig. 4.69). Faulting or reactivation of pre-existing faults may have accompanied folding,
as already suggested in section 4.1.1.5. No more folds have been identified further north, where
bedding becomes again steeply dipping and south-facing.

The whole assemblage of structures at MH 13 and MH 14 along the ski field road is interpreted
as a large reclined synclinal structure (Fig. 4. 70) The undulating subhorizontal axial plane
becomes moderately to steeply inclined at MH 13, where the two synclines are exposed. The
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hinge of the synclinal structure is probably represented by Fold 26 (Fig. 4.68), the local anticlinal

character of the latter fold being attributed to second~order folding. The main arguments
supporting the overall interpretation of the structures at MH 13 and MH 14 are the geometry of

the exposed folds, the geographical changes in vergence of second-order folds and the
geographical distribution of changes in younging directions of bedding.

Fig. 4.66: Second-order synclines and anticlines formed by shearing through the limb of a large-scale syncline (Fold
21).
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Fig. 4.67: Asymmetrically folded sandstone beds on the upper limb of a reclined syncline (F.21) indicating a
sinistral sense of shear. Bedding in the lower part of the outcrop is the right way up (yellow symbol), thus indicating
position on lower limb ofrecurnbent syncline.

Fig. 4.68: Complexly defonned, reclined syncline-anticline pair at the hinge of a large synclinal structure. Green
dashed lines represent faults (cf. Fig. 4.21, section 4.1.1.5). Bedding youngs towards the southeast.
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Fig. 4.69: Disharmonic folding ofturbidites and sandstone beds in the hinge of a recumbent anticline (F.26). Folds
are symmetrical.
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Chapter 5: Orientation of Structures

5.1 Bedding
Characteristically, the attitude of bedding for the entire field area is almost invariably moderate
to steep (Fig. 5.1). The overall facing direction is roughly towards the south at Pudding Hill and
towards the southwest at Mt Hutt, but several local departures occur in both areas. The attitude
of bedding is analyzed separately for Mt Hutt and Pudding Hill in the following sections. See
also Plate 1 for a schematic 3D representation of bedding attitudes.
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Fig. 5.1 ~ Orientation of bedding at Mt Hutt and Pudding Hill. Bracketed values indicate range of bedding attitudes
found in each location.
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5.1.1 Bedding at Mt Hutt
The rock succession along the Mt Hutt ski field road is divided into four domains, based on
mean bedding attitude and attitude variability (Plate 1):

Domain 1 encompasses rocks exposed along a minor N-S trending ridge that ends at Scott's
Saddle. Bedding attitudes in domain 1 are variable within tens of meters, but due to intense
brittle disruption, only scattered measurements could be taken, and no consistent orientation
pattern have been determined.

Domain 2 extends from Scott's Saddle to MH 06. Bedding strikes northwest-southeast, except
for some scattered outcrops on Scott's Saddle itself, where bedding strikes roughly north-south.
In the central part of domain 2, where outcrop conditions are best, dip directions remain constant
at moderate dip angles to the northeast, but younging directions alternate abruptly, within meters
to tens of meters, between southwest and northeast-facing. This implies some sort of isoclinal
folding, although no corresponding hinges or areas of transitional bedding attitudes have been
identified.

Domain 3 lies between MH 06 and MH 12. Both the attitude and the facing direction of bedding
are persistent throughout this domain. Beds are overturned, dipping at moderate angles towards
the NNW to NE and younging invariably to the south, although occasionally, some thin upright
sequences both dip and young towards the south. Bedding becomes steeper at the northern end of
domain 3.

Domain 4 entails the upper reach of the ski field road, north of MH 13. This section is
characterized by large-scale folding, described in detail in section 4.2.2.2. Where bedding is not
folded, attitudes and younging directions are similar to those recorded in domain 3.

On a stereoplot, bedding shows a large degree of scatter (Fig. 5.2). However, there is a clear
pattern in the distribution of normal and inverted beds: all inverted beds dip into the northern
sector, whereas the majority of normal beds (approx. 75%), including all those with dip angles
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50°, dip into the southern half. In other words, the overall younging direction of

bedding is roughly south to southwest, irrespective of overturning. Two large-scale models are

consistent with such a configuration of poles to bedding (Fig. 5.4): a) mega~scale, recumbent
folding towards the south or southwest (Model A .); b) back-tilting of horizontal bedding towards
the south or southwest (Model B.). A bowtie-shaped girdle pattern of poles to bedding, with a
wide deviation from the mean great circle, becomes evident if the anomalously oriented beds at

MH 15 and MH 16 (domain 1) are removed (Fig. 5.4). This pattern is characteristic for refolded
beds that have undergone a complex deformation history.
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5.1.2 Bedding at Pudding Hill
Based on the same criteria as used in the previous section, the rock sequence at Pudding Hill is
subdivided into four domains (Plate 1):

Domain 1 extends for 2.5 km from the southern end of the study area to PH 15, entailing more
than half of the entire Pudding Hill succession. For beds that are not part of outcrop-scale folds,
dip angles are significantly steeper than at Mt Hutt, mostly between 70° and 90° and rarely <
60°. Bedding youngs uniformly towards the south, with dip directions often fluctuating within
meters or tens of meters between north and south around a mean vertical attitude.

Domain 2, between PH 28 and PH 26, is dominated by intensely sheared and veined massive
sandstone. Bedding planes are difficult to detect, so only a few measurements could be made.
They point to northeast-southwest strikes. Neither the northern nor the southern contact of the
massive sandstone with adjacent units is exposed.

Domain 3 extends from PH 16 to PH 18. This is the only domain where subhorizontal bedding is
exposed. Towards the north, it is folded into a steeply inclined anticline.

Domain 4 is the most poorly exposed domain at Pudding Hill. Bedding appears to face towards
the south at PH 22, but at PH 24, bedding faces east-southeast, thus departing from the general
south-younging direction characteristic for the bulk of the Pudding Hill area.

The overall pattern of bedding attitudes at Pudding Hill is similar to that of Mt Hutt, with upright
beds dipping into the southern sector and overturned beds dipping into the northern sector (Fig.
5.5). Bedding at Pudding Hill is generally steeper than at Mt Hutt. It also shows a somewhat
higher degree of scatter in strike, and the mean younging direction appears to be rotated,
respective to Mt Hutt attitudes, by a few degrees from southeast to a more southern direction.
The distribution of poles to bedding at Pudding Hill may be interpreted in a similar way to that at
Mt Hutt (cf.Fig. 5.3). For the mega-scale recumbent folding scenario, Pudding Hill bedding
represents a zone more restricted the hinges, where dip angles are steepest. For the second model
oflarge-scale backtilting, Pudding Hill beds show a lesser degree of overturning than those at Mt
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Hutt. The pattern of scatter of poles to bedding may also be interpreted as bowtie-shape~ being
more pronounced if poles from domain 3 are taken into account.
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Fig; 5.5: Poles to bedding at Pudding Hill, classified by younging direction. See text for discussion.

5.2 Folds
The geographic distribution of folds in the study area is shown in Fig. 5.6. All large-scale folds

and some selected small-scale folds of particular interest are also depicted schematically in 3D in
Plate 1. The fold orientation is analysed separately for Mt Hutt and Pudding Hill in the following

sections.
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Fig. 5.6= Orientation of fold axes at Mt Hutt and Pudding Hill. Fold axes within areas of high fold density are shown
in enlargement circles.
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5.2.1 Folds at Mt Hutt
At Mt Hutt, fold axes plot on a broad girdle that swings from north~northwest to the east&
southeast; with a maximum density of poles plunging to the east at 35° (Fig. 5.7). All large-scale
folds have plunges of 36° or less and plot on the eastern end of the girdle, except for Fold 29,
which has a similar trend but plunges towards the west.
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Fig, 5.7~ Fold axes at Mt Hutt, classified by fold scale. Fold ID numbers next to each fold axis may be used to
correlate fold axes with the corresponding folds in Fig. 5.6 and Table 1.

A classification of fold axes by bedding domain (section 5 .1.1) reveals that there is no clear-cut
correlation between fold orientation and geographic location (Fig. 5.8). However, some domains
feature a certain degree of clustering. Fold axes in domain 1 appear to be concentrated in the
northern sector. These folds are low in number and widely scattered, therefore the distribution

pattern may be insi~nificant. In domain 4, folds belongLng to the mega-scale synfonnal structure
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outlined in section 4.2.2.2 plot on the eastern half of the girdle, whereas those not related to this
large structure (subdomain 4' in Fig. 5.8) show a higher degree of scatter. For this reason, it is
not possible to establish a genetic link, based on orientation patterns, between folds of domain 4
and folds of subdomain 4'.
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Fig. 5.8: Fold axes at Mt Hutt, classified by geographic location. Subdomairt 4' folds are those that are not spatially
linked to the large synformal structure described in section 4.2.2.2.

