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Deposits of the Reefton Goldfield, West Coast, New Zealand, are hosted on N-NE striking, 
upright folds of the Greenland Group. High-grade quartz lodes are hosted on axial planar 
shears, typically have short strike lengths, and form shoots that pitch steeply on the hosting 
shears. Two deposits within the goldfield are distinct. The Globe-Progress Deposit is hosted 
on an E-W striking discordant shear in which a brittle zone of disseminated mineralisation 
encompasses high-grade quartz lodes. The Blackwater Deposit has a combined strike length 
of 1 km, striking parallel to the hosting folds. This study of Greenland Group deformation 
within the Reefton Goldfield was undertaken in order to further determine structures that 
control the orientation, position and extent of the ore bodies. 

Detailed field mapping and microstructural analysis have demonstrated that the Greenland 
Group was affected by a multideformational sequence. The N-NE trending folds are termed 
F2 because the related, axial-planar cleavage (S2) deforms a micaceous, peak-metamorphic 
foliation (S1). Deposits of the Reefton Goldfield are hosted on shears axial planar to the F2 

folds, with mineralisation occurring during subsequent deformations (D3-D5). 

D3 deformation occurred with a NW-SE shortening direction relative to the N-NE trending F2 

folds. During D3, steeply dipping S2 parallel shears were reactivated as sinistral strike-slip 
faults. Concomitant with faulting, F3 folding produced asymmetric folds with moderate to 
steeply plunging axes. The interaction of F3 folding and sinistral faulting produced dilational 
zones on the long limbs of the folds. The Blackwater Deposit is interpreted to have formed 
during D3, with mineralisation confined to the shear zone during retrogressive metamorphic 
conditions. 

Deformation during D4 resulted from N-NE directed shortening, near parallel to the trend of 
the F2 folds. This event produced F4 kink folds that were accommodated by layer parallel slip 
on S2 parallel shears. Many deposits of the Reefton Goldfield are interpreted to be saddle 
reefs, mineralisation during D4 being confined to the dilational hinges of F4 kink folds. The 
semi-brittle nature of D4 allowed the formation of stockwork veining and disseminated 
mineralisation within the F 4 hinge zones. 

Continued N-NE directed shortening caused F4 kink folds to lock-up, producing discordant E
W striking thrust faults (D5). The Globe-Progress deposit is interpreted to have formed during 
D5, high-grade ore shoots forming at dilatant intersections between the Globe-Progress Shear 
and F2 axial planes. Brittle D5 deformation produced a zone of disseminated mineralisation 
around the high-grade quartz lodes. 

A comparison between the Reefton Goldfield and deposits of the Lachlan Fold Belt of 
Victoria, Australia highlights the episodic nature of gold mineralisation. Mineralisation 
occurred sporadically in Victoria over a period of 70 Ma. Reefton's deposits formed during an 
evolving deformational sequence during a mid-Devonian period of mineralisation. The 
Greenland Group deformational sequence occurred with declining pressure and temperature, 
resulting in an increase in brittle styles of deformation and permitting alteration and 
disseminated styles of mineralisation. Stibnite, occurring in deposits formed late in the 
deformational sequence, is absent in early deposits. Mineralisation at Reefton may have 
occurred near the bottom of a vertical range in the upper crust that is favourable to stibnite 
mineralisation (c. 5 km). 

Detailed field mapping throughout the goldfield will further refine the relationships between 
the F2 folds, later deformations and the localisation of ore bodies. Additional mapping may 
also help constrain the position, orientation and extent of nearby ore bodies. 
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Chapter 1 

INTRODUCTION 

1.1 Background 

The Reefton Goldfield, in the South Island of New Zealand, was mined from 

1870 to 1951. Nearly 65 tonnes (2,080,000 oz) of gold were extracted from vein 

systems in a folded sequence of what are now recognised as lower Paleozoic 

metasediments. Activity was sparse following this production, until a surge in 

the gold price occurred in the 1980's. Since then, CRA Exploration and 

subsequently Gold and Resource Developments (GRD; formally known as 

Macraes Mining Co. Ltd.) have run exploration programs to define the resource 

left by the previous workers. These programs led to the discovery of 

disseminated gold/ sulfide mineralisation adjacent to the mined quartz shoots of 

the Globe-Progress mine, presenting an attractive target for open pit mining. 

Exploration programs have shown, however, that areas of disseminated 

mineralisation around other historic mines are less developed. Further 

development of the Reefton Goldfield may hinge on finding additional bulk 

tonnage deposits like the Globe-Progress, or near-surface high-grade deposits not 

discovered by the previous workers. 

1.2 Location and Field Area 

The Reefton Goldfield is located in north Westland in the South Island of New 

Zealand. The study area is accessed by Big River Rd. and is located 

approximately 5 km south of the township of Reefton, a major mining center 

from the late 1800's and on into this century. The town had a population of 500 

in 1872, but had more than tripled to 1723 by the time of the 1891 census 

(Latham, 1992). Many towns in the district sprang up during these years, but 

only Reefton gained a semblance of permanency. Present-day industries of the 

district are coal mining, forestry and agriculture. Gold mining survives only as a 
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Chapter 1: Introduction 

few small-scale alluvial operations. The population of Reefton is about 1000 at 

present. 
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Figure 1-1 (after Barry, 1993) Location map. The field 
area is within the Devil's and Rainy Creek catchment, 
with additional investigations along Big River Rd 
between the old mining settlement of Merrijigs and Deep 
Creek. 
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Chapter 1: Introduction 

Field investigations were focussed on the area directly south of the Globe

Progress deposit (Figure 1-2). The Globe-Progress is a major ore zone that 

accounted for ~20% of the historical production of the goldfield (Gage, 1948). 

Historical workings within the field area include, from north to south, the 

General Gordon, Empress and Souvenir claims, the Inkerman, Inkerman West, 

and Supreme Mines, the Hard-to-Find claim, the Scotia, Gallant, Sir Francis 

Drake, Exchange-Industry, and Cumberland Mines and the Golden Lead Claim. 

34)50 oz of gold were produced from the mines within the field area, accounting 

for ~ 1.6% of historical production (Gage, 1948). The area has been the subject of 

relatively intense exploration by GRD. 
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Figure 1-2 (after Gage, 1948; Williams, 1974 and Barry, 
1993) Deposits of the Reefton Goldfield. The field area 
surrounds deposits to the south of the Globe-Progress 
mine, from the General Gordon to the Golden Lead 
workings (O.K. and A.l). 
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Chapter 1: Introduction 

1.3 Aims and Focus 

In 1997 GRD funded this study of the Reefton Goldfield, the primary aim of 

which is to delineate the structural setting of the field area and determine the 

structural controls on gold mineralisation. It is hoped that the interpreted 

relationships will not only explain the localisation of gold deposition but also 

explain the variation in the extent of disseminated mineralisation accompanying 

the high-grade quartz lodes. 

1.5 Field Work 

Field work was carried out between February and June 1997. Most days were 

spent in the field, but an office at GRD Exploration, Reefton was also utilized for 

data compilation. 4-wheel drive transport to the field area was supplied by GRD 

on a daily basis. Field investigations were focussed on the structural setting of 

individual exposures, paying particular attention to the relationship between the 

sedimentary and tectonic fabrics of the Greenland Group host rock. Oriented 

samples were collected in order to investigate the microstructural significance of 

the various observed fabrics. 

In addition to detailed mapping within the field area, a brief reconnaissance of 

the Snowy River, south of the Blackwater lode, was made early in the field 

season. Oriented samples were collected and are used in the microstructural 

analysis of Greenland Group deformation (Figure 1-3). 

5 



Chapter 1: Introduction 

J__ 

Figure 1-3 (after Stewart, 1996) Snowy River sample 
locations. 

1.6 Physiography, Drainage and Climate 

The Reefton Goldfield is located in the foothills of the Victoria Range, an inland 

mountain range that borders the eastern side of the Grey-Inangahua structural 

depression (Figure 1-4). Bordering the western side of the NNE trending valley 

is the Paparoa Range, a coastal belt that provides Reefton with a limited rain 

shadow from the prevailing westerlies. 
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Figure 1-4 (after Cooper, 1989) Regional geology and 
physiography of north Westland, South Island, New 
Zealand. 

The Grey and Inangahua rivers drain the Victoria Range, flowing westward from 

the mountains (Figure 1-1; Figure 1-2). Upon entering the Grey-Inangahua 

depression, the Grey River turns south toward Greymouth and the Inangahua 

north, where it joins the Buller River at Inangahua Junction. West flowing 

drainage throughout the foothills is supplied by, from north to south, Larry 

Creek, Boatman Stream, Waitahu River, Devil's Creek and Rainy Creek to the 

Inangahua River and Slab Hut Creek, Antonio Creek, Big River, Blackwater 

Creek, Snowy River and the Alexander River to the south flowing Grey. The 

field area of this study is primarily within the Rainy and Devil' s Creek catchment 

(Figure 1-1), with additional investigations along Big River Rd, between the 

Scotia and Golden Lead workings. The field area is dominated by hills of high 

relief. Vegetation is dense, consisting of secondary growth beech forest and 

associated thick underbrush. The climate is generally wet year round but is 

driest during late summer- autumn. 
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1.7 Exposure 

Thick vegetative cover limits exposure in the region to road cuts and streams. 

Occasionally, tree-falls expose outcrop in the steep forested terrain. 

1.8 Gold Mining History 

The Reefton Goldfield was actively mined for lode-gold from 1870, when James 

Kelly discovered the first lode in Murray Creek (Henderson, 1917). Mining 

continued throughout the district but declined during WWII. When the 

Alexander mine closed in 1943, primarily because of labour shortages, only the 

Blackwater mine was being worked. This mine, which at over a km deep is the 

deepest in New Zealand, continued until 9 July 1951, when the South Shaft 

collapsed, ending extraction from one of the most productive hard rock 

goldfields in New Zealand. 
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Chapter 2 

REGIONAL GEOLOGY 

2.1 Introduction 

The Reefton Goldfield is hosted within a Paleozoic terrane 35 km west of the 

Alpine Fault, on the eastern edge of the Australian plate. Since host rock 

deposition, the region has experienced numerous tectonic, metamorphic and 

igneous events. Within the context of this tectonically active history, 

hydrothermal fluids deposited 64,678 kg of gold (Barry, 1993). 

Workers have generally agreed that Reefton gold mineralisation is associated 

with anE-W shortening event that produced N-NE trending upright folds (Gage, 

1948; Hughes, 1992; Corner, 1992; Brathwaite et al., 1996). The timing of this 

event has been constrained by 438-395 K/ Ar ages (Adams et al., 1975) and 

arguments that constrain Greenland Group deformation to have occurred before 

the deposition of the Devonian Reefton Group (Cooper, 1989). Microstructural 

analysis in this study has demonstrated the metamorphic fabric in Greenland 

Group argillites is an 51 foliation that is, in most cases, parallel to bedding 

[Chapter 3]. This study interprets the 438-395 K/ Ar ages of Adams et al. (1975) 

to be associated with the formation of 51• This metamorphic foliation is 

interpreted to represent peak lower greenschist facies metamorphism and is 

correlative with the first movement phase of the Tuhua Orogeny (Grindley, 

1978). Greenland Group F2 folding is therefore interpreted to be related to the 

second movement phase of Grindley (1978), before the emplacement of Karamea 

suite intrusions (380-370 Ma, Ireland and Gibson, 1998). In this scenario, 

Greenland Group D2 deformation is coeval with deformation in the Reefton 

Group. 

This chapter summarizes the geologic history of the region. Constraints on major 

sedimentary, metamorphic, igneous and tectonic events are illustrated in Figure 
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Chapter 2: Regional Geology 

2.1-1. Interpretations of this study, in conflict with Figure 2.1-1, are highlighted 

in Figure 2.1-2. 
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Figure 2.1-1 Geologic history of the Buller Terrane, as 
constrained by previous workers. 
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Figure 2.1-2 Paleozoic geology of the Buller Terrane, a 
reinterpretation based on Greenland Group deformation 
[Chapter 3]. 

2.2 Regional Stratigraphy 

II, 

The Reefton Goldfield lies within the Western Province of New Zealand (Figure 

2.2-1; Cooper, 1989). Comprising the Buller and Takaka terranes, the Western 
Province contains all of New Zealand's Paleozoic rocks. The Buller and Takaka 

terranes, separated by the Anatoki fault, occur to the northwest and southeast of 

the Alpine Fault- in Nelson/Westland and Fiordland respectively. 

11 



0 

Chapter 2: Regional Geology 

LEGEND 
Covering Strata 
(Mesozoic- Cenozoic) 

Parapara & Maitai 
Groups (Permian) 

Western 
Sedimentary Belt 

Central 
Sedimentary Belt 

Eastern 
Sedimentary Belt 

Granite rocks 

Riwaka Complex 

Rotoroa 
Igneous Complex 

Constant Gneiss 

10 20 30 40 

Figure 2.2-1 (after Cooper, 1989). Western Province 
geology. The Greenland Group lies entirely within the 
Buller Terrane, the component of the Western Province 
lying to the west of the Anatoki Thrust. 
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Chapter 2: Regional Geology 

Host rocks to the Reefton Goldfield are alternating beds of metamorphosed, 

quartz-rich greywacke and mica-rich argillite of the Greenland Group (Figure 

2.2-2). West of the Victoria Range, the Greenland Group forms the main 

sedimentological component of the Buller Terrane where it is the oldest known 

lithological unit (Cooper, 1989). In this western tract of the Buller Terrane, the 

overlying Reefton Group, of Devonian age, is the only other record of Paleozoic 

sedimentation (Figure 2.2-2; Gage, 1948; Suggate, 1957). Sedimentary units of the 

Buller Terrane, with igneous and tectonic events, are depicted in Figure 2.1-1. 

Figure 2.2-2 highlights the geology of the Reefton Goldfield. The folded 

Greenland Group metasediments are located in the foothills of the Victoria 

Range, the inland range that borders the Grey Inangahua Depression. 
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Chapter 2: Regional Geology 

2.2.1 Greenland Group 

The Greenland Group is interpreted as having been deposited by turbidity 

currents in a submarine fan setting (Laird, 1972). The sequence, as defined by 

Gage (1948), consists of two NE trending belts, separated by the Paparoa 

Tectonic Zone (Figure 2.2-3). The coastal belt has fold axial traces trending NW 

to WNW, whereas the host rocks of the Reefton goldfield, in the inland belt, 

trend N to NE. Based solely on the structural grain of the predominant folding, 

Suggate (1957) preferred to separate the two belts, renaming the inland belt the 

Waiuta Group and reserving Greenland Group for the rocks of the coastal belt. 

? ... ~j 
11

1,0, 
1 

11S 21~ l,!. / 1\ 1 y Sf ,2 'f', ',s Knonmrws 

0 5 10 IS 20 2S 10 U Hllu 

171~ 

Figure 2.2-3 (after Laird, 1972). Occurrences of the 
Greenland Group. The Reefton Goldfield lies in the 
inland belt of the Greenland Group where the structural 
axes trend N to NE. 
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Based on the sedimentological similarities of the two groups, Laird (1972) 

suggested that the distinction is erroneous, supporting his contention with 

structural data from the southern Paparoas where fold axes gradually swing 

from NW in the west toNE in the east (Figure 2.2-4). 

~Cretaceous and younger 
~s,.,diments 

1</:/1 Granite and gneiss 

D Greenland Group 

--Faults 

Traces of axial planes 
of folds 

Strike and dip of beds 

Rose diagram of current ' Jlt- directions determined from Jio cross-laminations 

10 Number of obs.ervations 

- Directional sole marks 

i.l7ipl7• 

Non-directional sole· marks 

Surface lineations on vertical 
sheet structures 

Petrographic sample locality 

Figure 2.2-4 (from Laird, 1972). Structural trends of the 
coastal belt. Near the Paparoa Tectonic Zone, fold axes 
gradually swing from ENE to N. 
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Laird (1972) concluded that no clear sedimentary break exists between the two 

belts, and that the pervasive deformation in both belts records a change in strain 

orientation during a single deformation. 

The discovery of Early Ordovician graptolites near Reefton by Cooper (1974) 

constrains the age of deposition in the typically unfossiliferous sequence. The 

youngest U-Pb ages of detrital zircons are c. 500 Ma (Ireland and Gibson, 1998), 

providing a maximum age for Greenland Group deposition. 

2.2.2 Charleston Metamorphic Group 

Within the Paparoa Range, paragneisses and orthogneisses of the Charleston 

Metamorphic Group (CMG) are in fault contact with the Greenland Group. 

Based on a 680±21 Ma Rb-Sr isochron age (Adams, 1975), Nathan (1976) 

interprets these high-grade metamorphic rocks as basement to the Buller terrane. 

Previously, Laird (1967) and Shelley (1970) had interpreted the paragneiss of the 

CMG to be highly deformed Greenland Group. Recent geochronological work 

indicates that the paragneiss has a detrital U-Pb isotopic signature similar to the 

Greenland Group and a metamorphic age of 370-360 Ma (monazite, ion probe; 

Ireland and Gibson, 1998). This recent data is in agreement with the 

interpretation of Shelley (1970); a Greenland Group protolith was deformed and 

metamorphosed in the Devonian. 

2.2.3 Reefton Group 

Figure 2.1-1 shows the c. 100 Ma unconformity between the Greenland Group 

and the overlying Devonian Reefton Group, a fossiliferous shallow marine 

sequence that is downfaulted into the Greenland Group (Bradshaw and Hegan, 

1983). Although no depositional contact between the groups has been identified, 

Cooper (1979) inferred the contact to be an angular unconformity. The Reefton 

Group is restricted to fault-bounded outliers within the Greenland Group that 

are elongate to the north, parallel to the structural trend of the underlying 

Greenland Group (Figure 2.2-2). 
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2.2.4 Topfer Formation 

The Topfer Formation, also in fault contact with the underlying Greenland 

Group, is a volcaniclastic sandstone with subordinate conglomerate and coal 

(Mortimer and Smale, 1996). Coal within the Topfer formation yield miospore 

assemblages of Middle to Late Triassic age (Mortimer and Smale, 1996, and 

references therein). 

2.2.5 Pororari Group 

The Hawks Crag Breccia and the Ohika Formation of the Cretaceous Pororari 

Group are composed of clasts derived from Karamea Suite Plutons and CMG 

gneisses (Tulloch and Palmer, 1990). Near Reefton, in the Waitahu Valley, the 

Hawks Crag Breccia includes hornfelsic Greenland Group clasts (Suggate, 1957). 

The Pororari Group was deposited in faulted, NW -trending depressions 

interpreted to be rift basins (Tulloch and Palmer, 1990). Zircon crystallization 

ages of the Stitts Tuff, at the base of the Pororari group, give ages of 101±2 and 

102±3 Ma (Muir et al., 1997). 

2.2.6 Tertiary Deposits 

Brunner Coal Measures define the base of a Middle Eocene-Oligocene 

transgressive sequence (Nathan et al., 1986). Originally called Quartzose Coal 

Measures by Suggate (1957), the beds include a large component of Greenland 

Group clasts. The Brunner Coal Measures grade up into the marine Kaiata 

Formation, a transgressive sequence consisting of calcareous mudstone and 

muddy sandstone (Nathan et al., 1986; Suggate, 1957). Oligocene formations are 

dominated by limestone, conformably overlying the Kaiata Formation in most of 

Westland's Tertiary basins (Nathan et al., 1986). Oligocene deposits indicate that, 

at this time, nearly all of Westland was below sea level, marking the peak of 

Tertiary transgression (Nathan et al., 1986). 

A change in depositional style began in the early Miocene as the transgressive 

phase of Eocene-Oligocene sedimentation gave way to a regressive phase 

(Nathan et al., 1986). Near Reefton, this change in sedimentation is only seen in 
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Big River as an interbedded sequence of coarse sandstone and siltstone (Suggate, 

1957). 

Late Miocene-Pliocene deposition occurred in the Grey-Inangahua Depression, 

marking the initiation of sedimentation in a structural low that actively receives 

sediment today (Nathan et al., 1986). Calcareous mudstones of the Inangahua 

Formation and the Stillwater Mudstone dominate Middle Miocene deposition, 

after which sedimentation indicates a shallowing of the depression (Nathan et 

al., 1986). 

Capping the Miocene-Pliocene sequence is the non-marine Old Man Gravels, 

indicating an emergence of the depression above sea level (Nathan et al. 1986). 

The gravels are widespread throughout Westland and are composed of clasts 

derived from Haast Schist and Torlesse greywacke (Suggate, 1957; Nathan et al., 

1986). 

2.2.7 Pleistocene Deposits 

Fluvial-glacial deposits occur throughout the goldfield as the result of three 

periods of late Pleistocene glacial events (Suggate, 1957). These deposits outcrop 

throughout the field area [Map], particularly an extensive deposit to the west of 

the Sir Francis Drake Mine (Suggate, 1957). 

2.3 Intrusive Events 

2.3.1 Mid-Paleozoic Intrusions 

Granitic intrusions cover a vast areal extent of the Buller Terrane (approximately 

50% in Westland and NW Nelson). Potassic granites comprise most of the 

Victoria range and form the Karamea Batholith, which effectively splits the 

Buller Terrane into western and eastern tracts (Cooper, 1989). Zircon U-Pb ages 

indicate that Karamea Suite granitoids were emplaced during a relatively short

lived (380-370 Ma) Middle-Devonian intrusive event (Muir et al., 1994; 1996), an 

event restricted to the Buller Terrane. Most of the granitoids have S-type 

compositions (Tulloch, 1988) with some plutons characterised as A and I types. 

Muir et al. (1996) report that the chemistry of the granitoids varies more than 
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previously thought and interpret the geochemical spread to be the result of 

primary magmas mixing with Greenland Group rocks. 

Volumetrically minor relative to the Karamea suite, the Cape Foulwind and 

Windy Point plutons yield Carboniferous ages (~330 Ma, zircon U-Pb ion probe, 

Muir et al., 1994). These plutons are highly fractionated compared to the 

Karamea Suite (Muir et al., 1994). 

2.3.2 Mesozoic Intrusions 

The Kirwan Hill Dolerite is enclosed within the Triassic Topfer Formation 

(Mortimer et al., 1995), located 10km east-northeast of Reefton. Mortimer et al. 

(1995) interpret the dolerite to be a sill that was emplaced in the Middle Jurassic 

and, on geochemical grounds, correlate it to the Ferrar magmatic province of 

Gondwana. 

Early to Middle Cretaceous plutonism resulted in two suites of granitoids that 

overlap temporally but differ in composition and inferred tectonic setting. 

Separation Point Suite granitoids (SPS) are identified by chemistry characteristic 

of convergent tectonics (Muir et al., 1995) with ages that range from 118-111Ma 

(zircon U-Pb TIMS, Kimbrough et al., 1993; 1994; zircon U-Pb ion probe, Muir et 

al., 1994). The Rahu Suite of granitoids is transitional between I and S-type 

(Tulloch, 1988) and ranges in age from 115-110 Ma (zircon U-Pb ion probe, Muir 

et al., 1994, 1996; Waight et al., 1997). Waight et al. (1997) considered the Rahu 

Suite to be related to a change in tectonic regimes, from the contractional episode 

that produced SPS intrusions, to an extensional regime. 

2.4 Metamorphism 

2.4.1 Greenland Group Low-Grade Metamorphism 

The mineral assemblage throughout the field area is quartz-chlorite-sericite

albite±calcite, the typical mineral assemblage throughout the Greenland Group 

(Roser et al., 1997). This assemblage correlates with the chlorite zone, or lower 

greenschist facies metamorphism (Frey,1997. Near intrusive contacts (0.5-2km), 
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metamorphic grade increases to a typical assemblage of quartz-biotite

muscovite-albite±calcite (Roser et al., 1997). 

Outside contact aureoles, K/ Ar whole rock ages of pelites range from 438 to 298 

Ma (Adams et al., 1975). The data appear to be concentrated at the extremes of 

the spectrum; Adams et al. (1975) split the data into two groups, attributing the 

younger ages (370-298) to intrusive and/ or regional metamorphism during the 

Tuhua orogeny [2.7.3] and older ages (438-395) to a pre-Devonian cleavage 

forming, folding event. Adams et al. (1975) give three possible interpretations for 

the older ages: (i) the ages reflect the source rock and are pre-depositional; (ii) 

the ages are related to diagenesis and reflect an age of deposition; (iii) the ages 

are related to a regional metamorphic event. Based on regional geological 

arguments, they argue that the detrital and diagenetic interpretations are 

unlikely. Additionally, X-ray diffraction spectra indicate that the Greenland 

Group is completely recrystallised. Based on the assumption of a minimum 150 

to 200° C temperature accompanying lower greenschist facies metamorphism, 

any inherited argon would have been lost (Adams et al., 1975). An Early 

Ordovician depositional age (Cooper, 1974) has substantiated their arguments. 

2.4.2 Charleston Metamorphic Group High-Grade Metamorphism 

Compared to Greenland Group greenschist facies metamorphism, the high-grade 

metamorphism of the CMG is relatively well constrained in terms of timing and 

P-T conditions. Although the nature of the proto lith has been debated, Ireland 

and Gibson (1998) give compelling evidence that a Greenland Group protolith 

was metamorphosed at 360-370 Ma. Based on amphibolite mineral assemblages 

and thermobarometry, White (1994) interpret the conditions of metamorphism to 

have been c. 600 (±50)°C and 4 (±1) kbar. 

White (1994) interprets similar conditions of metamorphism for the orthogneiss 

of the CMG. Opinions differ, however, as to the timing of metamorphism and 

the nature of the protolith. White (1994) contends the orthogneiss is chemically 

indistinguishable from Karamea Suite granitoids, and is unrelated to the adjacent 

Cretaceous Rahu Suite rocks. Conversely, Kimbrough and Tulloch (1989) 
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interpret a clustering of data near their lower intercept age of 114±18 Ma to 

represent the crystallisation age of the Charleston Group orthogneiss. 

Furthermore, they noted that the chemistry of the orthogneiss is most compatible 

with SPS granitoids. Ireland and Gibson (1998) contend ion probe U /Pb ages of 

zircon and monazite indicate Cretaceous ages for emplacement and 

metamorphism. In their interpretation, a Separation Point protolith was 

emplaced at 119 Ma, and was subsequently metamorphosed and deformed 

during the subsequent intrusion of Rahu Suite granitoids at 109 Ma. In this 

scenario the paragneiss and orthogneiss of the CMG were both metamorphosed 

to amphibolite facies but diachronously, the events separated by over 250 million 

years. 

2.5 Major Tectonic Events 

2.5.1 Greenland Event 

Throughout the Buller Terrane, Paleozoic beds are folded about gently north and 

south plunging fold axes with steeply dipping axial planes, evident from 

penetrative axial planar cleavages (Cooper, 1989). Earlier deformation phases 

have been documented that transpose bedding. These early deformations 

include E-verging recumbent folds (Cooper, 1979) as well as N-verging folds 

(Grindley (1978). The significance of this early deformation, some of which is 

based on questionable stratigraphic control (Cooper, 1989) is unclear. The later, 

upright folds are widespread and similar in style and orientation, indicating a 

terrane-wide deformational event-the Greenland tectonic event of Cooper 

(1979). Timing of this event is thought to be Late Ordovician-Silurian (Cooper, 

1989) as the axial planar cleavage is interpreted to be related to the older (395-438 

Ma) ages of Adams et aL (1975). Previous workers (Suggate, 1957, p. 28; 

Grindley, 1978; Cooper, 1989) contend the Devonian Reefton Group does not 

share the same metamorphic grade or degree of deformation as the underlying 

Greenland Group, further constraining Greenland Group deformation as being 

pre-Devonian. Lack of gold mineralisation within the Reefton Group has also 

been used as an indication of a pre-Devonian, gold-depositing, deformational 

event (Suggate, 1957, p. 28; Grindley, 1978). 
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2.5.2 Post-Reefton Event 

The Reefton Group is folded about moderately S-plunging fold axes (Bradshaw 

and Hegan, 1983; Bradshaw, 1995). Mudstones and limestones contain a steeply 

west dipping cleavage, interpreted by Bradshaw (1995) to be axial planar to this 

folding event. Bounding faults to the Devonian outliers are in some cases 

parallel to bedding in the Reefton Group and in some cases transect bedding 

(Bradshaw, 1995). Bradshaw and Hegan (1983) attributed the bedding parallel 

breccia zones to be associated with faulting after folding of the Devonian 

sequence. Conversely, Bradshaw (1995) interpreted that the bedding parallel 

faulting occurred before folding. Conjugate kink crenulations of the axial planar 

cleavage indicate a cross deformation after the folding event (Bradshaw, 1995). 

The Reefton Group was subsequently downfaulted into the Greenland Group, 

most likely during Cretaceous extension (Bradshaw, 1995). 

2.5.3 Tuhua Orogeny 

Mid-Paleozoic deformation, metamorphism and intrusive events have been 

correlated as being a Western Province orogenic event-the Tuhua Orogeny 

(Suggate, 1965, p. 1147; Grindley, 1978). Grindley (1978) proposed two 

movement phases, the first producing isoclinal F1 folds in Nelson. The second 

movement phase produced widespread folding (F2), low-grade metamorphism 

and was followed by Karamea Suite intrusions. Grindley (1978) outlines two 

conflicting relationships regarding deformation of the Greenland Group. 

Deformation style appears correlative with F2 in Nelson, northerly trending 

upright folds and related bedding parallel and axial planar thrusting. 

Metamorphic age, however, (Adams et al., 1975) is temporally correlative with 

the early deformation phase (F1). In addition, arguments for Greenland Group 

deformation before Reefton Group deposition indicate pre-Devonian 

deformation, prior to the second movement phase (F2). In this scenario, F2 is 

responsible for Reefton Group deformation. 

Problems with correlating mid-Paleozoic tectonic events throughout the 

Western Province are highlighted by Cooper (1989). Until such correlations can 
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be made, he argues the term Tuhua Orogeny should only be used to refer to 

mid-Paleozoic events and not to a genetically based, terrane-wide event. 

2.5.4 Reinterpretation of Greenland Group and Reefton Group Paleozoic 

Deformation 

In the context of detailed mapping and microstructural analysis of this study, an 

alternative sequence of deformation is suggested (Figure 2.1-2). Constraints on 

timing of Paleozoic events have not proven to be supported by Greenland 

Group deformation. Chapter 3 interprets Greenland Group peak 

metamorphism to be related to a predominantly bedding-parallel, micaceous 

fabric (S1). Greenland Group upright folding (F2) occurred after the 

metamorphic peak and produced a crenulation cleavage (S2). Greenland Group 

F2 folding, therefore, need not be differentiated from Reefton Group folding on 

the basis of metamorphic grade. Furthermore, the absence of major gold 

deposits in the Reefton Group is not necessarily a function of timing. 

Mechanical differences imposed by lithology and the intensity of cleavage 

development are likely to be the precursor to gold mineralisation [Chapter 4]. 

The more argillaceous and interbedded nature of the Greenland Group is more 

likely to deform in such a way so as to produce dilational sites for gold 

deposition [Chapter3, Chapter 4, Chapter 5]. The Greenland and post-Reefton 

Events of Cooper (1989) are coeval deformations that occurred after Greenland 

Group peak metamorphism. 

2.5.5 Cretaceous Deformation 

A depositional hiatus throughout the Western Province during the Jurassic-Early 

Cretaceous suggests a prolonged period of uplift, correlated with the Rangitata 

Orogeny (Suggate, 1978; Nathan et al., 1986;). During this interval, (126-105 Ma) 

the SPS stitched the eastern limit of the Western Province with the Median 

Tectonic Zone (MTZ), a dismembered zone of Mesozoic plutonic, volcanic and 

sedimentary rocks (Kimbrough et al., 1994). SPS granites have geochemical 

characteristics of convergent margins (Muir et al., 1995) suggesting that this 

interval of plutonism was related to tectonism on the eastern margin of the 

Western Province (Kimbrough et al., 1994). 
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The character and extent of Cretaceous deformation within the Western Province 

are subjects of intense debate (Gibson et al, 1988, 1989; Bradshaw and 

Kimbrough, 1989; Bradshaw, J.Y., 1989; Bradshaw, J.D., 1989; Brown, 1996; 

Ireland and Gibson, 1998). Polyphase deformation and metamorphism in 

Fiordland have been attributed to the Early Cretaceous Rangitata Orogeny 

(Bradshaw, J.Y., 1989). By ascribing most of Fiordland's deformation and 

metamorphism to the mid-Paleozoic, Ireland and Gibson (1998) contend that 

Cretaceous deformation was localised and largely extensional. Bradshaw, J.D. 