A classification of fold axes by fold tightness shows that gentle and open folds only have gentle
to moderate plunges of less than 40°, whereas close and tight folds plunge at any angle between
0° and 75° (Fig. 5.9). There are several possible explanations for this pattern:

a) folds with small and large interlimb angles represent two separate folding phases;

b) tightening of limbs is (locally) contemporaneous with steepening of axial plunges;
c) formation of folds with large interlimb angles slightly postdates the rotation to steep angles
affecting some of the close and tight folds. For close and tight folds, tightening of limbs and
rotatfon of fold axes may or may not have been contemporaneous processes.
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Option a) is considered unlikely, because folds with large and folds with small interlimb angles
may not be distinguished by their azimuth, and differences in style are gradual (cf. sections
4.2.1.4 and 4.2.1.5). This suggests a transitional character between folds with large interlimb
angles and folds with small interlimb angles, Option b) links the interrelation of fold tightness
and plunge . angle to spatial inhomogeneities in strain distribution during a single process of
tightening and steepening of folds. Option c) calls upon temporal variations in the strain
affecting the folded sequences. A combination of options b) and c) is also conceivable.
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Fig. 5.9: Fold axes at Mt Hutt, classified by fold tightness.

6.2. 1. 1 Interpretation of overall distribution pattern of fold axes

To further discuss the overall pattern of fold orientations, the distribution of fold axes is shown
as a contour plot (Fig. 5.10). Clearly, the data are spread within a limited zone and any
interpretation must account for a spread through a quasi girdle distribution. Since the scatter of
data is fairly large, there is no unique interpretation of the distribution pattern of fold axes in
terms of a well constrained fit to a large or small circle. Two models are presented here, along
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with possible genetic models. A distinction is made between phases of folding and phases of

monoclinal, rigid rotation of bedding. They are labelled, respectively, F and R, and numbered in
chronological order. a is the angle between (kinematic) fold axes. Since it is to be expected that
folding was controlled by the anisotropies induced by the rheological contrasts between different
lithologies (sandstone and siltstone) and by the properties of bed interfaces, flexural folding is
assumed to be the prevalent deformation mechanism in all the scenarios described below.
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Fig. 5.10: Contour plot of fold axes at Mt Hutt.

Model A

Fold axes plot on a small circle that is concave-outward and intersects the outer margin of the
stereoplot in the north-northeast and east-southeast (Fig. 5 .11 ). This small circle, or partial arc, is
the projection of the lower half of a partial cone that trends and opens to the NE and has a
horizontal or subhorizontal plunge. Poles to lineations (including fold axes) plot along a partialarc when they are wrapped around, or rotated by, an axis at an angle a. #, 90°. This axis of
totation coincides with the centre of the partial arc, whereas a determines the radius of the small
circle. However, the locus of the partial arc is also dependent on the inclination of the folded
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plane that contains the lineations: an upright fold will split the partial arc symmetrically onto
opposite sides of the stereoplot, whereas increasing inclination of the fold will skew the
distribution pattern onto one side of the plot. Consequently, for recumbent forms, all lineations
will plot on one continuous partial arc.

In Model A, the lineations represent the axes of initially horizontal Fl folds. To obtain a

distribution of Fl axes along a continuous partial arc after refolding, F2 needs to be represented
by recumbent folds. Four configurations of fold axes are possible (Fig. 5.12). The first and
second options involve only two folding phases, whereas the third and fourth options involve an
additional phase of bedding rotation prior to F2:

Model A.a.: - Fl is subhorizontal and W-E trending;

- F2 is subhorizontal, recumbent and SE vergent.

Model A.b.: - Flis subhorizontal and N-S trending;

- F2 is subhorizontal, recumbent and NW vergent.

Model A.c.: - Rl tilts bedding to moderate dips to the SW;

- Fl folds tilted bedding into horizontal, NW-SE trending folds;
- F2 is recumbent and rotates Fl about a horizontal, W-E trending axis.

Model A.d.: - Fl is horizontal and NW-SE trending;

- Rl tilts folded bedding to moderate dips to the SW;
- F2 is recumbent and rotates F 1 about a horizontal, W-E trending axis.

Note that models A.c. and A.d. only differ in the relative order ofFl and Rl.
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Fig. 5.11: Contour plot of fold axes at Mt Hutt, interpreted as a concave~outward small circle (Model A).
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F'ig. S.12: Illustration of possible folding histories leading to a concave-outward small circle distribution of fold
axes. F1 is represented by lineations on the surface of plasticine sheets. Fold axes are labelled F, arrows indicating
monoclinal rotation are labelled R. Arrows indicates plunge direction of fold axes. Small stereoplots at the bottom of
each plasticine model indicate the distribution of Fl axes during subsequent folding histories. Note the different
perspectives from which models are viewed, shown by the orientation of north arrow.

ModelB

Fold axes plot on a partial small circle or great circle that is convex-outward (Fig. 5.13). In this

case, the partial arc is the projection of the NE half of a downward-closing cone. There is a range
of possible combinations of apex angle and plunge angle that can produce this geometry. The
endmembers of this range are: a vertically plunging half-cone with a= 55° (Fig. 5.13A), and a
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moderately SW plunging half-cylinder, the projection of which is a great circle, in which case a
= 90° (Fig. 5.13B).

A distribution of poles as described above may be achieved by folding or rotating F2-folds
equivalent to those described in Model A.a. and Model A.b. to steep plunges. For a

-::f.

90°, four

configurations are possible (Fig. 5.14):

Model B.a.: - Fl is tight to isoclinal and W-E trending;

- F2 is upright and NW-SE trending;
- F3/Rl rotates F2 to a steep plunge over the SE.

Model B.b.: - Flis tight to isoclinal and W-E trending;

- F2 is recumbent, NE-SW trending and NW verging;
- F3/Rl rotates F2 to a steep plunge.

Model B.c.: - Fl is tight to isoclinal and N-S trending;

- F2 is upright and NW-SE trending;
- F3/Rl rotates F2 to a steep plunge over the NW.

Model B.d.: - Fl is tight to isoclinal and N-S trending;

- F2 is recumbent, NE-SW trending and SE verging;
- F3/Rl rotates F2 a to steep plunge.
A great circle distribution of fold axes (a = 90°) may be attained by rotating/folding bedding that
has already experienced a phase of tilting, similarly to Models A.c. & A.d. (Fig. 5.14):

Model B.e.: - Rl tilts bedding to moderate dips to the SW;

- Fl folds tilted bedding into horizontal to moderately plunging;
- F2/R2 rotates Fl about a vertical to moderately SW to SSW plunging axis.

Model B.f.: - Flis NW-SE trending;

- Rl tilts folded bedding to moderate dips to the SW;
- F2/R2 rotates Fl about a vertical to moderately SW to SSW plunging axis.
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Fig. 5.13: Contour plot of fold axes at Mt Hutt, showing endmembers of convex-outward small circle interpretation
(Model B): A) great circle; B) concentric small circle.
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Fig. 5.14: Illustration of possible folding histories leading to a convex-outward small circle (Models B.a to B.d) or
great circle (Models B.e. & B.f.) distribution of fold axes. Fl is represented by lineations on the surface of plasticine
sheets. Arrows indicates plunge direction of fold axes. Fold axes are labelled F, and axes and arrows indicating
monoclinal rotation are labelled R. Small stereoplots at the bottom of each plasticine model indicate the distribution
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of Fl axes during subsequent folding/tilting histories. Note the different perspectives from which models are
viewed, shown by the orientation of north arrow.

5.2.1.2 Constraints for fold models by additional observations

Even though all the above suggested sequences of folding/tilting events are capable of producing
a fold axes distribution similar to that observed at Mt Hutt (Fig. 5.7), most of them fail to satisfy
one or both of two additional boundary conditions: the overall south/southwest-younging attitude
of bedding, and the gentle to moderate plunge oflarge-scale folds.

As may be deduced from Fig. 5.12 and Fig. 5.14, the first requirement is satisfied by Model A.c.,
Model A.d., Model B.a., Model B.d., Model B.e. and Model B.f.. With the remaining models,
bedding ends up facing predominantly either to the south-east (Model A.a.) or to the northern
sector (Models A.b., Model B.b. and Model B.c.). Therefore, these models are not viable and
may be discarded.

The observation that outcrop-scale folds have gentle to moderate plunges is not easy to reconcile
with Model B.a and Model B.d. As illustrated in Fig. 5.14, in these models both Fl and F2 folds
are expected to have moderate to steep plunges after rotation by F3/Rl. Model B.e. and Model
B.f. satisfy both the bedding attitude and the fold axis plunge requirements, but only work under
the restrictive proviso that F2 be exactly at right angles to Fl. With Model A.c. and Model A.d.,
all folds can be generated during a single folding phase (Fl), and whereas F2 is responsible for
the distribution pattern and local steepening of fold axes, it is still capable of preserving gently
plunging, E to SE trending outcrop-scale folds. In addition, it does not require Fl and F2 to be
exactly perpendicular to each other. Hence, Models A.c. and Model A.d. are in accord with both
overall bedding attitudes and specific fold style and orientation requirements, and are the
preferred models for the folding history at Mt Hutt.
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5.2.l Folds at Pudding Hill
Only 17 folds were recorded at Pudding Hill (Fig. 5 .15). This is less than a third of the number
of folds found at Mt Hutt. With such a small number of data points, the overall pattern of fold
distribution is not statistically significant and cannot be analyzed in the same way as in section
5.2.1. However, there appears to be some degree of correlation between fold orientation and fold
style. Using the fold axis orientation as the main criterion, Pudding Hill folds have been
subdivided into three groups (Fig. 5.16), which for the sake of convenience are referred to by the
colour of the corresponding poles in Fig. 5.16. The "blue" group represents folds of the same
style, scale and geometry, whereas the "red" and "green" groups encompass folds that differ in
one or more of these parameters. These groups are discussed separately below.
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Fig. 5.15: Fold axes at Pudding Hill. Fold ID numbers next to each fold axis may be used to correlate folds with the
corresponding fold axes in Fig. 5.6 and Plate 1.
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Fig. 5.16: Fold axes at Pudding Hill, subdivided into three groups ("red", "green" and "blue") based on style, scale
and geometry considerations (see text for discussion).