(1989) proposed spreading ridge subduction instigated the shift from Rangitata 

contractional deformation to a period of extension 

In Westland, Cretaceous extension is associated with rift basins filled with the 

Pororari Group (Tulloch and Palmer, 1990). Faults that bound these basins are 

interpreted to be low-angle detachments that juxtapose the CMG with 

greenschist facies Greenland Group (Tulloch and Kimbrough, 1989; Tulloch and 

Palmer, 1990). Tulloch and Kimbrough (1989) interpret the detachment faults to 

be related to regional extension, with the CMG representing the lower plate of a 

metamorphic core complex. Timing of the extensional faulting is well 

constrained. Ductile deformation associated with the core complex postdates 

114±18 Ma granitic plutons and mylonitic rocks of the CMG. The deformed 

orthogneisses of the CMG were then eroded into half-grabens by 105-100 Ma 

(Tulloch and Kimbrough, 1989). Tulloch and Kimbrough (1989) interpret the 

extension to be related to the breakup of Gondwana, preceding the opening of 

the Tasman Sea at 84 Ma. A result of Late Mesozoic extension is the formation of 

a post-rifting unconformity (Nathan et al., 1986), evident as a peneplain surface 

in the uplifted Victoria and Paparoa ranges (Gage, 1948; Suggate, 1956). 

2.5.6 Tertiary Extension 

Extensional tectonics became active again in the Early Tertiary, producing a 

series of Eocene-Oligocene basins that were filled with quartzose coal measures 

and, a marine transgressive sequence (Nathan et a., 1996). Interestingly, these 

early Cenozoic deposits are thicker on the Paparoa Range and within the 

foothills of the Victoria Range near Reefton than the adjacent Grey-Inangahua 
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depression. Therefore in the Early Tertiary, these high standing areas were 

basins (Nathan et al., 1986; Suggate, 1957) with normal faults accommodating 

extension dipping away from the Gray-Inangahua Depression, towards the 

Victoria and Paparoa Ranges (Bishop and Buchanan, 1995). 

2.5.7 Establishment of the Alpine Fault and Basin Inversion 

Coal pebbles derived from the Cretaceous Pororari Group occur within lower 

Miocene sediments adjacent to the Paparoa Range. These relationships imply 

that the Paparoa Basin was uplifted during the Miocene (Wellman, 1946). 

Eocene-Oligocene basins, floored by the Victoria and Paparoa basements, became 

uplifted along E and W-dipping thrust faults respectively, an indication of 

Miocene basin inversion (Nathan et al., 1986; Bishop and Buchanan, 1995). This 

episode of inversion may be related to the establishment of the Alpine Fault 

through the South Island (Carter and Norris, 1976; Kamp, 1986). Reverse 

faulting can not have produced a great deal of relief across Westland as Miocene 

sediments covered the fault associated with Middle Tertiary Paparoa uplift 

(Wellman, 1946). Low relief during the Early-Middle Miocene is consistent with 

paleogeologic reconstruction of New Zealand that interprets the Alpine Fault to 

be dominantly transcurrent at this time (Carter and Norris, 1976). The lack of 

appreciable deformation in Westland is demonstrated by the concordance 

between Miocene sediments and Pliocene sandstones (Henderson, 1917; Suggate, 

1957). The disconformity, representing c. 12 Ma time gap, is recognised 

primarily in a change in color and hardness between the two series (Suggate, 

1957). 

2.5.8 Kaikoura Orogeny 

Old-Man Gravels were deposited throughout Westland in the Late Pliocene 

(Suggate, 1957) [2.4.6]. Largely schist derived, the gravels originated east of the 

Alpine Fault and mark the onset of Southern Alps uplift (Suggate, 1957; Nathan 

et al., 1986), a result of an increased component of compression during the last 10 

Ma (Carter and Norris, 1977). The widespread occurrence of the gravels 

indicates that uplift to the east of the Alpine Fault predated substantial 

topography in Westland (Nathan et al., 1986). 
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Termed the Kaikoura Orogeny, Late Cenozoic uplift and deformation continues 

to the present day and is responsible for the basin and range topography of 

Westland (Nathan et al., 1986). Continued deformation is evident from tilting, 

folding and faulting of Late Quaternary terraces (Suggate, 1987; Nathan et al., 

1986) and from historical seismicity (Berryman, 1980; Anderson et al., 1994). 

2.5.9 Holocene Seismicity 

The Murchison earthquake of 1929 and the Inangahua earthquake of 1968 were 

both greater than M5 7 (Anderson et al., 1994) and occurred within 40 km of 

Reefton. Both earthquakes were nearly pure reverse, associated with faults that 

were formerly active during Tertiary extension (Anderson et al., 1994). The 

Inangahua earthquake had an interpreted slip direction skewed 36° from the 

relative motion between the Australian and New Zealand plates (Anderson et al., 

1994). The discrepancy between the plate motion and the slip direction is 

interpreted by Anderson et al., (1994) to be a result of the structural grain of the 

region, formed from the cumulative effects of numerous contractional and 

extensional episodes during the last 400+ million years. 
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Chapter 3 

GREENLAND GROUP DEFORMATION 

3.1 Introduction 

The findings and interpretations arrived at in this chapter have significant 

ramifications for the tectonics of the Buller Terrane and the control of gold 

mineralisation within the Reefton Goldfield. The tectonic implications are 

introduced in Chapter 2 and further discussed in Chapter 5. Structural 

controls on gold mineralisation are discussed in Chapter 4. The following 

summary outlines the structural interpretation of this chapter. 

3.1.1 Deformation Summary 

Ductile deformation within the Greenland Group has generally been 

attributed to a single Mid-Paleozoic folding event under lower greenschist 

facies metamorphic conditions (Gage, 1948; The Greenland Event of Cooper, 

1989). In the course of this project, detailed field mapping and 

microstructural analysis have demonstrated that the sequence of deformation 

within the Greenland Group is more complex than previously envisaged, with 

4 fabric-forming metamorphic and/or deformational events (Table 3.1-1). The 

dominant set of upright, N-S trending folds, described by previous workers, 

is recognised herein as F2, because the related cleavage (S2) deforms an earlier, 

micaceous foliation (S1). Interpreted to have formed under peak metamorphic 

conditions, S1, with rare exceptions, lies parallel to bedding. Postdating F2 

folding, a NE-striking, asymmetric crenulation cleavage (S3) formed due to a 

clockwise rotation of the shortening direction relative to the rock mass. 

Deformation during D3 is interpreted to have involved a combination of F3 

folding and sinistral- (reverse?) faulting on shears parallel to S0 and S2• F4 

kink folding is interpreted to result from further rotation of the shortening 

direction to near-parallelism with the N-NE trending F2 fold axes, resulting in 

the formation of ENE and WNW striking, conjugate, kink crenulations (S4). 

Further N-NE shortening was accommodated by brittle thrust faulting (D5). 
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Later brittle shearing accounts for the disrupted nature of many of the mined 

ore zones (Henderson, 1917). 

Micro-
Relationship to 

Inferred 
Defonna· 

Field Evidence structural Dominant shortening 
tion event Metamorphism 

evidence Faulting direction 

Transposed Bedding (Rattenbury and 
Micaceous Foliantion (S,) 

is parallel to bedding in all 
Stewart, 1996; Findlay, Unpublished 

thin sections except S, is defined by aligned micas and is Kinematics during 

Dt 
Manuscript). Anomalous W plunging 

samples near Souvenir 
Deformation during 

interpreted to be associated with the 0 1 have not been 
L2 intersection lineations near Lode. These samples may 

o, is unclear. metamorphic peal<. assessed. 
Souvenir Lode may be located near an 

indicate proximity to an F, 
F1 fold hinge. 

foldhi~e. 

Pervasive cleavage (S2) in fine-
grained beds strikes N-NE, average Reverse shears 

dip steep to the west. Intersection parallel to bedding 
S2 cuts across metamorphic foliation 

lineations between bedding and S, foliation, always at an and cleavage 
S,, appears to be a regressive fabric 

D2 cleavage (L,) plunge gently N/S. angle to bedding, accommodate strain -E-W 

Bedding and cleavage relationships crenulates sl as F2 folds become 
formed by pressure solution removal 

indicate upright F2 folding with tighter. 
of quartz from cleavage domains. 

steeply west dipping axial planes and 

NW to NE trending axial traces. 

The rotation of the 
s3 crenulation 

shortening direction 
morphology 

S3 oblique crenulation with respect to Sr/S2 

In samples most effected by S, suggests the 

D3 Fine-grained lineation L3 on bedding 
cleavage. Average parallel shears 

crenulations, a new foliation formed shortening 

and cleavage. that is similar in mineralogical direction was 
orientation 235/55 NW. causes sinistral 

appearance to S2• directed-50°count 
(reverse?) 

er clockwise to s2 
reactivation. (NW-NNW). 

Flexural slip is 
D4 kinking occurred without the 

likely to have been a The formation of 
Sinuous trend in axial traces is a formation of a new foliation, an 

reflection of the change in s2 strike S4 kink crenulations are 
dominant 

indication of a decrease in P and T 
a conjugate set of 

mechanism kink crenulations 
throughout the field area, implying asymmetric. Orientations 

accommodating D 4 

from the formation of s2 and s3. s4 
indicates 

D4 that cross folding has affected F, and vergence indicate that 
kink folds. Strike 

kink fold geometry indicate the 
shortening was 

folds. Kink crenulations (S4) are the crenulations formed as 
slip sheating 

deforming fabric had a higher degree 
directed N to NE, 

developed in areas particularly a conjugate set. 
changes shear sense 

of anisotropy thao during D,, a 
near parallel to the 

effected by D,. 
across the axial 

possible effect of declining PIT 
strike of S2• 

olane of an F, fold. 
conditions. 

E-W striking thrust 

The Globe-Progress shear truncates 
faults form as the 

result of continued 

Ds the F2 folds at n high angle and is Post metamorphic NNE 

dominated by brittle faulting. 
shortening parallel 
to the trend of F2 

folds. 

Table 3.1-1 Summary of Deformation 

3.1.2 Previous Work 

The Greenland Group is pervasively folded (Henderson, 1917; Gage, 1948). 

Henderson (1917) was unable to describe the folding in the district, however, 

because of the disruption imparted by contemporaneous and subsequent 

faulting. Overturned bedding is common in the mineralised zone and, 
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primary sedimentary structures are often obliterated by shearing and 

cleavage formation (Rattenbury, 1994). 

Gage (1948) used bedding-cleavage relationships to study the folding within 

the goldfield. He interpreted folding as being accommodated principally by 

layer-parallel slip and the drag experienced between lithologies was imparted 

on the forming cleavage (Figure 3.1-1). The sigmoidal form of cleavage 

within a bed can therefore be used to decipher the sense of shear during 

folding, an indication of the structural position on the fold. Gage (1948) 

identified fold axial traces in creek exposures and linked them across the 

goldfield. By using this method, he delineated numerous folds, many with 

overturned limbs, and interpreted the goldfield as being centered on the crest 

of an anticlinorium. 

PLATE Ill 

FIG. 1: Differential movement betw'een strata in 
folding. 

Fie, 2: Massive strong beds (B) alternating with 
relatively wenk beds (A), developing tension 
joints and fracture cleavage respectively; (C) 
(D) (E) (F), trace on plane of section of 
axial plane of folds. 

F1c. 3 ~ Sigmoidal fracture-cleavage. (After 
Steidtman). 

Figure 3.1-1 (from Gage, 1948) Cleavage refraction. 
Bedding parallel shear is interpreted to produce 
sigmoidal cleavage within beds, used by Gage to 
decipher position on a fold. 
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Convergent Cleavage 
. in Competent 

Sandstones 

Divergent 
Cleavage 
In Mudrocks 

Figure 3.1-2 (from McClay, 1987) Competency 
contrasts and cleavage refraction. Cleavage refraction 
from competency contrasts. Sigmoidal cleavage is the 
result of grain size competency within normal graded 
beds 

Cleavage refraction through varied lithology has been interpreted to be the 

result of competency contrasts (Twiss and Moores, 1992; McClay, 1987). 

Sigmoidal cleavage can be attributed to changes of strain within beds, a 

reflection of grain size through the bed (McClay, 1987; Figure 3.1-2). In the 

case of normally graded beds, the pattern is the same as if the cleavage was 

dragged along a bedding-parallel shear during flexural-slip folding. 

In cases where a cleavage is formed during a folding event, the penetrative 

foliation in fine-grained rocks generally approximates the fold axial plane. In 

areas dominated by a single phase of folding, bedding and cleavage 

relationships can be used to define the structural position of an outcrop in 

relation to major fold closures (Figure 3.1-3; Twiss and Moores, 1992). This 

method can identify fold closures where bedding is often overturned (Figure 

3.1-4; McClay, 1987; Twiss and Moores, 1992). 
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Axial 
-----surfaces -------; 

Figure 3.1-3 (From Twiss and Moores, 1992) Cleavage 
bedding and folding. The hollow arrow rotates 
through the acute angle made by bedding and 
cleavage. When done on the structurally higher 
contact of a bed and the rotation is up dip, the rotation 
is towards the anticline and the bed is upright. If the 
rotation is down dip, the bedding is overturned and 
the rotation is towards the adjacent syncline. 

Cleavage dips more 
steeply than Bedding 

Cleavage go• to Bedding 

Beddin9 Sa 500 metres , 

Figure 3.1-4 (from McClay, 1987) Overturned bedding 
and folding. If the exercise illustrated in Figure 3.1-3 
is performed the right of the axial plane, the rotation 
from cleavage to bedding on the structurally higher 
contact of a bed is down dip, indicating the beds are 
overturned and the anticline is to the left. 

Sa 

Rattenbury (1994) used this method to investigate the folding surrounding the 

Globe-Progress deposit, and interpreted it to be far more complex than 

envisioned by Gage (1948). Instead of the simple anticline/syncline pair 
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mapped by Gage (1948) (Figure 3.1-5), Rattenbury (1994) mapped tight, 

similar-style folds within the footwall of the Globe-Progress Shear (Figure 

3.1.6). Whereas Gage (1948) mapped fold axial traces crossing Globe Hill 

unchanged, Rattenbury (1994) documented that the Globe-Progress shear 

truncates fold structures, separating domains of contrasting structural style. 

Figure 3.1-5 (From Rattenbury, 1994; axial traces of 
Gage, 1948). The continuation of the Globe anticline 
over Globe Hill. 
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Figure 3.1-6 (From Rattenbury, 1994) Cross section of 
Globe-Progress Shear. Note juxtaposed structural 
domains and truncated axial traces across Globe
Progress Shear (GPS). 

Based on mapping near the Globe-Progress and Waiuta deposits (Rattenbury, 

1994, 1995; Stewart, 1996), Rattenbury and Stewart (1996) described the 

folding within the mineralised zone as cylindrical, with fold axes plunging 

gently N and S. Axial planes are steeply W-dipping with hinge zones 

preferentially sheared. Findlay (unpublished manuscript) described an early 

phase of isoclinal folding in the Snowy River and, based on stereonet analysis, 

also proposed that E-W cross folding deforms the predominant N-trending 

fold set. 

3.1.3 Method of Investigation 

The Greenland Group assemblage lacks any marker beds that can constrain 

the geometry of folds or the offset on faults and shear zones. The sequence is 

unfossiliferous and is dominated by two gradational lithologies, quartz-rich, 

massive sandstones and well-cleaved micaceous argillites. Numerous shears 

occur in the field area but tracing them between scattered outcrops is difficult. 

Preferential erosion of sheared rocks limits the exposure of large fault zones 

(Rattenbury, 1994). 

Confronted by the realities of mapping a tightly folded sequence without 

marker beds in an area of generally poor exposure, the investigation focussed 

on accurately recording the structural elements that are evident at each 

exposure. The orientations of bedding, cleavage and the intersection lineation 

between the two were typically measured. Faults with relatively large offset 

are inferred between juxtaposed areas of different structural character. Faults 

that do not juxtapose contrasting structural domains are assumed to have 
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only minor displacement. This process can delineate structural domains, 

constrain post-fold faults and enables an interpretation of the deformation 

sequence (Rattenbury, 1994, 1995; Rattenbury and Stewart, 1996). Oriented 

samples were collected to investigate the microstructural constituents of the 

measured cleavage and the relationship to metamorphism. Oriented samples 

containing enigmatic fabrics were collected for petrographic study. 

Locations were positioned by pacing from known surveyed points or 

prominent features. Mapping was done at 1:2500 scale and data was then 

transferred to 1:4000 scale [Map]. 

3.2 Outcrop Geology 

3.2.1 Bedding and Cleavage 

Bedding is identifiable in interbedded sequences but is rarely seen in massive, 

thick-bedded greywacke. A pervasive cleavage (52) is penetrative in the 

argillite, becoming spaced to absent in the greywacke (Figure 3.2-1). 

Refraction is ubiquitous in interbedded sequences. Many exposures are 

dominated by massive greywacke, which is commonly pervaded by joint sets. 

The lack of definitive bedding surfaces makes structural mapping at such 

exposures impossible. Exposure along most of Devil's Creek, upstream from 

Fossicker's Creek, is dominated by massive greywacke, where both joint and 

cleavage planes can easily be mistaken for bedding surfaces. Bedding is most 

often steeply dipping, although bedding dipping shallowly to the west is 

common (Figure 3.2-2). Cleavage generally strikes N-S, dipping moderately 

to steeply, most often to the west (Figure 3.2-3). 
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Greywacke 
I 

Figure 3.2-1 The intersection of bedding and cleavage. 
52 cleavage is pervasive in argillite, absent in 
overlying greywacke. Pencil lies on a bedding 
surface, parallel to the trace of 5 2. L2 plunges 28° to the 
SW. Outcrop is near the Souvenir lode. 
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Figure 3.2-2 Poles to bedding, all domains. Bedding 
is typically steeply dipping, although shallowly W
dipping beds are common. 

N 

Figure 3.2-3 Contoured poles to S2- all domains, great 
circle represents average S2 plane. 

As illustrated in Figure 3.2-3 the orientation of 52 varies throughout the field 

area. By analysing cleavage orientations within smaller geographical 

domains, the data fits more closely to a best-fit great circle (Figure 3.2-4). 

Mapping and stereoplot analysis (Figure 3.2-4) have demonstrated that 

fanning of cleavage occurs, convergent in greywacke and divergent in the 

argillite (Figure 3.1-2). 
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N 

X- pole to best-fit great circle through data. 

Figure 3.2-4 Poles to 821 Borehole Rd. domain. Spread 
in data is interpreted to be cause by the fanning of 
cleavage around folds. 

Figure 3.2-4 illustrates that poles to S2 fit poorly about the best-fit great circle, 

even in a restricted domain. Although fanning of the cleavage accounts for 

most of the spread in the data (E or W-dipping), there is significant spread 

about axes not parallel to the F2 fold axis. Best-fit great circles through E or 

W-dipping subsets allow a characterization of the spread that is not due to the 

fanning of the cleavage. Figure 3.2-5 illustrates three domains dominated by 

steeply E and W-dipping cleavages. The data are spread along gently 

dipping great circles, about steeply plunging poles. 
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N 

a) 
• - poles to 52 

west dipping n=15 
east dipping n=S 

+-poles to best-fit great circles 
west dipping data s.a.--8.3" 
east dipping data s.d.-2.7" 

N 

c) 

N 

b) 

• - poles to 52 
west dipping n=16 
east dipping n=6 

+ -e~!;~~~~~~:sJ;~ts~~~~i" circles 
east dipping data s.d.-7.2" 

Figure 3.2-5 Poles to 82• a) Fossickers Creek domain. 
b) Empress to General Gordon domain. c) Rainy 
Creek domain. 

3.2.2 Intersection Lineation-L2 Domains 

• -poles to 52 
west dipping planes n=6 
east dipping planes n=15 

+-poles to best-fit great circles 
west dipping data s.d..1.8" 
east dipping data s.d.-5.6" 

The intersection lineation between bedding and cleavage (L2) is usually seen 

as the cleavage trace on bedding surfaces (Figure 3.2-1), although millimeter 

scale sandy layers in argillites can produce a lineation on cleavage surfaces. 

L2 typically plunges gently N/S to NE/SW, although directly to the west of 

the General Gordon and Empress lodes the trends are NW /SE (Figure 

3.2-6a,c). East of the General Gordon/Empress shear, L2 orientations are more 

typical, trending NNE/SSW (Figure 3.2-6b,d). The grouping of L2 with 

similar plunge delineates L2 structural domains (Figure 3.2-6). Boundaries 

between domains of opposing plunge direction trend NW and ENE [Map]. 
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N N 

N 

• ·poles to bedding 
n=24 

+·pole to best fit grt:~at circle 
s.d-7.1". 

• -poles to bedding 
n=15 

+-pole to best fit b'Teat circle 
s.d-6.6". 

b) 

d) 

Figure 3.2-6 F2 folding near the Empress and General 
Gordon Lodes. a,c) Bedding and L2 intersection 
lineations to the west of the General Gordon/Empress 
shear. b,d) Bedding and L2 intersection lineations to 
the east of the General Gordon/Empress shear. a,b) N 
plunging L2 domains. c,d) S plunging L2 domains. 

N 

• ·poles to bedding 
n=4 

+ -pole to best fit great circle 
s.d-2.1". 

+ -pole to best fit great circle 
s.d-13.5". 
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Figure 3.2-7 L2 domain boundaries. Hammer is 
hanging on a bedding plane containing a NNW 
plunging L2 • A pencil (arrowed) lies parallel to a SSE 
plunging L2• Outcrop is near the General Gordon 
Lode. 

These L2 domains subdivide the geographical domains. As illustrated in 

Figure 3.2-8, bedding poles from Borehole Rd. geographical domain can be 

subdivided into N and S plunging L2 domains, the data separated 

geographically by a NW trending L2 domain boundary [Map]. The pole to the 

best-fit great circle lies within the clustering of L2 intersection lineations 

within the domain. 
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• -poles to So-N plunging 
L2domain 

o -poles to So-S plunging 
L2 domain 

'-L2 intersection lineation 

Figure 3.2-8 Poles to bedding, Borehole Rd. domain. 
Folding is better described if a NW trending L2 
domain divides the area [Map]. The best-fit great 
circles through bedding poles have poles lying within 
L2 clusters. 

3.3 Microstructural Elements 

3.3.1 51 Bedding Parallel Foliation 

Thin section studies of the argillitic rocks have shown that the cleavage seen 

in outcrop is a crenulation cleavage that deforms an earlier fabric (S1) defined 

by aligned chlorite and white mica (Figure 3.3-1; Figure 3.3-3). S1 appears to 

be totally recrystallised and is parallel to bedding (S0) in all samples thin 

sectioned, except for samples OU69934 and OU69939 (Figure 3.3-4). Both of 

these samples display anomalous intersection lineations between bedding 

and S2, plunging at a high angle to the strike of S0, moderately to the west. 
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Figure 3.3-1 Photomicrograph of sample OU69932. 
Plane light. Field of view is 1 mm long and cut 
perpendicular to the intersection of S0 and S2 • L2 

plunges 27° to the SSW. Bedding is evident by the 
relatively quartz-poor, darker layer at the top of the 
photo. S21 tracing top/left-bottom/right, crenulates 
sl. 

Figure 3.3-2 Photomicrograph of sample OU69936. 
Crossed polars. Field of view is 0.6 mm long and cut 
perpendicular to L2• Where S2 is at a high angle to 
bedding, S2 crenulation folds are symmetric. 
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Figure 3.3-3 (From Mortimer, 1995). Photomicrograph 
of cleavage and bedding. Field of view is 4 mm long. 
The penetrative cleavage in Greenland Group 
argillites most often makes a moderate to low angle 
with bedding. s2, well developed in the argilite, 
crenulates sl into asymmetric folds. s2 is not 
conspicuous in the fine-grained sandstone, which is 
dominantly composed of detrital quartz and 
recrystalized mica. In almost all samples studied S1 is 
parallel to bedding. The enveloping surface for the 
folds is parallel to the lithologic contact. 
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Figure 3.3-4 Photomicrograph of sample OU69934. 
Crossed polars. Field of view is 0.6 mm long and cut 
perpendicular to L2, which plunges nearly parallel to 
the dip direction of bedding, moderately to the west. 
Also atypical, S1 makes a 15° angle to bedding, 
represented by the limonitic layer. s2 crenulates both 
of the earlier fabrics. 

3.3.2 52 Crenulation Cleavage 

In thin section, the pervasive cleavage seen in outcrop (S2) is a concentration 

of micas and opaque minerals, separated by relatively quartz rich 

microlithons (Figure 3.3-1; Figure 3.3-2; Figure 3.3-3; Figure 3.3-4). S2, always 

at an angle to S0 /S11 refracts through finely bedded laminations at thin-section 

scale (Figure 3.3-5). 
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Figure 3.3-5 Photomicrograph of sample OU69938. 
Plane light. Field of view is 4mm long and cut 
perpendicular to L2 which plunges gently to the north. 
S2, penetrative in the argillite, refracts and becomes 
spaced in the sandstone. 

3.3.3 5 3 Crenulation 

A fine-grained (0.1 rnrn spaced) lineation (L3) was found on both 50 and 52 

surfaces (Figure 3.3-6), indicating an element that was syn-post D2 • The 

lineation, usually at a high angle to L2, is varied in orientation (Figure 3.3-7). 

Petrography has revealed that the lineation is due to a crenulation (53) of 52 

(Figure 3.3-8; Figure 3.3-9; Figure 3.3-10; Figure 3.3-11; Figure 3.3-12; Figure 

3.3-13). 
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Figure 3.3-6 Photomicrograph of sample OU69931. 
Crossed polars. Field of view is 4 mm long and cut 
parallel to s2. Lineation is due to the segregation of 
metamorphic minerals within the s2 plane. 

N 

x - Intersection of S2 and S3. 
n=ll 

Figure 3.3-7 Lv the intersection of 52 and 53• 
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Figure 3.3-8 Photomicrograph of sample OU69937. 
Plane light. Field of view is 1 mm long and cut 
perpendicular to L3, which plunges 50° to the WNW. 
5 3 crenulation folds, when well developed, produce 
an 53 foliation similar in appearance to 52 • Short 
limbs of the folds are composed of aligned micas and 
opaques, long limbs are relatively quartz-rich. 

Figure 3.3-9 Photomicrograph of sample OU69940. 
Plane light. Field of view is 1 mm long and cut 
perpendicular to L21 which plunges steeply SSE. 53 

crenulations are conspicuous where 52 is well 
developed. 
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Figure 3.3-10 Photomicrograph of sample OU69929. 
Crossed polars. Field of view is 1.6 mm long and cut 
perpendicular to L3 which plunges 62° to the NNW. 
s3 crenulates both sl and s2, both appearing to be 
parallel in this thin section, cut nearly parallel to L2• 

S3 crenulation folds, well developed in the argillite, 
do not noticeably affect the fine-grained sandstone. 

Figure 3.3-11 Photomicrograph of sample OU69927. 
Crossed Polars. Field of view is 2.5 mm long and cut 
perpendicular to L31 which plunges 78° to the NW. 
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Figure 3.3-12 Photomicrograph of sample OU69926. 
Slightly uncrossed polars. Field of view is 1mm long 
and cut perpendicular to L3 which plunges 28° to the 
NNE. 

Figure 3.3-13 Photomicrograph of sample OU69940. 
Plane light. Field of view is 1mm long and cut 
perpendicular to L3, which plunges steeply to the SSW. 
A quartz veinlet cuts through the crenulated 52 

cleavage. 53 is well developed, parallel to and to the left 
of the veinlet. 
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Similar to S 2, S 3 foliations are a concentration of micas and opaques, 

separated by quartz-rich microlithons. 53 crenulations have a distinct 

morphology (Figure 3.3-15). 

1. 53 crenulation folds are open, apical angles {180-(~+y)} average 149° 

(Figure 3.3-15). 

2. The angle between 52 and 53 is between 62 and 34 o, averaging-45° 

(Figure 3.3-15). 

3. 53 crenulation folds are only developed in well-foliated argillites 

(Figure 3.3-9; Figure 3.3-10). Folds diminish into quartz rich layers. 

4. The folds are asymmetric, all displaying a consistent vergence 

throughout the field area (Figure 3.3-8-Figure 3.3-13). 

In oriented thin-sections, 53 is usually a subtle crenulation of the earlier 

fabrics, striking NE to ENE, and dipping about 60°, most often to the NW 

(Figure 3.3-14). 

N 

Average S3 plane- 235/55 

Figure 3.3-14 Contoured poles to S3 • S, calculated 
from oriented thin sections. Great circle represents 
average orientation for 53• 
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orientation of thick limb "( 

Figure 3.3-15 (style and terminology from Platt and 
Vissers, 1980) 83 crenulation fold geometry. S 3 

crenulations are asymmetric, all displaying a 
consistent vergence throughout the field area. The 
angle between the enveloping surface (S.) and the 
short, thin limb, 13, is twice as big as y, the angle 
between s. and the long, thick limb of the fold. 

3.3.4 S4 Kink Crenulation 

orientation of thin limb P 

A kink crenulation was also recognised at a few localities within the field 

area. Angular hinges and longer wavelengths distinguish this fabric from 53 

(Figure 3.3-17; Figure 3.3-18); crosscutting relationships indicate that the kink 

crenulation (54) formed later (Figure 3.3-18)). Three oriented samples contain 

the later crenulation, which strikes ENE-WNW (Figure 3.3-16) and is 

asymmetric (Figure 3.3-17; Figure 3.3-18). 
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N 

Figure 3.3-16 S4 planes (measured and calculated from 
oriented thin sections). 

Figure 3.3-17 Photomicrograph of sample OU69939. 
Crossed polars. Field of view is 4mm long and cut 
perpendicular to the intersection of s2 and s4 (L4) I 
which plunges moderately to the SW. The limonitic 
layer at the top of the photo represents bedding. s4 
crenulation folds are asymmetric. 
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Figure 3.3-18 Photomicrograph of sample OU69930. 
Plane light. Field of view is 2.5 mm long and cut 
perpendicular to L4 • Sample is not oriented. Bedding 
is evident in the bottom of the photo. 

3.4 Structural Interpretation 

3.4.1 5 11 Metamorphism and Deformation 

Metamorphic conditions during deformation within the Greenland Group are 

difficult to assess because the metamorphic assemblage [Chapter 2] is 

particularly undiagnostic (Frey, 1987). Several lines of evidence, however, 

suggest temperatures were greater than 250°C and less than 350°C. The S1 

fabric is defined by fine-grained, completely recrystalised white micas. 

Temperatures during the formation of S1 are likely to be greater than 250°C 

(Frey, 1997). Quartz fabrics indicate that pressure solution processes 

accommodated deformation at thin section scale-suggesting temperatures 
between 200-350°C (McClay, 1977). The lack of fabrics indicative of dynamic 

recrystalization processes within quartz grains indicates that temperatures 

were less than 350°C, above which crystal plasticity dominates the 

deformation of quartz (Stockhert et al. 1999). The presence of detrital quartz 

textures confirms this interpretation (Mortimer, 1995; Figure 3.3-3). The lack 

of biotite within the assemblage also places an upper limit on temperature, c. 