5.2.2.1 Steeply plunging, S-SE trending folds ("red" group)

the "red" group is the more diverse one. Common to all "red" folds is a steep, south-southeast to
southeast directed plunge. Fold 6, which trends ENE, has also been included in this group

because of its steep plunge and taking into account the large error intrinsic to the determination
of the trend of steeply plunging lineaments. The "red" group comprises all folds with strong
differential behaviour of lithologies (section 4.2.1.2), and also includes undulation folds (section

4.2.1.4). Fold 19 at PH 22 is somewhat unusual in that the folded beds face east, just before
swinging to a more common, south-facing attitude (Plate 1).

Ail folds described above, with the exception of Fold 19, can be obtained by folding horizontal

sediments into horizontal to gently plunging, south to southeast trending folds of varying degrees
of inclination (Fl), and subsequently rotating or folding the deformed beds to steep plunges
along a west to southwest trending subhorizontal axis (F2/Rl ). The geometry of Fold 19 can be
best accounted for by introducing an intermediate, probably local folding stage that rotated
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initially west-:verging lift-off folds backwards to steep attitudes, before the entire sequence was
tilted to steep dips.

5.2.2.2 Gently to moderately plunging, NW-SE trending folds ("green"
group)

Common to folds belonging to the "green" group is a gentle to moderate plunge (< 50°) into the
NW and SE quadrants. Two subgroups have been defined, based on fold geometry. The two largescale, open, upright folds identified at Pudding Hill (Fold 1 & Fold 15) make up the first subgroup,
together with two associated minor folds, Fold 2 & Fold 3 (section 4.2.2.1). Fold 15 plunges gently
to the WNW, whereas the other folds have moderate plunges to the SE & ESE. The second group
encompasses all folds identified at PH 13. They all have subhorizontal to gently reclined axial
planes. The orientation of the train of asymmetrical chevron folds above the slump outcrop
described in section 4.2.1.5 is only represented by Fold 10, and the value is not very accurate. Fold
11 & Fold 12 are related to the fault-propagated fold, and Fold 13 is a measurement of contorted
bedding in the slump area (section 4.2.1.3).

In principle, all folds of the "green" group could have resulted from a SW-NE directed principal
stress. This contrasts slightly with a more easterly orientation proposed for the principal stress
related to formation of "red" folds. To account for the present-day moderate plunges of the second
subgroup of "green" folds, one has to invoke some degree of tilting of bedding or folding about a
NE-SW trending axis prior to, or contemporaneous with, the first folding event. The mean trend of
"green" folds differs by about 40° from the W-E strike direction of most unfolded bedding at
Pudding Hill (section 5.1.2). Therefore, there is some indication that two deformation events may
have contributed to the tilting of bedding to steep attitudes, one south-directed and one southwestdirected. This is further discussed in section 5.2.2.4.

5.2.2.3 West-trending folds ("blue" group)

The "blue" group consists of only three folds that have a distinctive attitude, and share a very
similar style and inferred origin (section 4.2.1.5). Fold 7 is not well exposed and its attitude
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could not be determined accurately. Fold 5 and Fold 8 have been accurately measured and have
almost identical orientations. As with the second subgroup of the "green" group, "blue" group
folds are inferred to have formed during, or immediately after, tilting of bedding. The orientation
of their axes, however, is compatible with the overall south-dipping and facing orientation of
bedding at Pudding Hill.

5.2.2.4 Interpretation

With the limited dataset that is available at Pudding Hill, the variability in fold style and attitude
is often too high to allow an unambiguous allocation of a fold to a specific fold group. It is also
difficult to assess the extent to which these groups represent separate deformation phases, or just
small variations of the same event. Nonetheless, the following statements can be made:

1. "Red" folds probably formed early, under rather unlithified conditions. Since they fold south
to southeast dipping bedding, back-rotation yields fold axes which are compatible with
formation during Fl of Model A.c. or Model A.d. at Mt Hutt. Rotation to steep plunges
(F2/Rl) probably took place during F2 of Model A.c. or Model A.d ..

2. "Green" folds have a similar main trend to "red" folds, but lower plunges. If both "red" and
"green" groups formed during the same folding event, then their difference in mean trend of
approx. 20° is regarded as insignificant or resulting from local disturbances, and both groups
formed during an Fl equivalent to that of Model A.c. or Model A.d. The variations in plunge
indicate that they have been affected to different degrees by a subsequent rotation of bedding
to steep attitudes. On the other hand, the first subgroup of "green" folds may have formed at
a later stage of FI than "red" folds and remained in its original orientation, whereas "red"
folds were affected by an additional folding/tilting event, equivalent to F2 of Model A.c. or
ModelA.d.

3. The geometry and attitude of "blue" folds indicates that they are contemporaneous with, or
slightly postdate, regional south-directed tilting of bedding. It therefore appears that tilting of
bedding towards the south, steepening of "red" fold axes (F2/Rl), and formation of "blue"
folds, all were part of the same deformation event. At the same time, both fold geometry and
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style suggest that "blue" folds formed under similar circumstances to the second subgroup of
"green" folds. It is thus likely that two separate tilting events (southwest-directed and southdirected) acted contemporaneously. The southwest-tilting event is correlated with Rl, the
predominant tilting event at Mt Hutt (Model A.c.

& A.d.), and is probably

penecontemporaneous with Fl. South-directed tilting, and possibly some concomitant
folding, is correlated with F2.

5.3 Faults

5.3.1 Faults at Mt Hutt

5.3.1.1 Orientation patterns

A stereographic plot of faults and shear planes measured at Mt Hutt is shown in Fig. 5 .17. The
bulk of poles to planes with determined sense of displacement represents sharp, extensional
faults (both at low and high angles to bedding). Reverse/thrust faults are subordinate. It is
possible to interpret the pattern of poles to faults as a vaguely defined, broad girdle that strikes
roughly N-S and dips moderately to the west. Reverse/thrust faults all dip into the southeastem
quadrant.
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Fig. 5.17: Faults and shear planes at Mt Hutt, classified by sense of displacement. Girdle represents a possible

interpretation of the distribution pattern of poles to faults.

Non-indurated, brittle shear zones (section 4.1.3) are under-represented amongst the measured
faults at Mt Hutt (Fig. 5.18), because the gouge-rich and irregular nature of these zones hampers
the determination of their attitude. Moreover, these shear zones are the small-scale expression of
much larger-scale zones of movement; the overall displacement of which is accomplished by
distributed displacement on the variously oriented outcrop-scale faults. The orientation of smallscale shear zones will therefore, in general, not represent the regional orientation of the largescale shear zone they are part of. As already noted in section 4.1.3, it is likely that many old
faults will have been reactivated by the latest, brittle deformation phase, if favourably oriented.
Therefore, the clustering of poles to faults with friable material into the SW quadrant seen in Fig.

5.18 could be ascribed to preferential reactivation of NE~dipping faults during the latest stage of
brittle deformation. This is a very preliminary interpretation, and requires corroboration by a
more targeted investigation of brittle shear zone orientations in the study area.
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Fig, 5.18: Faults and shear planes at Mt Hutt, classified by induration of fault gouge and/or degree of healing of

shear planes.

Faults at low angles to bedding (<40°) dip with various angles into the NE quadrant, whereas
faults at high angles to bedding (>50°) fall into two conjugate sets, dipping with generally
moderate to high angles to the N-NW and S-SE, respectively (Fig. 5.19). Thus, there are two
separate groups of faults that are distinguishable by attitude and orientation respective to
bedding. The first group of faults is correlated with the extensional faults and shear surfaces
described in section 4.1.1.3, whereas the second group represents the high angle normal faults
described in section 4.1.1.4. Interestingly, both groups of faults displace bedding with a similar,
roughly NE-dipping orientation (Fig. 5.20). If one assumes that beds with similar orientation
have experienced a similar deformation history, then the two groups probably represent separate
generations of extensional faulting.