400°C (Frey, 1997; Spear, 1993). The occurrence of biotite in Greenland Group 

pelites within the alteration haloes of Karamea intrusions (Roser and Nathan, 

1997) indicates that biotite growth is not restricted by Greenland Group 
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chemistry, but by temperature. slt defined by white micas and chlorite, is 

interpreted to represent a metamorphic foliation, formed during the peak of 

this lower greenschist facies metamorphism. 

Primary structures such as cross bedding and graded-bedding have been 

encountered occasionally and in each case, the stratigraphic top matched the 

structural vergence indicated by bedding and cleavage (S2). Rattenbury and 

Stewart (1996), and Findlay (unpublished manuscript), have each described 

one instance where this is not the case, indicating the possibility that an early 

isoclinal (F1) folding of unknown extent deformed the Greenland Group. 

Samples OU69934 and OU69939 support this interpretation, where S1 is at a 

considerable angle to bedding (Figure 3.3-4), suggesting proximity to an F1 

hinge zone. This interpretation also explains the anomalous, W -plunging L2 

intersection lineations of these two samples. 

An alternative interpretation is that S1 could have resulted from the 

compaction of fine-grained sediments (Figure 3.4-1; Jones, 1994). Transposed 

bedding and F1 hinge zones would then be the result of deformation before 

lithification, deformation that might be expected on the slope of a submarine 

fan. Subsequent burial metamorphism and recrystallisation would then 

account for the sl fabric. 

Vertical compaction 

~ 

+ + + 

+ 
+ + 

Downslope movement 
followed by 
compaction 

Figure 3.4-1 (from Jones, 1994). Soft sediment 
deformation, Compaction. D1? 
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3.4.2 F2 Folding 

F2 folding in the Greenland Group is evident in outcrop because of changing 

vergence relationships between bedding and S2 (Figure 3.1-3; Figure 3.1-4;). 

Areas where bedding strikes ~E-W with shallow dips are considered to be 

hinge zones, although the cleavage is never completely perpendicular to S2• 

The effects of cleavage fanning limit the accuracy of axial trace location; 

placement constrained by the change in S2 dip direction (Figure 3.4-2). 

Figure 3.4-2 (after McClay, 1987) Cleavage and hinge 
zones. Nowhere in the field area is cleavage 
completely perpendicular to bedding. In places, 
outcrops separated by <5m contain cleavages with 
opposing dips, constraining the axial plane between 
them. Intervening outcrops are often sheared. 

Figure 3.2-2 shows that W-dipping fold limbs are often shallowly dipping 

compared to E-dipping limbs. Mapping has demonstrating that E-facing 

limbs are often overturned [Map]. F2 folding in the field area is asymmetric 

and E-verging [Cross-section]. 

The effects of cleavage fanning and refraction hinder analyses of 52 

orientations. Although measuring the cleavage in fine-grained rocks can 
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diminish refraction effects, the data from Borehole Rd. clearly show the effects 

of a fanning cleavage (Figure 3.2-4). The pole to the best-fit great circle 

through the data plots close to measured F2 intersection lineations, as would 

be expected if the spread in data was due to the fanning of cleavage around 

folds. Poles to S2 indicate that the axial plane to F2 is, on average, steeply W

dipping (Figure 3.2-3). 

F2 folding within the Greenland Group is only cylindrical within the context 

of L2 domains, defined by areas similar plunging bedding/ cleavage 

intersection lineations (Figure 3.2-6; Figure 3.2-8). Figure 3.2-8 portrays the 

folding in two adjacent L2 domains. Best-fit great circles through the two data 

sets have poles centered within clusters of N and S plunging intersection 

lineations. This indicates F2 folding occurred with a doubly plunging hinge 

line or cross folding has deformed the F2 folds. 

In the former scenario, the superposition of F2 folding on variably dipping 

Greenland Group bedding could have produced the L2 domains. The S1 

metamorphic foliation can be interpreted to be the result of nearly isoclinat 

recumbent folding. Figure 3.4-3 illustrates that tight, but not isoclinal F1 folds, 

when superimposed with F2 folding do not produce the interference patterns 

seen in the field as L2 domain boundaries [Map] (Figure 3.4-4). 
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I I 

~J 
b)J? 

I i ~ ~ I ~ 
I 

Figure 3.4-3 Interference patterns, L2 domains and F2 

folding of F1 folds. a) Bedding undergoes recumbent, 
nearly isoclinal F1 folding. b) Upright F2 folds fold F1 

folds. c) Because the fold axes for F1 and F2 are at a 
high angle to each other, on either side of the F1 axial 
plane, the fold axis for F2 plunges in the opposite 
direction. d) Map View. L2 intersection lineations on 
the limbs of an F2 fold. Plunge direction changes 
across the F1 axial trace. 
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Axial trace of F2 axial plane 

/ 
L2 Domain boundaries 

~ 

Figure 3.4-4 Sketch map of L2 domains (See Map for 
detailed geology). Domain boundaries, grouping 
areas of similar L2 plunge, trend at a high angle to the 
F2 axial trace. 

3.4.3 D3-S3 Crenulation Forming Event. 

S3 crenulation morphology is illustrated in Figure 3.3-15. The geometry of the 

folds is governed by the direction of shortening in relation to the deforming 

fabric and by the anisotropy of the deforming fabric (Cosgrove, 1976). An 

interpretation of the kinematics during D3 therefore requires an assessment of 

the degree of anisotropy of Greenland Group argillites. In the Appendix, a 

geometric comparison is made between S3 crenulations and the theoretical 

displacement patters of Cosgrove (1976). This comparison suggests that 

during D3 Greenland Group argillites deformed with an intermediate degree 

of anisotropy. The essential point of this interpretation is that crenulation fold 

geometry is consistent with s3 forming at 65-75° to the shortening direction 

(Figure 3.4-5). The implication is, between D2 and D3, the shortening direction 
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rotated 3S to 4S0 clockwise (Figure 3.4-6). With respect to the NNE trending 

F2 folds, the shortening direction during D3 was NW-SE. 

z 

Figure 3.4-5 Shortening direction (z) and D3• Arrows 
depict the range in z orientation with respect to S3, 

suggested by the morphology of the crenulation folds. 

c) 

Figure 3.4-6 De? D 3, strain rotation. a) NNE trending 
axial traces form during D2• b) 40° rotation of the 
shortening direction with respect to F2 folds, 
producing oblique crenulation with consistent 
vergence. Sinistral faulting occurs on shears parallel 
to S0 and S2• c) Continued shortening produces F3 

folds, inhibiting movement on sinistral faults. 

With the shortening direction at c. sao to S0 and S2 parallel shears, deformation 

during D3 is likely to be a mix of folding, and faulting. The steeply dipping 

shears, a geometry resulting from F2 folding, would make the reactivation 

angle a larger for reverse faulting than for sinistral strike-slip (60-7ao vs. sao). 

The interaction of folding, sinistral faulting, dilation and mineralisation is 

discussed in Chapter 4. 
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3.4.4 D4--Cross Folding and S4 Conjugate Kink Crenulations 

In Fossikers Creek, if the data is divided into subsets, E or W -dipping, the 

spread in poles to S2 planes (Figure 3.4-7) is interpreted to be due to a cross 

folding event, F4• Poles to best-fit great circles through the two data sets 

represent two fold axes. The plane through the two poles is interpreted to 

represent the axial plane to F4, and the pole to this plane approximates Z of 

the strain ellipsoid during D4• Analyses of S2 data from the area to the west of 

the General Gordon/Empress Shear (Figure 3.4-8) and the Rainy Creek 

catchment (Figure 3.4-9) produce similar interpretations. The spread in poles 

to S2 indicate that Greenland Group rocks have been cross folded due to NNE 

to NE directed shortening, near parallel to the trend of the F2 fold axis (Figure 

3.4-lOb). 

N 

• • poles to 52 
west dipping n=lS 
east dipping n=8 

+·poles to best-fit great circles 
west dipping data s.a.·8.3" 
east dipping data s.d.·2.7" 

X·pole to F4 axial plane 

Figure 3.4-7 Fossikers Creek-poles to S2 • Data is 
tightly spread along best-fit great circles with steeply 
plunging axes. Data suggests NE directed shortening 
during D4• 
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• -poles to 52 
west dipping planes n=6 
east dipping planes n=lS 

+-poles to best-fit great circles 
west dipping data s.d.~l.S" 
east dipping data s.d.~5.6" 

X -pole to F4 axial plane 

Figure 3.4-8 Empress to General Gordon, poles to 52• 

Poles show NW strike of cleavage typical of rocks 
west of the General Gordon/Empress shear. Spread in 
data indicate NNE directed shortening during 0 4• 

N 

• - poles to 52 
west dipping n=16 
east dipping n=6 

+ -e,~!~~~~~~:sJ;f!~~~~~~{., circles 
east dipping data s.d.~7.2" 

X-pole to F4 axial plane 

Figure 3.4-9 Rainy Creek, poles to S2• Note large 
variation in 52 strike in west dipping planes, 
indicating relatively intense deformation during 0 4• 

Data indicate the shortening direction was directed 
slightly east of north. 
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N 

b) 

Figure 3.4-10 82 fanning and 0 4 • A) F2 folding 
produces a penetrative cleavage in Greenland Group 
argillites. Mapping has shown that the cleavage in 
argillitic rocks fans divergently about F2 folds (Figure 
3.1-2). B) D4 shortening produces folds on east and 
west dipping cleavages. The plane that contains both 
F4 fold axes is the axial plane to D4 (84). 

S4 crenulations are asymmetric (Figure 3.3-17; Figure 3.3-18). Although only 

three oriented thin sections from samples widely distributed in the goldfield 

have been studied, the different orientations and shear senses of S4 suggest the 

crenulations may have formed as a conjugate set (Figure 3.4-11). 
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N 

Figure 3.4-11 84 asymmetry and shear sense. 

54 crenulations resemble the kink bands of Cosgrove (1976; Figure A-1) 

formed during the deformation of a material of high anisotropy. Angles 

between the two sinistral kink bands and the dextral kink band are 45° and 

57°. Considering the samples are widely distributed within the goldfield 

[Map] (two samples are from the Snowy River area, Figure 1-2), the geometry 

is compatible with a conjugate set forming at 45° to a shortening direction 

near parallel to the trend of the F2 fold axis. Kink crenulations are therefore 

interpreted to be related to the crossfolding (F4) evident in the 52 data (Figure 

3.4-7, Figure 3.4-8, and Figure 3.4-9). 

Deformation style during D4 suggests the anisotropy of Greenland Group 

argillites increased between D3 and D4 • A decrease in confining pressure 

could account for the increase in anisotropy (Cosgrove, 1976). 

52 spread and microstructural analysis indicates that D4 deformation was 

directed near parallel to the trend of the F2 fold axes. This implies that 

between D3 and D4 the shortening direction rotated c. 50-55° clockwise (Figure 

3.4-12), becoming parallel to the F2 fold axis. 
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a) 
~b) 

Figure 3.4-12 D3-tD4, strain rotation. A) arrows 
depict shortening direction in relation to s.;s2 parallel 
shears, 53 crenulations and F3 folding. B) Rotation of 
the shortening to near parallelism with the trend of F2 

folds produces conjugate kink crenulations and the 
formation of F 4 folds. 

3.4.5 D 5-Globe Progress Shear 

The Globe-Progress shear (GPS) truncates F2 folds at a high angle (Rattenbury, 

1994; Figure 3.1.7). The dip of the GPS decreases with depth, a geometry that 

is consistent with thrust kinematics. Rattenbury (1994), confirming the 

suspected thrust fault to be active after regional folding, was unable to 

determine the displacement direction. Brathwaite et al. (1996) inferred that 

the movement of the hanging wall was to theE during E-W shortening. The 

GPS flattens with depth to the SSW, therefore, it is kinematically more likely 

that the movement of the hanging wall was to the NNE (Figure 4.4-6). If the 

movement was to theE, the shear may be expected to have a steeper E-W 

segment, much like the steeply dipping General Gordon shear, the Globe

Progress' NNW-striking, southern continuation. Progress Mines reported 

cross folding of the lode at level 11; Corner (1992) interpreted this to be a late 

feature due to post-mineralisation movement on the nearby Chemist Shop 

Fault. The gentle plunging E-W fold axes are interpreted here to be the result 

of the partitioning of late N-S shortening above a ramp shear. Considering 

the deformation sequence described in this chapter (DcD4), movement on the 

GPS may be related to theN toNE directed compression that produced D 4 
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kink folds. Brittle thrust faulting (D5), interpreted to occur after F4 folding, 

reflects the decreasing P /T conditions during the deformation sequence. 

3.4.6 Truncation of 1 2 Domain Boundary-Chemist Shop Fault 

The steeply dipping, NNW trending Chemist Shop Fault (CSF) truncates the 

GPS (Rattenbury, 1994; Figure 3.1.7), and its associated ore shoots (Gage/ 

1948). Rattenbury (1995) considered the southern continuation of this fault to 

be poorly constrained, but preferred to continue the NNW trend, slightly 

offsetting the South Fault near Devils Creek. Mapping in the area 

demonstrates a well-constrained L2 domain boundary is truncated in 

Fossickers Creek, nearby to Rattenbury's (1995) inferred placement of the CSF 

[Map]. Mapping has demonstrated F2 axial traces between Borehole Rd. and 

Devils Creek to the west of the CSF are not truncated, removing the need for a 

slightly offset western continuation of the South Fault (Rattenbury, 1995). 

3.5 Conclusion 

Detailed field mapping, supplemented with microstructural analyses, has 

demonstrated that strain within the Greenland Group is the result of a 

multideformational sequence that occurred under decreasing P /T conditions. 

Earlier reports of Greenland Group deformation are simplified and erroneous 

in many respects. 

• The dominant folding within the Greenland Group did not occur under 

peak, greenschist facies metamorphism. The metamorphic peak is 

associated with an early, micaceous fabric (S1). 

• ESE directed shortening during D2 produced the conspicuous structure of 

the Greenland Group. F2 folding produced a crenulation cleavage (S2), 

enhanced by pressure solution seams defined by aligned opaques and 

micas, separated by quartz-rich microlithons. 

• F2 folds have a doubly plunging hinge line. L2 domains are not the result 

of the superposition of F2 folds and F1 folds. 

• A c. 45° clockwise rotation of the shortening direction resulted in the 

formation of an oblique crenulation (S3) of similar mineralogical 

66 



Chapter 3: Greenland Group Deformation 

appearance to S2• Sinistral strike slip faulting is interpreted to have 

accompanied deformation during D3• 

• A c. 50° clockwise rotation of the shortening direction between D3 and D4 

produced cross folds with steeply plunging fold axes and conjugate kink 

crenulations (S4). 

• Further shortening parallel to the trend of F2 fold axes may have resulted 

in the formation of E-ENE trending thrust faults (D5). 

• The deformation sequence (Dc7D5) is interpreted to reflect decreasing 

P /T conditions. 

• Breaks in the structural continuity of F2 folds or L2 domains can be used to 

locate faults with large displacement. The southern continuation of the 

Chemist Shop Fault through the field area is constrained by the truncation 

of a L2 domain boundary. 
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Chapter Four 

DEFORMATION AND MINERALISATION 

4.1 Introduction 

Reefton lode-gold is hosted on brittle shears formed during upright folding of 

Greenland Group metasediments (Gage, 1948; Rattenbury, 1994; Rattenbury and 

Stewart, 1996; Brathwaite et. al., 1996). These bedding-parallel and axial planar 

shears are better developed in the tightly folded mineralised zone. This 

correlation between the host structures and mineralised zones has been 

interpreted as the genetic link to gold mineralisation (Gage, 1948; Corner,1992; 

Hughes, 1992; Brathwaite et al., 1996). Late in anE-W shortening event, upright 

folds became over-tightened and locked-up. Thrust faults, formed during the 

folding event, became steep and could only accommodate further deformation 

with the aid of near-lithostatic fluid pressures. The resultant fluid pressure 

cycling through fault-valve action is responsible for mineral precipitation (Sibson 

et al., 1988). This style of mineralisation has genetic similarities with the model 

proposed for the Victorian Goldfields of SE Australia by Cox et al., (1991). 

4.1.1 Summary of Mineralisation Styles 

High-grade quartz lodes were extracted during the productive years of the 

Reefton Goldfield. Henderson (1917) describes Reefton's lodes to be dominantly 

composed of two quartz varieties-white, massive and coarsely crystalline, and a 

darker, bluish quartz with an oily luster. Free visible gold is usually associated 

with the former whereas the latter is more typically associated with finely 

disseminated sulfides. The richest part of the ore is typically found at the 

margins of the lode or within the lode near thin slivers of country rock. Lode 

textures, described by Henderson (1917), are laminated, massive and brecciated. 

Lodes displaying a laminated texture are typically associated with the darker 
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oily quartz and sulfide rich ore. Lodes displaying a massive texture are typically 

associated with white crystalline quartz. 

Most of the deposits in the district are small, narrow and pitch steeply on the 

host structure (Figure 4.1-1; Figure 4.1-2). Interpreted to be shears axial planar to 

F2, the host structures dip steeply, most often to the west. Reefton lodes have 

short strike lengths (c.50m) and are elongate down-dip, forming an ore shoot on 

the hosting shear. The geometry of the deposits restricted the viability of many 

of the historical mines (RLOS Exploration). The orientation of the shoots at a 

particular deposit is relatively uniform but varies between deposits (Figure 4.1-1; 

Figure 4.1-2). Exploration has shown different styles of mineralisation exist 

nearby some of these deposits (Figure 4.1-3), including pug, breccia, stockwork 

veining and disseminated mineralisation (RLOS Exploration). Some of the 

previously mined deposits may contain ore reserves left by the previous workers 

(Figure 4.1-4). 

accon'PB'?Y 81.1/letin N'! 18. 

NE 

1000 feet abo•e Seq-level 

COLDEN FLEECE 

Figure 4.1-1 (after Henderson, 1917) Longitudinal section 
of the Golden Fleece deposit. 

14 

sw 
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.......... ~ ,., -
\~~/ ~1187'abo.,eSeB-Ievel 

\.,.,,' 

N94 427' Wealth of Nations Adlt 

Sea-/eve.! 

/ ' / 

Figure 4.1-2 (after Henderson, 1917). Longitudinal section 
of the Wealth of Nations deposit. 
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after Henderson (1917) and Plan No. P90.313 
West Coast Historical Museum 

Fiery Cross 
Shall 

Drilling Results South 

(after Macraes Mining 1991 l 
CP-i ·tur;a- 124.0m, 5.7m®2.tg/t 

CP·2 58.0 • 61.0m, 3.0m ~ 2.0g/i 
CP·3 31.0 • 35.0m, 4.0m ® 7.2g/! 

Figure 4.1-4 (From Barry, 1993). Longitudinal section of 
the Capleston group of mines. Exploration drilling 
indicates that the previous workers left mineralisation 
peripheral to the high-grade quartz shoots. 

About 2.1 million oz. of gold were extracted from over 50 mined deposits. Most 

deposits are relatively small and display similar styles of mineralisation-two 

important exceptions being the Globe-Progress and Blackwater deposits, which 

together account for over half of the gold mined from the Reefton Goldfield. 

The Blackwater deposit, comprising relatively undeformed quartz lodes, strikes 

NE and dips 80° to the west, becoming vertical with depth (Gage, 1948). The 

deposit is hosted by a planar, bedding-parallel shear on theW-dipping limb of a 

syncline (Figure 4.1-5; Rattenbury and Stewart, 1996). Uncharacteristic of the 

goldfield, the lodes at Blackwater have a combined strike length of 1000 metres. 

More typical of other deposits, the lodes are formed into shoots. The shoots of 

the Blackwater deposit plunge moderately to the NW (Figure 4.1-6) and have 

been mined to over 800 metres depth. 
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Figure 4.1-5 (from Rattenbury and Stewart, 1996) Cross 
section along Snowy River, showing projection of the 
Blackwater Lode. Highlighted marker is for visual 
emphasis of fold structure; axial planar shearing is likely 
to displace statigraphy. 

NE 
Bou~dary of ore shoot 

D~ ----~~~ 
•• ~!til 

~ 

I 
l 

sw 

Lon~itudinal Section 

Unmineralised shear 
between ore shoots 

Figure 4.1-6 (after Gage, 1948) Longitudinal section of the 
Blackwater deposit. 
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The Globe Progress deposit is hosted on a shear that is discordant to the F2 

folding (Figure 4.1-7; Rattenbury, 1994). The Globe Progress Shear (GPS) has a 

curvilinear surface trace that flattens with depth. High-grade quartz lodes, 

mined by the previous workers, plunge to the SSE {Figure 4.1-8). Recent 

exploration has discovered that a 1-10 m wide envelope of highly deformed 

quartz-pug breccia hosts the quartz lodes (RLOS Exploration, 1996). Alteration 

and disseminated styles of mineralisation are further developed in a zone up to 

60m wide (Figure 4.1-9). Previously argued to be the result of remobilization of a 

mineralised zone, (Hughes, 1992; Brathwaite et al., 1996) the disseminated halo 

may be a distinct primary feature of the Globe-Progress deposit. 
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Figure 4.1-7 (after Rattenbury, 1995) Map view of the 
Globe-Progress Shear (GPS). Light shading denotes west
facing areas. Dark shading denotes east-facing areas. 
Dashed lines indicate the approximate position of F2 axial 
traces. Note the truncation of F2 structures across the GPS. 

75 



N 

25 poles to Quartz 
Shoot inclination 

Chapter 4: Deformation and Mineralisation 

Contours - number ot 
polnta per 1% area 

complied from Lew and Corner, 1989 and plans 
lodoed Jn the We$t Coast Hl$1orical Mus&t,~m 

Figure 4.1-8 (From Barry, 1993). Plan of the high-grade 
quartz shoots of the Globe-Progress deposit. 
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Figure 4.1-9 (from RLOS Exploration, 1996) Cross section 
of the Globe-Progress deposit, showing drill intersections 
of the mined quartz lodes and the outline of disseminated 
mineralisation .. 
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General models for the Reefton Goldfield must consider both the similarities of 

the deposits (moderately to steeply plunging ore shoots) and the differences 

between the deposits. Differences include the variable amount of mineralisation 

that envelops the high-grade ore-none at the Blackwater deposit and a 

significant resource at the Globe-Progress deposit. The similarities and 

differences are not easily explained in the context of reverse faulting late in D2• 

4.1.2 Summary of Mineralisation Kinematics 

The Greenland Group deformational sequence is more complex than envisioned 

by previous workers [Chapter 3]. Reefton gold mineralisation is here interpreted 

to result from the interaction of S2/S0 parallel shears with post-D2 deformation 

(D3-D5; Table 4.1-1) 

D3 deformation occurred with a shortening direction directed NW-SE relative to 

the NE trending F2 folds (Figure 3.4-6). During D3, steeply dipping, N-S striking, 

S0 and S2 parallel shears are interpreted to have reactivated as sinistral strike-slip 

faults. Concomitant with faulting, F3 folding produced asymmetric folds with 

moderate to steeply plunging fold axes. The interaction of F3 folds and sinistral 

reactivation of S0/S2 parallel shears produced dilational zones within the host 

shear. The deformation of bedding and the S2 cleavage during D3 is interpreted 

to have controlled the Blackwater deposit. 

D4 deformation resulted from shortening near parallel to the trend of the F2 folds 

and is dominated by F4 kink folding. Accommodated by layer parallel slip on S2 

parallel shears, F4 folding created dilational zones or saddle reefs at the hinges of 

the folds. The pitch of many of Reefton's ore shoots may be a reflection of the 

position of the F4 fold axes on the S2 plane. The semi-brittle nature of 

deformation may encourage the formation of stockwork veins and disseminated 

mineralisation within competent sandstones and the formation of mineralised 

pug in the argillites. 

Continued N-S shortening during D4 caused F4 kink folds to lock-up. The Globe

Progress deposit is here interpreted to be the result of further compression near 

parallel to the trend of the F2 folds, anE-W thrust fault forming on a short limb of 
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a relatively well-developed F 4 fold. High-grade ore shoots form at dilatant 

intersections between the Globe-Progress shears and F2 axial planes. The brittle 

nature of deformation during mineralisation may encourage the formation of 

disseminated mineralisation around the high-grade quartz lodes. 

Reefton gold mineralisation occurred over a protracted interval of time. Styles of 

mineralisation reflect the types of dilational strain during the deformational 

sequence (D3-D5; Table 4.1-1). Rotation of the strain ellipsoid relative to an 

anisotropic rock-mass caused strain to be accommodated by structures not 

optimally oriented for reactivation. The resultant deformation produced 

dilational zones that became the loci for large-scale fluid flow. Dilation and 

mineralisation continued until optimally oriented structures formed, 

accommodating strain without dilation. Mineralisation continued only when 

further rotation of the strain ellipsoid caused a new style of deformation on 

unfavorable oriented structures. 

The styles of deformation and mineralisation indicate the sequence evolved with 

decreasing depth. Large disseminated deposits are encouraged in the late brittle 

dominated deposits. Continuous high-grade lodes, such as the Blackwater, are 

interpreted to form during retrogressive metamorphic conditions. 

Mineralisation in these deposits is likely to be confined to the quartz lodes. 

Quartz lodes formed during F4 folding may be accompanied by different styles of 

mineralisation. Ore bodies formed during this event, however, will have short 

strike lengths, with mineralisation confined to steeply plunging F4 hinge zones. 
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Structures 

So/52 

parallel 

shears 

52 parallel 

shears 

E-W 

striking 

thrust 

faults, 

discordant 

to F2 folds. 

Style of 

Deformation 

F3 folding and 

sinistral 

faulting. 

F4 kink folding. 

Thrust faulting 
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Deposit Type 

Mineralisation confined to 

shear hosted quartz lodes 

forming shoots that plunge 

parallel to the F3 fold axes. 

Quartz lodes with narrow 

strike lengths forming 

Example 

Blackwater lode 

shoots that plunge parallel Most of Reefton 

to the F4 fold axis. mineralisation. 

Disseminated General Gordon, 

mineralisation and pug Souvenir, Wealth 

breccias may accompany of Nations, etc. 

lode quartz in the F4 hinge 

region. 

Quartz lodes/ breccias and 

associated disseminated The Globe-

mineralisation hosted on Progress and 

structures that truncate the Supreme 

regional fabric at a high deposits. 

angle. 

Table 4.1-lDeformation in Relation to Mineralisation. 
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4.2 Post-Mineralisation Deformation 

It is evident from outcrop that the Greenland Group has undergone brittle, 

cataclastic shearing. It is also apparent from mining reports and plans that 

faulting has affected the continuity of the mined shoots (Figure 4.1-8; Figure 

4.1-9; Figure 4.2-1, Figure 4.2-2). 

West 

Apparent dip \ 
measurements 

from Gage, 1948) 

150 

100 
_Scale 

50 
(m) 

0 
0 200 400 600 

Figure 4.2-1 (From Barry, 1993) Cross section of the Fiery 
Cross lode of the Capleston group showing westward 
displacement along proposed E-dipping thrust fault. 
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.. 
:' 

Schematic-cross· section of the Victoria 
Reef showing progressive displacement 
and thinning of the ore shoot by thrust 

faulting. Interpretation based on 
undated mine plan (92.0??) 

0 10 20 30 40 50m 
- I 

,.'' Notes by R.P.Ruffln (Inspector of Mines) 

Figure 4.2-2 (From Barry, 1993) Schematic cross section of 
the Victoria Reef. 

. SE 

The down dip continuity of many of Reefton' s lodes was often broken by 

shallowly dipping faults interpreted to be thrusts. Post-mineralisation thrust 

faulting has been related to Miocene to Recent shortening related to the Kaikoura 

Orogeny [Chapter 2] (Gage, 1948; Barry, 1993;). 

It is possible that the ore shoot morphology seen throughout the goldfield is due 

to later deformations that have disrupted relatively planar, mineralised quartz 

lodes (e.g. the Blackwater Reef, Williams 1974, Barry, 1993). It can be argued, 

however, that because of the diverse structural settings of the various deposits, 

and the different degree of suspected post-mineralisation deformation, the 

moderately to steeply plunging ore shoots display a primary structural control. 

A similar argument was made by Henderson (1917, pg. 118-119). "This constancy 
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of the direction and relative uniformity in the amount of the pitch of the lodes 

undoubtedly point to an origin common to all cases, and the writer considers it to be due 

to pre-mineral structural features of the country." Henderson (1917) interpreted that 

mineralisation occurred while the host shear was forming, deflection of the 

structure occurring near highly sheared pre-mineralisation structures. 

4.3 Ore Shoots and Intersection Lineations 

Figure 4.3-1 shows the plunge of the General Gordon, Souvenir, and Empress 

lodes interpreted from drill intersections (RLOS Exploration) and the plunge of 

the Blackwater, Boatman's Creek, Golden Fleece, and Wealth of Nations lodes 

from longitudinal section mine plans (Henderson, 1917). 
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Figure 4.3-1 Ore shoots and intersection lineations. 
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The plunge of the ore shoots varies throughout the field, as do the intersection of 

post-D2 structures and S0/S2 parallel shears. The plunge of Blackwater is parallel 

to the intersection (L3) between aN-dipping S3 foliation and steeply W-dipping 

bedding. The deposit is hosted on a steeply W-dipping, bedding-parallel shear 

(Figure 4.1-5; Rattenbury and Stewart, 1996). Microstructural fabrics may, 

therefore, indicate that the rake of the shoot is controlled by the intersection with 

s3 folds. 

The various orientations of the ore shoots may be a reflection of the various 

intersections of the hosting F2 fabrics with post-D2 structures, as indicated by the 

spread in the moderately to steeply plunging intersection lineations (Figure 

4.3-1). 

4.4 Kinematic Models for Ore Shoot Mineralisation 

The similar stratigraphic and structural character of the Greenland Group and 

the Lachlan Fold Belt in Victoria has resulted in correlations that include the style 

of gold-quartz mineralisation (Corner, 1992; Hughes, 1992; Brathwaite et al, 

1996). Mineralisation near Reefton occurs on planar surfaces interpreted to be 

sheared F2 axial planes and, to a lesser extent, steeply dipping bedding surfaces, 

characteristics that resemble gold mineralisation in Victoria. The model for the 

Victorian Goldfield by Cox et al. (1991) has been invoked for the Reefton 

Goldfield (Hughes, 1992; Corner, 1992; Brathwaite et. al, 1996) 

Cox et al. (1991) interpret gold distribution within some of the reefs of the 

Victorian Goldfield as due to lithologic control with gold deposition 

concentrated at the intersection of shear zones and graphitic horizons. The 

Greenland group is a more monotonous sedimentological package and no such 

associations have been documented. A mechanical control imparted by lithology 

during D2 can also be discounted because the intersection of bedding and S2 is 

gently plunging. Figure 4.4-1 shows that the gently N-S plunging L2 intersection 

lineations are not compatible with moderately to steeply plunging ore bodies. 
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Figure 4.4-1 Ore shoots and L2• 

Chapter 4: Deformation and Mineralisation 

•• L2 intersection lineation 
•=72 

A- plunge and trend of ore shoots 
n=IO 

Corbett and Leach (1995) proposed a model of mineralisation and deformation 

whereby mineralisation took advantage of F1 fold hinges and that these hinges 

could be mapped out and recognised in the field. They interpreted the deposits 

in the Reefton Goldfield to be hosted on N-S striking, left-lateral, strike-slip 

faults. Each deposit occurs at a left-lateral, dilational bend. Ore shoots 

developed because pre-mineralisation cross structures have faulted early quartz 

veins, the hosts to gold mineralisation. Many problems exist with this modet 

outlined by Brathwaite et al. (1996), including the geometry of the Globe

Progress shear, a structure more closely resembling a thrust fault than a 

dilational bend in a strike-slip system. The S
1 

fabric described above does not 

support their model because it is parallel to bedding. Microstructural analysis 

has confirmed the interpretation of Brathwaite et al. (1996) that Corbett and 

Leach (1995) have misidentified S2 as S1• 

Ore shoot mineralisation can occur by dilation during movement of non-planar 

surfaces. Although ore shoots throughout the Reefton Goldfield vary in 

orientation (Figure 4.3-1), the trend of the ore shoots at each deposit is very 

consistent (Figure 4.1-6, Figure 4.1-8, Figure 4.1-1, Figure 4.1-2, Figure 4.1-4). 
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This consistency suggests that the asperities that controlled dilation formed 

during a systematic, deformational process. 