Fauits with reverse displacement occur both at high and low angles to bedding.
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Fig. 5.19: Faults and shear planes at Mt Hutt, classified by angle to bedding.
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Faults have been "unfolded" through rotation of corresponding bedding planes to horizontal.
Since the exact folding history of the affected beds is unknown, fault azimuths resulting from
such a simplistic back&rotation are not necessarily identical with the original azimuths of the
faults, and cannot be used to make direct dynamic interpretations. Nevertheless, a stereoplot of
rotated faults is useful to illuminate some aspects of fault-fold relationship and stress orientation.
It clearly shows that the poles of faults at low angles to bedding are evenly distributed around the
centre of the plot. Assuming that these faults belong to one generation, this would indicate a
uniaxial, flattening stress regime. Faults at low angles to bedding could also represent a mixed
population related to different events. Conversely, faults at high angles to bedding plot as a set of
conjugate faults that presumably formed under triaxial stress conditions and was subsequently
rotated to show a greater variation in strike. Both the unrotated and the rotated data appear to
indicate a roughly NW-SE striking conjugate set. That only few faults at high angle to bedding
with gently dipping attitudes have been recorded at Mt Hutt reflects the generally moderate
attitude of bedding, and consequently, the preferential sampling of faults on such oriented
bedding.
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corresponding bedding planes to horizontal
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5.3.1.2 Interpretation

A preliminary interpretation of the faulting pattern at Mt Hutt involves two separate phases of
extension, an uniaxial flattening phase and a triaxial, possibly NW-SE directed phase, pred&ting
NE~SW directed compression (Fl of models B.e./B.f., section 5.2.1.1). It is also conceivable that
normal faulting at high angles to bedding and folding took place simultaneously at different
locations within the same tectonic environment. The fact that normal faults were generally
observed in unfolded sequences may support this option.

An origin of high-angle normal faults from extension on the outer arcs of NW-SE folds is
regarded as unlikely, as such a concentration of faults in hinge areas of outcrop-scale folds has
not been confirmed by field observations. Moreover, one would expect extensional faults formed
this way to strike roughly parallel to the fault axes, which is at variance with the observed faultfold relationships. However, there is only little information about spatial relationships of largescale folds and faults in general, and extension on outer fold arcs cannot completely be discarded
as a locally operating mechanism.

Normal faulting at high angles to bedding may have locally postdated folding, as indicated by
sporadic faults transecting fold hinges. However, a widespread phase of post-folding fault
generation is not implied by field evidence. In this case one would expect less fluctuation in the
dip angles of the faults, unless the latter were directly controlled by bedding orientation or
subjected to additional refolding. There is no field evidence for refolding, and control by bedding
is only to be expected with structures confined to, or influenced by, lithological boundaries (such
as extensional fractures). Most faults are major features that override bedding boundaries and are
therefore largely independent from bedding anisotropy.

The strike direction of reverse faults is invariably parallel to the fold axes they occur with. This
points to a genetic relationship between both types of structures. Clustering of faults in the NW
quadrant is thought to be associated with the regional scatter of fold axes.
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5.3.2 Faults at Pudding Hill
In isolation, the available data about faults at Pudding Hill yield only limited information about
the timing of faulting events and palaeo-orientation of stress fields (Fig. 5.22). Faults appear
evenly distributed over the plot, and neither normal nor reverse faults form distinguishable
clusters. If compared and contrasted with faulting information from Mt Hutt, some useful
observations may be derived.

Similarly to Mt Hutt, the main strike direction of faults at low angles to bedding is NW-SE, but
dip angles are generally higher, and both SW- and NE-dipping faults occur (Fig. 5.23). This
reflects the fact that bedding is generally more steeply dipping at Pudding Hill, and supports the
notion that these faults formed prior to tilting of bedding.

Normal faults at high angles to bedding appear to have a random distribution all over the plot,
with moderate dip angles being dominant (Fig. 5.21). This contrasts with the steeper dips of
high-angle faults at Mt Hutt, and may also be related to the differences in dip of bedding
between the two areas. The formation of high-angle normal faults therefore appears to predate
tilting of bedding. As at Mt Hutt, faults either predate folding, or formed at different geographic
locations than large-scale folds. This is supported by the fact that many high-angle normal faults
occur independently from any large-scale folds. Formation of high-angle faults synchronous with
folding is considered unlikely for the same reasons as outlined in section 5.3.1, whereas
formation of high-angle faults after steepening of bedding is precluded by the consistency of
high-angle faults in style and geometric relationship to bedding, irrespective of bedding
orientation.

The few thrust faults that are spatially associated with folds of larger scale strike parallel to the
corresponding fold axis. This supports the formation of both types of structures, either
sequentially or contemporaneously, under a similar stress regime.
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5.4 Fractures
As already shown in section 4.1.4, fractures at Mt Hutt & Pudding Hill have a wide range of
orientations and geometrical relationships with other structures. A systematic and targeted
analysis of the orientation of a very large number of fractures would be required for the
establishment of the relationship of fractures with other structures and for an attempt of
chronological classification. Fractures have not been examined rigorously during this study, and
the available orientational data are not sufficient to allow interpretations of general validity.
Therefore, only a few points will be made, restricted to observations of fracture relationships
within a single outcrop.

In some cases, fractures cluster in sets that plot roughly along a great circle. If poles to bedding
are available, the latter commonly plot on the same girdle. Such sets could be interpreted as
conjugate sets of fractures that have been subsequently rotated together with bedding. Such a
relationship needs to be proved with information about fold axis orientation. More often, not all
sets of fractures in one outcrop can be joined with a single great circle. In these cases, it is more
difficult to speculate about the possible relationships between the individual sets without
additional information. Frequently, sets with irregular planes lie on a great circle coinciding with
bedding, whereas only some of those with straight and sharp planes plot on that same great
circle. This suggests a different origin for the two morphologically different groups of fractures.

Fractures associated with folds could only be measured in three outcrops. In all cases, some sets
of fractures strike parallel to the fold axis, whereas others do not. The former may be
contemporaneous with folding, and represent extension on the outer arc. Where sets of fractures
are roughly subperpendicular to the corresponding fold axis, they might be interpreted as a result
of extension parallel to the axis, such as the ac-fractures described by Twiss & Moores (Twiss &
Moores 1992). One should take into account that, in some cases, the geometrical relationship
between fractures and fold parameters could be fortuitous. Many fractures may therefore predate
folding or indirectly reflect the structures during fracture formation on uplift and unloading.
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Chapter 6: Synthesis and discussion

6.1

Synthesis of structural development in the Mt
Hutt Range

The voluminous sequence of alternating turbidites, sandstone beds and siltstone beds that makes
up the bulk of the Mt Hutt Range records a protracted history of deformation, ranging from
syndepositional deformation of bedding, folding and faulting of progressively more lithified
sediments, to late-stage, brittle disruption of well-indurated sedimentary rocks. The following
section gives a chronological overview of the structural evolution of these rocks.

6.1.1 Syndepositional deformation
The earliest deformation affected the sediments during or immediately after deposition. Load
casts and flame structures resulted from density inversion and foundering of denser sandstone
into less dense, underlying siltstone. Convolute lamination formed once the sediment lost its
strength, possibly due to rapid deposition and concomitant overpressuring of trapped water.

6.1.2 Gravity mass movement
Gravity flow deposits occur sporadically throughout the study area. At Mt Hutt, sandstonesupported flows containing turbiditic clasts show evidence for both grain flow and liquefied flow
mechanisms acting during down-slope transport. At Pudding Hill, siltstone-rich debris flows
locally reworked the underlying substrate and transported more distally sourced, well indurated
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sandstone, siltstone and conglomeratic clasts to the site of deposition. The source for these
indurated clasts are probably older, uplifted equivalents of the sediments the flows are being
deposited onto. Slumps may have developed locally and be preserved as isolated fold hinges.

6.1.3 Extension and disruption of bedding
The first extensional structures developed while the sediments were still unlithified or only
weakly lithified. Thin, parallel-laminated sandstone laminae enclosed by otherwise undeformed,
massive siltstone beds were displaced along numerous sharp, perfectly healed, millimeter-scale
conjugate normal faults. On a larger scale, thin and widely spaced sandstone beds within
siltstone-rich sequences are deformed in a ductile manner, forming pinch and swell ·structures
and boudinage. A mixed brittle-ductile behaviour is indicated where small normal faults cut
across the necks of boudinaged sandstone beds. Extensional deformation in slightly more
lithified sequences of turbidites and thin sandstone beds occurred along low-angle shear planes
and was accompanied by slip along bedding interfaces and ductile deformation. Theses types of
structures are found in several sequences of some tens of meters thickness at Mt Hutt and
Pudding Hill Saddle. The varied orientation of low-angle faults suggests that they either
represent different populations, or that they formed simultaneously under an uniaxial, gravity
induced flattening regime.

As extensional deformation progressed, the continuity of the affected sedimentary units was
progressively reduced. A new planar fabric developed, defined by the orientation of boudinaged
and fractured sandstone lozenges and lenses with numerous anastomosing, bedding-parallel
shear planes in the siltstone matrix. Extension also produced microscopic veins at high angles to
the surface of the sandstone lozenges and oblique extensional veins, reflecting variations in fluid
pressure during deformation. Broken formations formed in this manner range from 2 m to
approx. 80 m in thickness, and both tectonic and sedimentary contacts with adjacent, more
coherent units have been recognized. The fabric of many broken formations is gently buckled,
either indicating a subsequent compressional phase or local reorientation of the fabric in a steady
stress regime.
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The two melange zones found at Mt Hutt are approximately 15 m and 80 m thick, respectively,
and represent the maximum of extensional deformation in the study area. The melange
components, consisting of minor sandstone and an ocean-floor assemblage of chert, limestone,
mudstone and metavolcanic rocks, were disrupted along normal faults and fractures, being
displaced along numerous

shear planes in the siltstone matrix during an initial

extensional/flattening regime, similar to that inferred for the broken formations. This process
generated the main melange matrix, defined by the orientation of elongated clasts and the matrix
shear planes. Subsequently, this fabric was deformed by a phase of non-coaxial, rotational strain,
resulting in variable rotations of the melange fabric within a bulk extensional stress regime. The
presence of fluids during deformation is recorded by veins in the matrix that are
peneconternporaneous with the formation of shear planes, and possibly by the coeval formation
of mineralized fractures and faults within the melange components. Local crenulation of the
melange fabric is either the result of strain homogeneities or of a superimposed, compressional
deformation. The amount of strain within the melange appears to be highest close the base and
gradually decreases towards the top.