Three possibilities exist as to the relationship between this deformation and the 

dominant fabric forming event (D2), i.e. the asperities were pre, syn or post D2 • 

As quoted above, Henderson (1917) believed that pre-mineralisation cross 

structures caused deflection of the hosting shears. In such a case, mineralisation 

may have occured during D2 at the intersection of pre-D2 cross structures. 

D2 deformation may have occurred causing the formation of asperities on the 

shear plane. In this case, as well, mineralisation may be related to D2• 

Mineralisation during D2, however, is difficult to envisage because of the lack of 

suitable pre-D2 cross structures. If mineralisation occurred at local deviations of 

the hosting shears (dilational jogs formed during D2) at least some shallowly 

plunging ore bodies would be expected. Shears ramping between bedding and 

cleavage would provide suitable dilational sites during D2• Figure 4.4-1 

illustrates, however, that the intersection of bedding and cleavage does not 

control ore shoot mineralisation at the Reefton Goldfield. 

4.4.1 Post-D2 Gold Mineralisation 

If the asperities that controlled deformation formed after D2, then mineralisation 

must have occured after the formation of the hosting shear. In this case, it is 

possible post-D2 deformation produced the asperities and reactivated D2 

structures, causing dilation and mineralisation. Figure 4.3-1 illustrates that the 

intersection of D2 and D3/D4 structures can explain why ore shoots are consistent 

at each deposit yet varying throughout the goldfield-ore shoots controlled by 

the local orientations of the hosting and controlling structures. 

4.4.2 S3 Shearing, Dilation and Mineralisation 

During D3, the shortening direction was at a moderate angle (c. 40°) to the trend 

of the F2 fold axes [Appendix; Chapter 3.]. Clockwise rotation of the stress axes, 

with respect to the rock mass, has the effect of reactivating the F2 axial-planar 

shears as left-lateral, strike-slip faults. Figure 4.4-2 describes how the interaction 
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of a D3 shear zone with reactivated S2/S0 parallel shears produces dilation, 

causing a gradient in the pore fluid pressure ratio (A.v). 

c) 

d) 

Figure 4.4-2 D3 and dilation. a) Surface trace of SofS2 

parallel shears. b) Shortening c. 40° to F2 fold axes 
produces asymmetric F3 folds. c) Continued shortening 
produces D3 sinistral fault. Fault is hosted on SofS2 
parallel shears, except in the short limb of the F3 fold. d) 
Whereas the short limb of the F3 fold is an antidilational 
jog, the long limb experiences dilation. 
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Deformation and dilation illustrated in Figure 4.4-2 is interpreted to have 

controlled mineralisation at Blackwater, the closely spaced ore shoots controlled 

by the intersection of an S3 shear zone with steeply-dipping, bedding-parallel 

shears. Field mapping by Stewart (1996) shows the intersection lineations 

between bedding and cleavage trend S-SSE directly west of the Blackwater Lode 

in Coorang Creek. To the north of the deposit, intersection lineations trend SSW. 

This map pattern is consistent with the Blackwater Lode forming on a sinistral 

dilational jog. It is interesting to note that mapped hinges between Coorang and 

Blackwater Creeks bend NE, in a position where Stewart inferred a possible fault 

truncating the Blackwater Lode. Comparison with Figure 4.4-2 may indicate this 

area is an antidilational jog. 
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Figure 4.4-3 (after Stewart, 1996) Field mapping near the 
Blackwater lode shows that intersection lineations near 
the deposit trend S-SSE compared to the NNE trend of the 
surrounding region. 

During D3, quartz remobilisation by pressure solution processes is evident in the 
formation of the S3 crenulation [Chapter 3]. D3 deformation is interpreted to have 
occurred under similar retrogressive metamorphic conditions as D2• The lack of 
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significant brittle deformation and mineralisation within the host rocks to the 

Blackwater lode indicates D3 processes were confined to a well-developed shear. 

4.4.3 F 4 Folding, Dilation and Mineralisation 

Kink folding is accomplished primarily by flexural slip between layers (Ramsay, 

1967). The overall shape of the fold is similar type, yet individual layers retain 

original thickness. Because the layers do not thicken in the hinges, dilation can 

occur and lead to the formation of saddle reefs (Figure 4.4-4; Ramsay, 1967) . 
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Figure 4.4-4 (From Ramsay and Huber, 1983) Kink 
folding and hinge dilation. 
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Greywacke with spaced, 
refracted, S2 cleavage. 

Argillite with pervasive, 
S2 cleavage. 

Shear, axial planar to F2 

Ore shoot, hosted in 
F4 kink hinge. 

Figure 4.4-5 Block model of geometry after D2 and after 
D4. 

Figure 4.4-5 illustrates the rotation of cr11 with respect to the rock mass, between 

D2 and D4• The large ore shoots are developed at F4 fold hinges due to kink-hinge 

dilation. Dilation occurred in moderately to steeply plunging zones, nearly 

perpendicular to cr3• Henderson (1917) proposed that ore shoots were parallel to, 

and controlled by, the intersection of two structures-northerly-trending hosts 

being influenced by pre-existing cross-structures that limited strike lengths. He 

also noted that the host structures change strike at the edge of the ore shoot, and 

have undergone more intense brittle deformation between ore shoots. These 

observations can be reinterpreted as F4 folding of a D2 structure. Mineralisation 

occurs in F4 hinge regions, with shearing in the limbs of the kink folds. The 

change in strike of the hosting shear, away from the ore shoots (Henderson, 

1917), is consistent with a post-D2 folding event. 

Mineralisation styles, not mined by the previous workers, have been defined by 

recent exploration (RLOS Exploration, 1996). The General Gordon, Empress and 
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Souvenir quartz lodes are accompanied by pug breccias and stockwork 

mineralisation. Like the high-grade quartz lodes, the accompanying 

mineralisation that formed during F4 folding plunges steeply on the hosting S2 

shear. 

Geochemical sampling of the host rocks within the field area indicates that ore 

shoots are preferentially located where the trend of geochemical anomalies 

changes direction [Map]. Mapping has shown that the trend of the anomalies is 

parallel to the trend of the F2 folds, deposits hosted on S2 shears within F4 hinge 

zones [Map]. 

4.4.4 Thrust Faulting and Mineralisation 

At the Globe-Progress (Figure 4.1-8), a shear zone formed at a high angle to the F2 

folds. The flattening with depth of the structure is consistent with thrust 

kinematics. Thrust faulting (D5) is interpreted to occur after F4 folding, reflecting 

the decreasing P /T conditions during the deformation sequence. Intense 

brecciation and shearing related to brittle thrusting, would enhance alteration 

and promote the formation of a zone of disseminated mineralisation. 

The orientation of high-grade ore shoots is parallel to the intersection of the 

Globe-Progress Shear (GPS) and D2 axial-planar structures. Corner (1992) 

recognised this feature and attributed it to movement on both structures during 

thrusting, a late stage feature of continued E-W shortening. Rattenbury (1994) 

confirmed that the suspected thrust fault was active after regional folding but 

was unable to determine the displacement direction. Brathwaite et al. (1996) 

inferred that the movement of the hanging wall was to the E during E-W 

shortening. Because the shear flattens with depth to the SSW it is kinematically 

more likely that the movement of the hanging wall was to the NNE. If the 

movement was to the E, the shear may be expected to have a steeper E-W 

segment, much like the, steeply dipping General Gordon Shear-the concordant, 

southern continuation of the Globe Progress Shear. 

Brathwaite et al. (1996) attribute much of the brittle deformation and associated 

disseminated mineralisation that surround the quartz lodes to post 
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mineralisation deformation related to the CSF. An alternative interpretation, one 

that considers the multi-deformational history of the Greenland Group, is that 

the brittle characteristics of the Globe-Progress deposit are primary. The extent 

of alteration and disseminated styles of mineralisation increases from D3 to D5• It 

can be argued, therefore, that discordant structures, formed during N-S 

shortening, are expected to be accompanied by larger alteration halos. 

Discordant, brittle, moderately-dipping structures are potential targets for 

disseminated mineralisation. Within the field area, the Supreme Deposit is a 

notable example [Map], albeit at a smaller scale than the GPS. Exploration has 

shown the deposit is hosted on a wide shear zone that strikes ESE (Dunphy, 

1998). The deposit dips to the SSE and is composed of sulfidic pug and 

brecciated quartz. An alteration halo of disseminated sulfides, brittle fracturing, 

stockwork veining and stibnite mineralisation surrounds the shear zone 

(Dunphy, 1998). The deposit is interpreted to have formed in the hangingwall of 

aS-dipping thrust fault (Figure 4.4-6). 
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Figure 4.4-6 (from Dunphy, 1998) Schematic cross-section 
of the Supreme Deposit. 
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4.5 Discussion 

New structural data demonstrate that Greenland Group deformation is more 

complex than previously envisioned. The dominant, N-5 striking, upright folds 

have been deformed due to a rotation of the stress field with respect to the rock 

mass. The effect of this rotation is to create dilational zones on reactivated 50 and 

52 parallel shears. These moderately to steeply plunging zones created highly

focused fluid-flow paths to confined, gold-bearing fluids deeper in the structural 

pile. Differences in the styles of deformation indicate that mineralisation may 

have occurred over a protracted interval of time. This assertion is supported by 

the different styles of mineralisation within the goldfield, of which Blackwater 

and Globe-Progress are end members. Mineralisation during the formation of 

the 53 shear crenulation is interpreted to have occurred under metamorphic 

conditions similar to F2• D5 thrust faulting is interpreted to have been entirely 

brittle, forming after the formation of the semi-brittle, F4 kink folds. Rotation 

enables the formation of dilational strain on structures unfavourably oriented for 

reactivation, allowing for the localised release of deep-seated, fluids. The 

mineralising fluids, which were likely overpressured, perhaps to lithostatic 

values, respond to a strain-induced, vertical gradient in the fluid pressure ratio 

(A.v). Gold precipitation is believed to be the result of a decrease in fluid 

temperature and pressure, as the fluids ascended to depositional sites within the 

Greenland Group. The development of favourably oriented structures halted 

large-scale dilation, until further rotation caused a new style of strain on 

unfavourably oriented structures. 
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Chapter Five 

DISCUSSION 

5.1 Summary 

New interpretations concerning the nature and sequences of deformation, 

metamorphism and mineralisation within the Greenland Group [Chapters 3 and 

4] require a discussion on the Paleozoic history of the Buller terrane. The 

primary conclusion is the Devonian Reefton Group and the Ordovician 

Greenland Group were affected by the same deformational event, producing the 

conspicuous folding present in both sequences (F2 for the Greenland Group). 

Greenland Group geology contains a correlative link between New Zealand's 

Paleozoic terranes and the eastern margin of the Australian continent (Cooper 

and Tulloch, 1992). The gold deposits of Victoria's Lachlan Fold Belt have 

recently been interpreted as having formed from episodic pulses of 

mineralisation (Foster et al., 1998; Ramsay et al., 1998; Arne et al., 1998; Bierlein et 

al., 1999a, b). The deposits of the Reefton Goldfield, formed during three 

deformational episodes, also share this characteristic. Early deposits, such as the 

Blackwater lode, are parallel to the structural trend of the F2 folding, have 

restricted alteration halos, accompany less brittle deformation, and are not 

accompanied by stibnite. The Globe-Progress deposit, at the other end of the 

spectrum, is hosted on a structure transverse to the F2 folds. The previously 

mined, high-grade quartz lodes often displayed brecciated textures (Henderson, 

1917) and are encompassed by an envelope of pug breccia pinching and swelling 

between 1 and 10 m thick (Corner, 1992). This alteration halo, a significant 

resource of disseminated gold mineralisation, displays more brittle 

characteristics compared to the Blackwater lode and is accompanied by stibnite. 

Workers in other gold districts interpret the occurrence of stibnite to be 

controlled by the depth of mineralisation, stibnite-hosting deposits forming at 
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shallower depths. (Hagemann et al., 1994; Kontak et al., 1996; Youngson et aL, 

2000). 

Extensive mapping throughout the goldfield should further demonstrate the 

relationships among the F2 folds, later deformations, and the localisation of gold 

deposits. Areas of large disseminated mineralisation are more likely to be 

associated with late D5 structures. Field mapping may therefore not only 

indicate the position and orientation of additional deposits but also the nature 

and extent of mineralisation in relation to the controlling structure(s). 

5.2 Timing of Greenland Group Deformation, Metamorphism and Gold 

Mineralisation 

The timing of mineralisation within the Reefton Goldfield has been contentious, 

generally due to sparse and conflicting data. Relationships with the Devonian 

Reefton Group have been used to constrain gold mineralisation in contrasting 

ways. Henderson (1917) and Gage (1948) infer mineralisation after deposition of 

the Reefton Group. Conversely, Suggate (1957) and Cooper (1989) argue 

mineralisation occurred during a pre-Devonian event. 

5.2.1 Historical Arguments 

Henderson (1917) argued that all visible contacts between the two groups are 

faulted. Outcrops where the Reefton Group underlies the Greenland Group are 

not, therefore, depositional. Henderson (1917) concluded that the Reefton Group 

was younger, and the bounding faults between it and the underlying Greenland 

Group were involved with the deformation of both groups and consequently the 

formation of gold in the Greenland Group. 

Gage (1948) also recognized the parallelism between the internal structures and 

the faults that bound the two sequences. The parallelism was instrumental in his 

conclusion that gold mineralisation must have been post-Reefton Group (post

Early Devonian; pg. 31). Gage (1948) also discussed the paradox of deformation 

and mineralisation between the two groups. 
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deforming depositional site, is likely to aid gold precipitation. D2 deformed the 

thickly bedded, unmetamorphosed Reefton Group producing N-S trending folds 

and a well-defined axial planar cleavage in fine-grained units (Bradshaw, 1995). 

If later deformations appreciably effected the Reefton Group-Bradshaw (1995) 

reports kink crenulations of the axial planar cleavage-they are less likely to 

occur with the large-scale dilations of the more intensely cleaved, anisotropic 

Greenland Group. Gage (1948) was correct in his inference that the only reliable 

constraint on the timing of gold mineralisation in the Reefton Goldfield is post

early Devonian. The fundamental factor he failed to consider was not timing, 

but the mechanical properties imparted by lithology. 

5.3 Greenland Group Geology and the Lachlan Fold Belt of Eastern 

Australia. 

The Buller terrane has been correlated to the eastern margin of Australia, in 

particular the Lachlan Fold Belt of Victoria (Cooper and Tulloch, 1992; Roser et 

al., 1996). The Lachlan Fold belt forms the central part of the Paleozoic Tasman 

Orogen of eastern Australia (Figure 5.3-1; Gray, 1997; Foster et al., 1998). 
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Figure 5.3-1 (from Foster et al., 1998) Map of eastern 
Australia. The Lachlan Fold belt, forming the central part 
of the Tasman Orogen, is divided into the Western, 
Central and Eastern subprovences (WSP, CSP, and ESP). 

Chapter 5: Discussion 

The fold belt consists of three subprovinces distinguished by differing rock types, 

metamorphic grades and deformational sequences (Gray, 1997; Figure 5.3-1; 

Figure 5.3-2). 
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"Another problem is the absence of gold-bearing lodes from the Devonian quartzite and 

limestone, although these are involved in folds and faults together with the Greenland 

rocks. Fault-zones in the Reefton Series are commonly hydrothermally altered and 

sericitised, so that it can only be suggested that the nature of the wall rock of limestone 

country may have adversely influenced the deposition of ore. The quartzites, however, 

one would expect to be favourable country. There are grounds, therefore, for suspecting 

that another fundamental factor governing the formation of the Reefton lodes is yet to be 

discovered" (Gage, 1948, pg. 31). 