The most widespread form of extensional deformation is conjugate normal faulting at a high
angle to bedding. High-angle faults occasionally occur in conjunction with low-angle extensional
deformation, but they are also widespread in otherwise coherent sequences. The wealth of
auxiliary brittle structures that accompany these faults could imply a slightly more lithified state
of the sediments during deformation, although bending of bedding along fault planes proves that
the sediments were still able to deform in a ductile manner. The relative timing of high-angle
faulting and outcrop-scale folding is not clear. Scarce outcrop relationships appear to point to
buckling generally postdating extensional deformation Locally, high-angle normal faults were
reactivated as reverse faults during folding. Alternatively, high-angle faults and folds may have
formed independently from each other at different geographic locations. Normal faults predate
rotation of bedding to steep attitudes, since they are consistently rotated along with bedding.
High-angle faults at Pudding Hill yield a scattered distribution, but at Mt Hutt, they plot in two
broad clusters that represent a NE-SW striking conjugate set of faults. If the strike of the faults
was not significantly altered by subsequent rotations, they may have developed under NW-SE
directed extension.
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6.1.4 Folding, thrusting, and tilting of bedding
Extensive folding and tilting of bedding affected the entire sedimentary sequence while it was
still in an semi-lithified state, and is responsible for the overall structural character and grain of
the rocks. Fold style is highly variable and was likely influenced by fold scale, lithology and
degree of lithification. Fold style and orientation suggest diachronous folding and tilting of
bedding under a NE-SW directed compressional regime, followed and/or accompanied by
steepening and rotation of fold axes into the northeastem quadrant and a second phase of tilting
towards the south.

Small-scale folds (with wavelengths of a few meters or less) occur both in association with largescale folds and as isolated structures. Isolated structures are particularly common at Pudding
Hill. Sandstone-dominated folds that did not experience significant amplification are
characterized by a parallel geometry. These include lift-off folds, where layer-parallel
detachment dissociates shortening in the upper package across an underlying, weaker
decollement, and undulation folds, which probably represent an early stage in fold development.
Some of these folds may have formed as the result of tectonically triggered slope failure. Where
buckling is more advanced, generally in successions with a significant proportion of siltstone,
fold geometry changes to quasi-similar, with thinned limbs. This geometry is accomplished by
flexural shear folding of the competent sandstone beds and layer-parallel shear in the limbs and
flattening in the hinges of the incompetent siltstone beds. At Mt Hutt, various scattered folds
show a similar spectrum in style, and probably formed under conditions comparable to those
prevalent at Pudding Hill. Coaxial stages of deformation and the adjustment of shear plane
orientation parallel to local axial planes indicate that the structure developed during progressive
compression of semi-lithified sediments. Outcrops showing a transition from rounded, open folds
to more angular, straight-limbed (chevron-like) forms along the same profile exemplify the
influence of the amount of strain onto fold style. At Mt Hutt, rounded-to-chevron folds have a
wide range of orientations. At Pudding Hill, however, all the folds mentioned above have steeply
plunging fold axes and an orientation consistent with W-E to NW-SE directed compression and
subsequent tilting of bedding towards the south or south-east.
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Thrust faults are subordinate, compared with other compressional structures. They are commonly
associated with some degree of buckling of adjacent bedding on a similar scale as the thrusts,
and whenever they are part of large-scale folds, they are coaxial with the latter. The thrusts
probably developed under the same stress regime as most folds and have been affected by the
same post-folding rotations. These rotations are responsible for the clustering of poles to fault
planes in the NW quadrant.

Small-scale folds associated with large-scale folds commonly show an advanced stage of fold
amplification to perfect chevron folds, with straight limbs and angular hinges and a high degree
of harmony, especially in the absence of anomalously thick beds that may have acted as local
control units. This advanced stage of deformation, together with a consistent

sense of

asymmetry, was achieved as the small folds were incorporated into the larger folds and
experienced subsequent buckling as second-order folds. The orientation of the fold axes of these
second-order folds closely resembles that of the corresponding first-order ones, but they have a
greater scatter, probably reflecting strain inhomogeneities and/or the effect of subsequent stages
of deformation.

Large-scale folds have consistently low to moderate plunges and NW-SE to W-E trends. Open,
upright to moderately inclined anticlines preserve their original attitude and appear to be
associated with low-angle thrusting. Progressive shear and/or large-scale tilting lead to the
formation of gently inclined to recumbent anticlines. Oversteepening of bedding close to the
hinges of some of these folds led to gravitational instability. Where strain rates remained low,
gravitational pull led to the deformation of pre-existent minor structures, such as selective brittle
and ductile deformation of unfavorably oriented limbs of parasitic folds. With increasing strain
rates, deformation was more catastrophic and produced slump-like structures. It is proposed that
strain rates were controlled by fluctuations in fluid pressure, allowing for greater strain rates and
strains close to the core of some anticlines. The synclines observed in some overturned
sequences at Mt Hutt are close to tight, and have axial planes that approach the orientation of
surrounding, unfolded bedding. They are thought to have formed as moderately inclined to
recumbent "footwall" synclines, either prior or after overturning of bedding. The corresponding
hanging wall anticlines were probably sheared out along large thrust faults and are therefore not
preserved, or not exposed in proximity to the synclines. Isoclinal folding of a probably similar
origin is observed at one outcrop, but only the limbs are exposed.

Chapter 6: Synthesis and discussion

144

Monoclinal tilting and the resulting overturning of bedding appear to have been coeval with
large-scale folding. There is indication that tilting may have acted in two different directions,
namely southwest (predominant at Mt Hutt) and south (predominant at Pudding Hill). This is the
result of two different but concurrent mechanisms that affect the sedimentary pile varying both
spatially and temporally to contribute to the variable character of bedding orientation. The two
suggested mechanisms are rigid back-rotation of bedding towards the southwest, and large-scale,
recumbent refolding of bedding towards the south.

6.1.5 Fractures
Early fractures are commonly healed or mineralized and show a gradation between tensile and
shear displacement, such as those mentioned in section 6.1.3. The variation in mode of failure is
probably a response to fluid pressure fluctuations around the value of the least principal stress
(Price & Cosgrove 1990). These fractures are commonly associated with high-angle normal
faults and generally have a consistent geometric relationship with bedding. Some fractures cut
across the hinges of small-scale folds of both early and advanced stages of fold amplification,
indicating that fracturing occurred throughout the early, semi-lithified history of the sedimentary
sequence. However, most fractures in the study area are barren and have a fresh character, and
probably formed as a response to unloading during uplift of lithified rocks. Minor fractures,
controlled by remnant stresses and bedding plane anisotropies, formed ubiquitously at high
angles to bedding, irrespective of bedding attitude. The orientation of larger, subhorizontal
fractures appears to have been controlled by surface topography.

6.1.6 Non-indurated shear zones
A significant time span elapsed between folding and tilting of bedding and the youngest faulting
event. This late phase of deformation produced non-indurated shear-zones within completely
indurated rocks, and therefore postdated, or was contemporaneous with, uplift of the lithified
sedimentary sequence to higher crustal levels. The scarcity of veining suggests that fluids did not
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play a major role during the development of shear zones, supporting a shallow origin of the
structures. The outcrop-scale fabric of the shear zones is chaotic, with anastomosing networks of
randomly oriented faults and fault zones cutting across highly fractured rock, and widespread
development of friable fault gouge and cataclasites. The outcrop-scale shear zones represent the
"internal" fabric of regional shear zones of a much larger scale (thickness in the order of 100 to
1000 m) that formed close to the Mt Hutt Range front.

6.2 Origin of structures in a New Zealand tectonic
framework
The final section of this discussion is an interpretation of the tectonic environment in which the
observed structures originated. Information from similar geological settings around the world is
combined with knowledge of the tectonic history of the New Zealand continent to attain an
integrated model for the deformation of the Rakaia Subterrane in the Mt Hutt Range.

6.2.1 Accretion at the Gondwana continental margin
Various stratigraphic, petrographic, geochemical and structural studies of Torlesse rocks
undertaken over the past three decades indicate simultaneous deposition and deformation of a
voluminous sedimentary sequence in an active subduction zone adjacent to the Gondwana
supercontinent in Permo-Triassic times. The structural development of the Rakaia Subterrane in
the Mt Hutt Range determined during this study supports such a tectonic setting. All observed
features can be successfully interpreted in terms of subduction-related accretionary .tectonics.
These observations include:

• sediment mass movement deposits;
• an early extensional phase producing zones of various degrees of attenuation and disruption of
bedding;
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• melange formation involving exotic, ocean-floor components;
• extensive veining testifying to high pore fluid activity and the influence of fluid pressure on
deformation style;
• styles of deformation indicating weakly to moderately lithified state of sediments;
• concomitant folding and monoclinal tilting of large packages of sedimentary sequences in a
constant stress field;
• orientation of folds and bedding subparallel to the inferred Gondwana margin;
• deformation resulting from the combined effects of tectonic and gravity body forces;
• low metamorphic grade accompanied by intense deformation.

Subduction-related deformation in the Mt Hutt Range can be subdivided into four consecutive
stages: 1) deformation within the subduction trench, 2) deformation related to underthrusting, 3)
deformation during underplating and accretion, and 4) deformation during refolding oblique to
the subduction trench. The locus of each of these stages of deformation is illustrated in Fig. 6.1,
and each deformation stage is considered in separate sections below. Rock units accreted at the
toe of the prism will have skipped the second stage of deformation. As pointed out below, large
parts of the Mt Hutt Range show signs of having been subjected to underthrusting, but the
overall structural complexity of the rocks makes it difficult to assess the proportion of exposed
rocks that may represent frontally accreted sediments.
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Fig. 6.1 : Block diagram of subduction zone and accreted Torlesse sediments at the Gondwana margin, showing the
inferred sites of successive stages of deformation observed at Mt Hutt and Pudding Hill: 1) deformation in
subduction trench / trench slope; 2) deformation as sediments were underthrust; 3) deformation as sediments were
underplated and incorporated into prism; 4) deformation during refolding oblique to trench axis.

6.2.1.1 Deformation in subduction trench and trench slope

Gravity-induced slope failure is common at convergent margins. Mass movement deposits have
been identified both in modem accretionary complexes, such as in the Nankai Prism in Japan
(Maltman et al. 1993) and the Cascadia subduction zone in Oregon (Goldfinger et al. 1996), and
in ancient accretionary prisms, such as the Miocene forearc deposits at the Hikurangi subduction
zone in the North Island of New Zealand (Chanier et al. 1999). Mass movement may result from
increased slope angles associated with the development of imbricate thrust ridges or with an
overall increase in wedge taper (McIntosh et al. 1993). Alternatively, failure may result from the
reduction of sediment strength via fluid overpressuring. Possible processes triggering fluid

Chapter 6: Synthesis and discussion

148

overpressure include gas-hydrate melting, storm waves and earthquakes (Maltman 1994). The
indurated character of many mass flow components in the study area suggests that they are
sourced in the older, uplifted parts of the accretionary complex. Deposition in trench slope
(rather than on top of the accretionary prism) is suggested by the fact that the mass deposits are
interbedded with the adjacent trench slope deposits. Some of the small-scale folds with highly
differential behaviour of lithologies identified at Mt Hutt may have formed in this environment
as the result of trench-parallel sliding and slumping.

The earliest recorded intralayer normal faulting and fracturing occurs within otherwise
undisrupted layers, and probably formed prior to subduction/accretion-related deformation. This
deformation may be the result of bulk layer-parallel shrinkage during the early stages of
compaction (Cartwright 1997). This mechanism is restricted to a burial depth of 300 m
(Cartwright 1997), hence is not expected to be commonly preserved in ancient prisms. An
alternative mechanism would be hydrofracturing and faulting of overpressured sediments ahead
of an accretionary prism. The degree of overpressuring of underthrusted sequences increases
with increasing prism thickness, creating a pressure gradient that transmits fluid pressure at
depth to beyond the deformation front. At some distance from the accretionary wedge, where
gravitational loading predominates, the vertical stress will exceed the least horizontal stress, so
that hydraulic fractures can occur, possibly accompanied by diapirism (Westbrook & Smith
1983). This mechanism has been inferred from observations of mud volcanoes 8 km in front of
the Barbados accretionary prism toe, east of the Lesser Antilles Islands (Westbrook & Smith
1983).

6.2.1.2 Underthrusting

The widespread occurrence of extensional deformation within the overall compressive regime of
an accretionary complex appears paradoxical, but it is a common characteristic of numerous
modem and ancient complexes. Various models are considered to explain the development of
extensional features in the Mt Hutt Range.

Extensional deformation involving attenuation and boudinage of sandstone beds, shear and
dismemberment of bedding along high-angle, low-angle and bedding-parallel planes, and
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pervasive shear in siltstone beds, occurs to various degrees of intensity throughout the field area.
A gravity-driven origin of layer-parallel extension by slumping or sliding of superficial slope
sediments is conceivable. However, this is not favored for three reasons: 1) commonly observed
gradational contact of deformed and coherent sequences; 2) incorporation of deep-sourced,
ocean-floor components in some of the sequences;

3) quartz and calcite veining

contemporaneous with deformation. The disrupted sedimentary sequences are here interpreted as
packages of rocks within or closely underlying a decollement. Critical Coulomb wedge theory,
which currently best explains the deformation processes in accretionary wedges, predicts the
development of a decollement at the base of the accretionary wedge. This decollement is capable
of separating two fundamentally different structural regimes if the decollement is weak or in an
overpressured state (Fig. 6.2) (Byrne & Fisher 1990, and references therein). Sediments above
the decollement, i.e. within the offscraping zone, will be under a compressional stress state and
therefore characterized by layer-parallel shortening, folding, imbrication and accretion. In
contrast, the decollement and the underthrust sediments beneath the decollement are decoupled
from the overlying wedge and experience a stress field with a steeply plunging maximum
principal stress, resulting from vertical loading during underthrusting. Under such a stress field,
deformation of bedding will occur by coaxial bedding-parallel extension and flattening, as
observed in the less disrupted sequences in the field. Close to, and within, the decollement, noncoaxial shear strain associated with underthrusting will be superimposed onto the pre-existing
stress regime. The effects of combined shearing and extension will be: 1) continuing
disaggregation of the competent lenses and lozenges, 2) pervasive bedding-parallel shear in the
siltstone matrix, 3) rotation and stretching of clasts into sigmoidal shapes, and 4) the formation
of an S-C fabric through the local reorientation of the shear fabric in the melange (Fig. 6.3). All
these structures were observed within broken formation and melange in the study area. Local
crenulation of melange fabric and gentle folding of broken formation may also be related to this
event. High fluid expulsion from the decollement is indicated by pervasive veining
contemporaneous with the development of the melange fabric, and probably a coeval
development of veins in the melange components at high angles to remnant bedding. A similar
interpretation of melange and broken formation has been put forward by Byrne & Fisher (1990)
for the Kodiak and Ghost Rock Formations in southwest Alaska, by Ujiie (2002) for the
Shimanto complex in Japan, and by (Suneson 1993) for Rakaia rocks in the Wellington area,
North Island. Broken formation and melange are therefore regarded as the product of pervasive
bedding-normal flattening and shearing within, and closely underneath, a decollement, or zones
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of heterogeneous shear within the underthrust sequences. During accretion, new decollement
surfaces develop below and ahead of the trench slope. As new sheets pass into the accretionary
wedge, older decollement surfaces are progressively abandoned. Broken formations represent
decollement sections through underthrusted trench deposits, whereas melanges formed where
decollements cut into deeper levels and sampled ocean floor lithologies.
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Fig. 6.2: Interpretive summary of the deformation regime and stress states within an accretionary prism. Bold line
parallel to top of subducting sediments is the approximate position of the basal decollement. See text for discussion.
Adapted from Byrne & Fisher (1990).
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discussion. Adapted from Ujiie (2002).

A corollary of the model for melange and broken formation genesis presented above is that the
zones of intense disruption should be typically bounded at their tops by sharp, faulted contacts
(the decollement proper), and grade downward into structurally coherent units (Fisher & Byrne
1987). Such a relationship exists at some broken formations, but is at variance with the
observations made at the melanges. Possible explanations for this discrepancy are: 1)
heterogeneous strain produced zones of non-coaxial deformation within the underthrust
sequence, with both upper and lower stratigraphic transitions; 2) original sedimentary contacts
have been tectonized during subsequent events; 3) the nature of melange contacts have not been
correctly interpreted.

The origin of the high angle, conjugate normal faults found throughout the coherent units is more
difficult to pinpoint. If the above interpretation of formation of melanges and broken formation is
correct, then many of the coherent sequences are likely to represent underthrusted sediments.
The underthrusted sediments are decoupled from the overlying accretionary wedge, so arcward
transport occurs at a rate nearly equal to the rate of convergence, leading to a great tectonic
overburden early in the history of the underthrusted sediments (Fisher & Byrne 1987). This will
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likely be accompanied by high fluid pressures. If the sediments already acquired some degree of
cementation (which is to be expected), then a high burial rate will lead to overpressuring of
trapped pore fluids, reducing the effective stress experienced by the sediments, which in tum will
fail in a brittle manner (Jones 1994). The observed conjugate normal faults at a consistently high
angle to bedding, together with associated extensive veining, are consistent with the proposed
mechanism of fault development during underthrusting. Veins and cataclastic breccias contain
prehnite in the upper reaches of Pudding Hill, but prehnite disappears towards the south, where it
is replaced by the sporadic occurrence of zeolite. This zonation of metamorphic vein minerals
suggest that the rock sequence was buried to depths of approximately 10 km (Winter 2001)
across the zeolite/prehnite-pumpellyite facies boundary, consistent with underthrusting.

However, it cannot be ruled out that some of the high-angle faults formed later in the history of
the sedimentary sequence and contemporaneous with accretion. Such late normal faults may
therefore occur within both underplated and frontally accreted sequences. One possible origin for
large-scale extension is gravitational collapse of the accretionary wedge, once its taper is
increased to values exceeding those required for stable gliding over the decollement (McIntosh et
al. 1993, and references therein). Possible causes for oversteepening are underplating, tectonic

erosion through subduction of seamounts or fracture zones, high sedimentation rates, and
reduction in subduction slab dip. Underplating has already been inferred as an important
mechanism in the study area. Subduction of topographic irregularities is suggested by the
presence of limestone components in the melange, which probably represent remnants of organic
material deposited on top of a seamount. Additional indications of the subduction of raised
ocean-floor topography is discussed in section 6.2.1.3. High sedimentation rates are generally
postulated for the deposition of the extremely voluminous Torlesse sediments (e.g., MacKinnon
1983). Reduction in subduction slab dip cannot be directly assessed. Hence, all but the last
mechanism proposed for triggering gravitational collapse are likely to have been active in the
study area during accretion. Oblique subduction, combined with an irregularly shaped backstop,
has been inferred to have caused trench-parallel extension in the accretionary wedge in the
southern Ryukyus, east of Taiwan (Lallemand et al. 1999), and may also have played a role in
the deformation of the Mt Hutt Range sedimentary sequence.
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6.2.1.3 Underplating and integration into accretionary prism

Following underthrusting, the decollement and the underlying sedimentary sequence were
accreted to. the overlying wedge by a process known as underplating. Underplating is
accomplished by the formation of new decollements branching off the active one and stepping
stratigraphically downward and oceanward from the underplated slab, effectively transforming
the latter into a duplex (cf. Fig. 6.3). Once transferred to the wedge, the underplated units
experience the same compressional stress conditions as the frontally offscraped units. Hence,
both underthrust and frontally offscraped units undergo similar folding and tilting histories, and
it may not be possible to discriminate between both types in the field where structures clearly
related to underthrusting are absent.

Intense deformation on a scale of 10-100 meters in the internal parts of modem accretionary
wedges arcward from the frontal imbricate thrust zone is indicated by the degenerated acoustic
character of seismic sections in these parts of the prism (e.g., Leggett et al. 1985). This intense
deformation is correlated with the pervasive outcrop-scale folding, thrusting and rotation of
bedding recorded in many ancient prisms, such as in the mid-Paleozoic Lachlan Fold Belt in
southeastem Australia (Miller & Gray 1996) and the Late Cretaceous-Miocene sequences in the
Apennines, Italy (Vannucchi & Bettelli 2002). In the Mt Hutt Range, outcrop-scale, accretionrelated deformation is mainly represented by small and large, NW-SE trending folds (Fl) that
formed diachronously with thrusting and back-rotation of bedding towards the southwest. The
orientation of these features coincides with the inferred NW-SE trend of the Gondwana margin
(Laird & Bradshaw 2004). Folds with axial planes subparallel to bedding are probably associated
with shear along imbricate thrust faults, even if the latter are seldom exposed. Some imbricate
thrusts may also have locally reactivated melange zones, since in the upslope regions, sediments
are expected to be overconsolidated, leading to a dilatative behaviour of faults upon failure and
thus making them efficient fluid paths (Moore et al. 1991). Tightening of fold limbs was
probably synchronous with steepening of fold axes, and the style of folding generally reflects the
amount of strain experienced by the affected sequence. The departure of numerous small-scale
folds from their initial NW-SE trend and a coeval increase in axial plunge may reflect local
strain inhomogeneities, non-cylindrical refolding, and/or a subsequent deformation event
(discussed below).
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The widespread occurrence of vertical and overturned sequences is somewhat puzzling. Sporli
(1976) ascribed the overturned character of Torlesse rocks in the North Island to steepening of
imbricate thrusts by progressive accretion at the toe of the prism. More recent models suggest
that, upon rotation to steep dips, thrusts will cease to be in a favorable orientation and will
become inactive, and a new generation of secondary thrust faults will form at lower angles
relative to the taper of the prism (Moore & Biju-Duval 1984). This mechanism is also thought to
be capable of producing steep, and probably also overturned, attitudes of bedding (Fig. 6.4).
Every generation of thrusts will experience an increment of back-tilting until the next generation
of thrusts is formed, so that new thrusts will form at increasingly higher angles to bedding. In
this way, progressive imbrication will produce steeply dipping or even overturned bedding, even
though active thrusting only occurs at a low angle with respect to the wedge. On the other hand,
compartmentalization of back rotation through the generation of various sets of rotation domainbounding thrusts may cause a differential distribution of amount of rotation within adjacent
domains. This would explain the occasional preservation of domains with horizontal bedding and
upright, large-scale folds, such as those encountered in domain 3 at Pudding Hill.

Fig. 6.4: Mechanism suggested to produce steep attitudes of bedding by the formation of successive sets of thrusts at
low angles relative to the taper of the accretionary prism. Every generation of thrusts will experience an increment
of back-tilting until the next generation of thrusts is formed, so that new thrusts will form at increasingly higher
angles to bedding and progressively rotate the latter to steep attitudes. Thrusts are labeled from oldest to youngest.

6.2.1.4 Refolding and tilting of bedding oblique to the subduction trench

As mentioned above, there is indication of an additional mechanism that contributed to the steep
dips of bedding in the Mt Hutt Range. These observations include the south-southeast younging
direction widespread at Pudding Hill (as opposed to southwest-directed), refolding of fold axes
at Mt Hutt (F2), and steep axial plunges of most small-scale folds in both areas. It is suggested
that the final attitude of the accreting sediments was attained by collision of the accretionary
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prism with topographic irregularities on the subducting plate, possibly combined with oblique
subduction, or alternatively by a change in convergence vector (Fig. 6.5). Subduction of ocean
floor topography and its influence on the morphology and deformation processes of an
accretionary complex is well documented in many modem subduction zones, e.g. in the Nankai
Prism (Leggett et al. 1985), in the southern Chile trench (Thornburg et al. 1990) and in the
southern Ryukyus accretionary prism (Lallemand et al. 1999). Three models are suggested for
the Mt Hutt Range. The first model is based on a similar model suggested by Westbrook (1982)
in the Barbados accretionary complex, and involves a W-E trending linear topographic element,
such as an extinct ridge, a fracture zone or a seamount chain, being subducted towards the SW
(Model 1, Fig. 6.5). This geometric arrangement results in a plough effect that builds up material
to the south of the ridge, producing steep bedding dips and compressional structures subparallel
to the ridge. This model explains the presence of south-southeast facing bedding and southverging recumbent folds and the associated gravity-induced enhancement of structures observed
at the nose of some of these folds. A similar configuration of structures may be achieved through
collision of a NE-SW trending ridge during oblique dextral subduction (Model 2, Fig. 6.5).
Large-scale Cretaceous-Eocene dextral strike-slip displacement along the Pahau-Waioeka
Subterrane boundary has been suggested by Mortimer (1994), and the attenuated character of all
Mesozoic terranes in New Zealand, together with the juxtaposition of terranes of contrasting
tectonic settings and sources, a,rgue for a significant margin parallel component during
subduction in Mesozoic times. A combination of both models discussed above, i.e. oblique
subduction of trench-oblique topographic features, is equally conceivable. The third model
involves a change in convergence direction from trench normal and southwest directed to
oblique and south-southeast directed (Model 3, Fig. 6.5). The new stress regime would lead to
large-scale refolding and steepening of bedding compatible with F2 (section 5.2.1.1) and with
the observed bedding attitudes.
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Fig. 6.5: Models suggested for the formation of F2 and steep, south-southeast facing bedding attitudes. Model I:
trench-perpendicular subduction of ocean floor topography trending oblique to subduction trench; Model 2: oblique
subduction of ocean floor topography trending perpendicular to subduction trench; Model 3: change of convergence
direction from trench-perpendicular to oblique to trench. Solid arrows: active plate vectors; dashed arrow: old plate
vector; outlined arrow: propagation direction of deformation front along prism margin.

6.2.2 Effects of subsequent regional tectonic events

6.2.2.1 Collision with Caples Terrane

After the diachronous accretion of Rakaia sediments ceased in Upper Triassic times
(depositional age of youngest Rakaia rocks, MacKinnon 1983), the first regional event to affect
the Rakaia Subterrane was its collision with the Caples Terrane in the Mid Jurassic (170-180
Ma). This collision resulted in metamorphism up to greenschist facies and ductile deformation at
the Caples-Rakaia terrane boundary, leading to the formation of the Haast Schists in central
Otago (Little et al. 1999). There is no evidence for faulting or folding related to this collision
event in the Mt Hutt Range. By the time the Rakaia Terrane collided with the Caples Terrane, the
Middle-early Upper Triassic Rakaia sediments in the Mt Hutt Range would already have
undergone substantial uplift and cooling due to the accretion of younger thrust slices at the toe of
the accretionary prism (Adams et al. 1998). Sediments in the Mt Hutt Range would therefore be
expected to be in a lithified state, and not capable of ductile deformation unless subjected to
higher-grade metamorphism. The progressive character of deformation in the Mt Hutt Range,
which is completely reconcilable with continuous accretionary processes, is also at variance with
superposition of a second, separate deformation event related to collisional tectonics. In terms of
metamorphic overprints, it is conceivable that the metamorphic facies boundary identified at
Pudding Hill may be associated with collision-related metamorphism, since there is not enough
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information about the precise orientation and regional extent of this boundary. However, as
noted in section 6.2.1.2, the presence of prehnite in cataclastic breccias appears to point to
prehnite-pumpellyite

metamorphism

being

contemporaneous

with

deformation

of

overconsolidated sediments at depth, suggesting that metamorphism in the study area is of a
more local nature, associated with burial in an accretionary setting.

6.2.2.2 Uplift and exhumation

Following collision with the Caples Terrane, the Rak:aia Terrane experienced regional cooling
and uplift in the Late Jurassic and Early Cretaceous. Thermochronological 40Ar/3 9Ar work in the
Haast Schists in Otago indicates that the first rapid cooling event occurred there in the Early
Cretaceous at ea. 135 Ma (Little et al. 1999). However, Oliver (1979b) mapped the Clent Hills
Group, a shallow marine to non marine, regionally extensive succession of Mid-Late Jurassic
age, overlying Triassic Rak:aia rocks in the Winterslow Range just southwest of Mt Hutt,. There
are uncertainties about the nature of the contact between both successions, but the occurrence of
the Clent Hills Group at this site would suggest that the underlying Rak:aia substrate had already
experienced significant uplift by the Mid or Late Jurassic. Mid Cretaceous, subaereally erupted
Mt Somers volcanics rest unconformably on both Rak:aia and Clent Hills Group rocks (Oliver
1979b); this points to a second event of uplift and erosion between the deposition of the Clent
Hills Group and the emplacement of the Mt Somers volcanics. It is therefore likely that the
Rak:aia rocks experienced significant uplift in Jurassic - Mid Cretaceous times, and most of the
ubiquitous, barren fractures in the Mt Hutt Range that resulted from unloading are attributed to
these Mesozoic uplift events.

In the Winterslow Range, Oliver (1979b) also mapped a slice of older Rak:aia rocks that appears
to have been thrusted over the Clent Hills Group from the east. This deformation has been
attributed to a Middle Cretaceous pulse of increased compressive tectonics in the Pahau
Subterrane (Bradshaw 1989). No similar structures have been inferred in the Mt Hutt Range,
where both lithology and fossil content appear to be uniform throughout the study area.
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6.2.2.3 Rifting and subsidence

In Mid Cretaceous times, the tectonic setting of New Zealand changed abruptly from one of
subduction to one of rifting, mantle plume activity and ocean floor spreading (Laird & Bradshaw
2004). This led at ea. 84 Ma to the separation of the New Zealand continent from Australia and
Antarctica (Laird & Bradshaw 2004) and to regional subsidence until Early Miocene times
(Sutherland et al. 2000). In the Mt Somers area, rift-related tectonics are represented by the Mid
Cretaceous mantle-plume sourced Mt Somers Volcanics (section 3.3.7) and Late CretaceousTertiary terrestrial and marine cover sediments (Elvy 1999). There is also some indication for
graben-associated, alluvial deposition of Torlesse-derived conglomerates beneath the Mt Somers
Volcanics (Field 1989). However, in the Mt Hutt Range, the only evidence for rift-related
activity is the emplacement of small sills and dykes which are exposed in intrusive contact and
appear to be related to the Mt Somers volcanics.

6.2.2.4 Inception of present-day Australian-Pacific plate boundary and uplift
of Southern Alps

After the establishment of a new Pacific-Australian plate boundary along the Alpine Fault and
the Hikurangi convergent margin at around 25 Ma, in the South Island, a period of strike-slip
tectonics was replaced at ea. 11 Ma by the present day oblique continent-continent collisional
setting (section 2.2). 70-75% of the plate boundary motion is accommodated along the narrow
strain zone associated with the east-dipping Alpine fault (Norris & Cooper 2001), and the
remainder is distributed across the 150 - 200 km wide Southern Alps into the Canterbury
foreland basin in a complex pattern of east-verging thrusts, west-verging backthrusts and strikeslip faults (Pettinga et al. 2001). Detailed geological and geomorphological mapping along the
Mt Hutt Range front revealed a complex array of neotectonic surface deformation features,
including warped and folded surfaces, broad flexures; and discrete scarps (Elvy 1999). These
features represent the northeastern surface expression of the late Quaternary, active Mt Hutt-Mt
Peel Fault Zone, characterised by southeast-vergent thrusting and broad flexuring (Pettinga et al.
2001). The non-indurated shear zones and associated intense fracturing identified during this
study along the southern ends of the Mt Hutt and Pudding Hill sections are interpreted as the
outcrop-scale expression of the damage zone associated with late Quaternary faulting along the
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tangefront fault zone (Fig. 6.6). Local rotation of blocks within this damage zone may be in part
responsible for the variability in bedding attitude. Uplift associated with thrusting resulted in a
renewed phase of fracturing throughout the Mt Hutt rock sequence, probably accomplished by a
combination of reactivation of pre-existing; Jurassic-Early Cretaceous fractures, and the
formation of new sets. The orogen-side boundary of the damage zone strikes NNE, i.e. at a
different angle from the NE trending range front (Fig. 6.6). Elvy (1999) proposed a
counterclockwise swing of the Mt Hutt - Mt Peel Fault Zone at its northeastem end and its
continuation along a hidden, north-south trending fault parallel to the eastern margin of the Mt
Hutt Range. This fault, which he termed Rakaia Valley Fault, has a minimum throw of 2000 m
up to the west. The NNE orientation of the damage zone is intermediate between the trend of the
range front and the Rakaia Valley fault, and may therefore represent the surface expression of
the proposed swing in orientation of the Mt Hutt-Mt Peel range front fault zone at depth.

Fig. 6.6: Structural elements of the Mt Hutt Range and surrounding area, superimposed on a north facing oblique
elevation model. Red stars represent outcrops of friable shear zones identified during this study. Adapted from Elvy
(1999). See text for discussion.
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Kamp (1997) conducted apatite fission track geochronology in the Mt Hutt area and established
the paleotemperatures .of an exhumed partial annealing zone over a range of elevations and
distances from the Alpine Fault. Through normalisation of the obtained values to a uniform
paleotemperature, and calibration with data obtained near the upper contact of Torlesse with
Tertiary cover sediments in the Redcliffe Stream, he was able to reconstruct the cover-basement
contact and the overlying Early Pliocene surface above the Mt Hutt Range (Fig. 6. 7). His results
indicate that the Mt Hutt Range was subjected to a phase of Pliocene-Quaternary periclinal
folding, with the modem dome-shape of the range reflecting this latest phase of deformation.
The area examined during the present study would be located on the southern flank of the
pericline (Fig. 6. 7). As the rock sequence in the Mt Hutt Range acquired its present degree of
lithification in the Mesozoic, and remained close to the surface since Mid Cretaceous times, it
would have not been able to accommodate folding by classic ductile deformation mechanisms
such as grain flow, intracrystalline plasticity or diffusive mass transfer (lsmat & Mitra 2001).
However, Ismat & Mitra (2001) invoked an additional mechanism of "ductile" deformation (in
the sense of non-localized flow) in the elastico-:frictional regime, namely cataclastic flow. During
cataclastic flow, ductile deformation is accommodated by the collective movement of blocks of
various sizes along numerous sets of preexisting fractures and by the formation of intervening
deformation zones with reduced grain sizes. Motion on individual fractures is very small, but the
cumulative rotation of blocks and displacement along :fractures is able to accommodate the large
amounts of strain induced by large-scale folding. This folding mechanism in indurated rocks was
compared with the type of deformation that takes place in a beanbag. In the Mt Hutt Range, the
wealth of pre-existing fractures almost certainly would provide the movement planes required
for cataclastic flow. The lack of widespread deformation zones in the internal parts of ranges
implies that buckling is in its initial stages, where no major comminution of block boundaries is
yet required. The gentle warp of the pericline supports this view. Kamp (1997) interpreted the
pericline as an en echelon fold rooted below the surface in a northeast-striking oblique shear
zone parallel to the orogen. Alternatively, the fold may be interpreted as a hanging wall anticline
developed contemporaneously with thrusting along the northward-extended Mt Hutt Range front
fault zone, which is in keeping with the style of thrust related folding elsewhere along the range
front and throughout North Canterbury.
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Fig. 6.7: Palinspastic restorations for the Mt Hutt Range, based on the amount of denudation estimated from fission
track data. Note the proportion of denudation due to erosion of Cenozoic cover rocks versus basement, and how the
degree of folding of the early Pliocene surface matches broadly the geomorphology of the range. The range is
considered to be an open, symmetrical elongated dome formed in basement Torlesse rocks. From Kamp (1997).

6.2.3 General conclusions

The complexity of the structures characteristic of the Torlesse rocks is virtually confined to the
accretionary phase. Subsequent tectonic events of collision and continental break up have not left
any pervasive imprint of small scale structures, at least in locations distant from the collision and
break-up zones and at upper crustal structural levels above metamorphism. The deformation
history postdating accretion of Torlesse rocks to the Gondwana margin has largely involved
macroscale structures such as major faults and associated large folds where strains on the
outcrop scale are accommodated only by pervasive fracturing of varying intensity and external
rotation and translation. Thus, attributing structures such as small scale folds, cleavage and
evidence of high ductile strains to post-accretion events needs strong supporting evidence of
timing.
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