Suggate (1957) concludes that the fundamental factor Gage (1948) had not 

considered was that the two groups were deformed at different times, citing not 

only the lack of gold in the Reefton Group but also the Greenland Group's higher 

degree of regional metamorphism. Suggate (1957) concludes the two events 

account for the different style of folding exhibited by each sequence, the more 

rounded folds of the Reefton Group contrasting with the chevron folding of the 

Greenland Group. 

From the Silurian K/ Ar whole rock ages of Adams (1975), Cooper (1989) inferred 

that Greenland Group folding and mineralisation were likewise pre-Devonian. 

Cooper (1989) concluded that deformation in the two groups record two 

different events, the Greenland Event and the post-Reefton Event. 

5.2.2 Reinterpretation 

As described in Chapter 3, this study has lead to a reinterpretation of Greenland 

Group metamorphism and deformation. D2 postdates peak metamorphism 

because F2 folding produces a cleavage (52) that crenulates a bedding-parallel, 

micaceous foliation (51). According to this interpretation, the Greenland Group 

was metamorphosed, before deposition of the Reefton Group, in the Silurian. 

Both groups were then deformed after Reefton Group deposition, metamorphic 

age and degree of metamorphism no longer requiring two events to account for 

the conspicuous folding. 

Chapter 4 describes how a structurally prepared, anisotropic rock-mass can 

deform with large-scale dilations. The drastic reduction of mean stress, at the 
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Figure 5.3-2 (after Gray, 1997) Schematic west-east 
structural profile of the Lachlan Fold Belt. The Lachlan 
Fold Belt is subdivided into three subprovinces by high 
angle reverse faults that merge with depth to a lower 
crustal detachment. The faults separate areas of different 
paleozoic sedimentation, metamorphic facies and 
deformational style. The western subprovince is further 
divided into the Stawell, Bendigo-Ballarat and Melbourne 
Zones by the Avoca and Heathcote Fault Zones (AFZ and 
HFZ). 

Ties between the Reefton Goldfield and gold deposits within the Lachlan Fold 

Belt have been largely based on the comparison between Reefton's deposits with 

the mineralisation styles of the Bendigo-Ballarat Zone of the western subprovince 

(Christie et al., 1999, Brathwaite et al., 1996; Corner, 1992; Hughes, 1992). The 

Bendigo-Ballarat Zone is the central of three zones within the western 

subprovince, separated from the Stawell Zone to the west by the Avoca Fault 

Zone and separated from the Melbourne Zone to the east by the Heathcote Fault 

Zone (Figure 5.3-2). These bounding faults are interpreted to be reverse faults 

that merge with depth into a lower crustal detachment (Figure 5.3-2, Gray, 1997). 

Similarities between the Bendigo-Ballarat Zone and the Greenland Group 

include sedimentation dominated by Ordovician quartz-rich turbidites and a 

Late Ordovician/Early Silurian deformational event. This deformational event is 

interpreted to have accompanied lower greenschist facies metamorphism, 

producing tight chevron folds that host mesothermal gold deposits (e.g. Gage, 

1948; Cox et al., 1991). Cooper and Tulloch (1992) point out, however, that the 

Late Devonian-Carboniferous, S-type Karamea suite granites of the Buller terrane 

occur later than Victorian intrusions and are more geochemically evolved. 
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5.3.1 Deformation Metamorphism and Mineralisation within the Western 

Subprovince of the Lachlan Fold Belt. 

Recent studies of the western subprovince of the Lachlan Fold Belt have 

concluded that the deformation did not occur as a single, terrane-wide event 

(Gray, 1997; Foster et al., 1998; Ramsay et al., 1998). Detailed geochronologic 

data have demonstrated that deformation progressed from west to east, starting 

in the Late Ordovician/Early Silurian. Gold mineralisation was similarly not 

synchronous across the fold belt but occurred during episodic pulses. (Figure 

5.3-3; Foster et al, 1998; Ramsay et al., 1998; Arne et al., 1998; Bierlein et al., 1999a~ 

b). Within each zone, gold mineralisation is dominated by a particular style. 

Subordinate styles of mineralisation formed during different mineralising events 

(Table 5.3-1). 
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Figure 5.3-3 (from Foster et al., 1998) Western 

subprovince, sequence of events. Plot comparing the 

sequence of sedimentary, metamorphic, deformational, 
plutonic and mineralisation events of the western 
subprovince. 
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Stawell Zone Bendigo- Melbourne 
Ballarat Zone Zone 

Age of Host Cambro-Ordivician Ordovician Ordovician 

Rocks Silurian-Devonian 

Age(s) 440Ma 455-420Ma 380-360 Ma 
of 

Mineralisation 

Reverse shear hosted, Dilatant zones during Mineralisation at the Nagambie 

competency contrasts folding. Discordant veins deposit is hosted on E-W 

= ~ = localising deformation. related to post-fold faulting. trending folds and faults related 
0 

0 = .-::! High-grade shoots occur Mineralisation occurs pre, to (localised?) N-S shortening .-::! .... 
'"' ~ 

~ = sa at intersection of main syn and post folding. (Gao eta!., 1995). E ~ ca 
ell '"' shear and subsidiary Mineralisation at Walhalla is .s ~ ell 

ell .s shears. related to transpressional 
~ 00 ~ reactivation of N-S striking 

folds. (Bierlein et al., 1998; 

Tomlinson eta!., 1982) 

Mineralisation occurs Mineralisation occurs pre, Mineralisation occurs c. 20 Ma 

.e- e late in a deformational syn- and most abundantly, after peak, low-grade "' ..= ..l:d :E event that produces peak post- prehnite-pupellyite metamorphism@ 410-390 Ma. 
"' Q.. = C':S 

ell '"' metamorphic, facies metamorphism during 0 
~ 0 

.-::! E ~ 0 greenschist facies deformational event @ 453-- ..... .5 
~ ell metamorphism @ 453- 440Ma. 

~ 440Ma. 

Dominantly laminated Laminated to massive quartz Mineralisation occurs in quartz-

quartz veins hosted on veins with some brecciation. fault breccias and as stockwork, 

~ steep reverse shears. Vein types include bedding often within or nearby felsic 
Q.. parallellsaddle reefs . dykes. Also in areas of 
.0 Discordant, fault hosted, en disseminated mineralisation. .s 
C!l echelon gashes and Mineralisation at Walhalla 

" subhorizontal extension includes laminated quartz lodes 

fractures. hosted on steep reverse faults 

(Tomlinson eta!., 1982). 

Au associated with Generally low sulphide Minor free gold, 80% contained 
"' ca = arsenopyrite and pyrite. content, association is in arsenopyrite. Deposits 0 y .-::! Sb poor. dominated by pyrite and generally rich in Sb . .... 

E C':S ..... 
arsenopyrite. Sb poor. ell y 

..= 0 
u "' "' < 

Mineralisation at Wonga 386 Ma felsic dyke at Quartz lodes displaying 

deposit post dates felsic Ballarat West deposit is laminated textures dominate 
dykes@ 413 Ma, but pervasively altered by ore at the Walhalla deposit. 

"' 
predates intrusion of auriferous fluid (Arne et a!., Some veins show large 

ell :& Stawell Granite @ 400 1998). Mineralisation at continuity; Cohen's Reef was .... 
C':S Ma (Arne et al.,l998). Fosterville occurred during mined for 1 km along strike ;.s 
~ '"' transpressional deformation and to a depth of 1.5 km. 0 ..... 

,Q = @388 Ma (Arne eta!., 1998). Deposits at Walhalla are, in = ell 
00 I> 

Mineralisation occurs as part, hosted by the Woods ~ 
disseminated and stockwork Point dyke swarm but are 

zones and is associated with atypical of Melbourne Zone 

Sb (Bierlein eta!. 1998). deposits in that Sb is absent 

(Tomlinson et a!., 1982). 

Table 5.3-1 Summary of timing and styles of deformation, metamorphism and 
mineralisation within the western subprovince of the Lachlan Fold Belt. 
Referenced from Ramsay et al. (1998) unless otherwise noted. 
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Mineralisation in the Stawell and Bendigo-Ballarat zones generally occurred 

during the later stages of regional metamorphism and deformation (Ramsay et 

al., 1998). In the Stawell Zone, gold is hosted within reverse shear zones and 

controlled by structural localisation of the ore fluids (Mapani and Wilson, 1994). 

Quartz veins are laminated and gold is associated with gangue sulfides of low 

stibnite content (Ramsay et al., 1998). 

In the Bendigo-Ballarat Zone, quartz vein styles include fault-hosted, saddle 

reefs, en-echelon tension gashes and subhorizontal extension fractures. Textures 

are laminated to massive and in part brecciated. Gold is predominantly free, 

with sulfide content comparatively lower than the other zones (Ramsay et al., 

1998). Mineralisation accompanies reverse faulting, hosted on shears parallel to 

bedding or faults that are discordant to the associated folds (Figure 5.3-4). 

Laminated quartz veins hosted on steep reverse faults is indicative of 

incremental fluid flux, inferred to be caused by cyclical fault valve behavior (Cox, 

1995). 
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Figure 5.3-4 (after Cox et al., 1991) ·Mineralisation styles 
of the Bendigo-Ballarat Zone. A) Saddle Reef 
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denoting auriferous quartz veining. B) Post-fold faulting 
at the Wattle Gully Mine, Ballarat Goldfield. 
Mineralisation is hosted on a dilational jog within a 
reverse fault. 

Chapter 5: Discussion 

Subordinate mineralisation in Stawell and Bendigo-Ballarat zones occurred later, 

mineralisation often postdating dykes dated between 383-370 Ma (Bierlein et al., 
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1999). The Fosterville deposit, located on the eastern edge of the Bendigo-Ballarat 

Zone, is one such occurrence (Ramsay et al., 1998). Mineralisation occurs in fault 

breccias during sinistral transpression-on host structures originally formed as 

reverse faults during E-W shortening (Arne et al., 1998). In a 5-35 m zone 

surrounding the fault gold is also found disseminated and within laminated and 

brecciated stockwork quartz veins (Bierlein et al., 1998). Gold is typically found 

in association with sulfides-stibnite accompanying mineralisation (Ramsay et 

al., 1998; Bierlein et al., 1999a). This later type of mineralisation dominates the 

Melbourne Zone. Bierlein et al. (1999) argue that because of the spatial and 

temporal association with intrusives and because of differences in geochemistry, 

this later period of mineralisation is distinct, perhaps genetically unrelated, and 

has been termed as "magmatic" Au. 

The structurally controlled, stibnite-hosting deposits of the Melbourne and 

eastern Bendigo-Ballarat zones are dominated by open-space filling of fault 

breccias and stockwork. Gold, rarely free, is associated with sulfides. Stibnite 

often accompanies mineralisation at most deposits (Ramsay et al., 1998). 

Disseminated gold within sediments has been reported in a few deposits and 

may have been overlooked in previous exploration programs (Bierlein et al., 

1998). The Nagambie deposit is hosted on anE-W trending anticlinal dome and 

associated N-dipping reverse faults. Structures at the deposit reflect multistage 

deformation; D1 deformation reflects the E-W shortening of the mid-Devonian 

Tabberabberan Orogeny, and N-S shortening during D2 producing the E-W 

striking folds and faults that host the deposit (Gao et al., 1995). Stibnite rich 

auriferous stockwork veining was emplaced late in D2 in a multistage process of 

quartz veining ascribed to cyclical pressure fluctuations (Gao et al., 1995). 

The Walhalla deposit is atypical of Melbourne Zone deposits in the absence of 

stibnite. Veins are laminated and hosted on faults that formed during reverse 

faulting. One such lode, Cohen's Reef, has a strike extent of 1 km and was mined 

to a depth of 1.5 km. The Mineralisation age of 383-370 Ma, however, is typical 

for Melbourne Zone deposits (Bierlein et al., 1999a). 
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5.3.2 Comparison of Reefton Mineralisation with Bendigo-Ballarat Styles of 

Mineralisation 

Most comparisons between the deposits of the Reefton Goldfield and Victorian 

gold deposits (Hughes, 1992; Corner, 1992; Brathwaite et al., 1996) have been 

based on the well-documented dilational styles of the Bendigo-Ballarat Zone (i.e. 

Cox et al., 1991). Similarities include lithology, Ordovician sedimentation, lower 

greenschist facies metamorphism, and tight upright folding. The differences, 

however, far outweigh the similarities ( 

Table 5.3-2). 
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Chapter 5: Discussion 

Bendigo-Ballarat Zone Reefton Zone 
Bendigo- Fosterville 

Ballarat Deposit 
Ordovician Ordovician Ordovician 

455-420Ma 388 Ma (Arne et Post-early Devonian. 386 Ma (Hunt and Roddick, 1993) 
al., 1998) 

Mineralisation Mineralisation D3 D4 Ds 
during E-W occurs during 

Mineralisation occurs Mineralisation occurs Mineralisation occurs 
shortening produces NW-SE 
dilatant, bedding- shortening, hosted 

during NW-SE directed during N-S directed during continued N-S 
shortening. Interaction of shortening. F4 folding directed shortening. 

parallel zones during on NNW trending 
D, sinistral faulting and causes kink hinge dilation Dilatant zones form at 

folding, and folds and faults 
folding produces dilational on S, parallel shears. intersection of S, parallel 

discordant veins during sinistral 
related to post-fold transpression 

zones at the long limb of the shears and E-W striking, D, 

F, folds on bedding and/or thrust faults that are clearly 
faulting. (Arneet a!., 
Mineralisation 1998). 

S, parallel shears. discordant to the F, folds. 

occurs pre, syn and 
post folding. 

Mineralisation Mineralisation Mineralisation sequence follows D, deformation that produces retrogressive S2 pressure 

occurs pre, syn- and occurs during solution cleavage. Peak, greenschist facies metamorphism occurred c. 50 Ma earlier than D,. 

most abundantly, transpressional S3, which shows signs of S4 kink crenulations form Brittle nature of Globe-
post- prehnite- reactivation of quartz remobilisation, is without creation of a new Progress indicates formation 
pupellyite facies earlier deformed interpreted to have formed foliation and do not show at a high structural level. 
metamorphism and under pressures and signs of quartz 
during deformational metamorphosed temperatures similar to the remobilisation. Interpreted 
event @ 453-440 structures (Arne et formation of S,. to have formed at higher 
Ma. a!., 1998). structural levels than D, and 

D, deformations. 

Laminated to Disseminated Laminated quartz lodes, Laminated and brecciated Laminated to massive and 
massive quartz veins mineralisation hosted on S2 parallel shears, quartz lodes, hosted on S, in part brecciated quartz 
with some within fault form ore shoots that plunge parallel shears, form lodes hosted on listric thrust 
brecciation. Vein breccias and in 5- parallel to F, fold axis. elongate shoots that plunge fault that is markedly 
types include 35 m adjacent parallel to F,. Recent discordant to the F, folds. 
bedding zone of laminated exploration indicates Lodes form shoots parallel 
parallel/saddle reefs. and brecciated development of quartz pug to the intersection of S2 

Discordant, fault- quartz stockwork breccias and stockwork parallel shears and the 
hosted, en echelon veins. Hosted in veining (RLOS hosting fault. The quartz 
gashes and massive sandstone Exploration). Areas of lodes are encompassed in a 
subhorizontal units and porphyry mineralisation are brittle zone of disseminated 
extension fractures. dykes (Bierlein et interpreted to be confined to mineralisation composed of 

a!., 1998) F, hinges. pug and quartz breccia 
(Corner, 1992). 

Generally low Gold is typically Gold is found free and in Sb rich in some deposits Gold is found free and in 
sulphide content. Sb found within association with sulphides that show a decline in Sb association with sulphides. 
is absent. sulphides. Sb oflow Sb content. concentrations with depth. Sb rich, showing a decline 

rich. in concentration with depth. 
6-!0km(Cox, 1995) 2.6-5.7 km (Arne Mineralisation occurred with decreasing depth from D, to D,. Depths are interpreted to be 

eta!., 1998) intermediary between the depths of formation of the Fosterville and Bendigo-Ballarat 
deposits (c. 4-7 km). 

Table 5.3-2 Comparison of deformation, metamorphism 
and mineralisation between the Reefton Goldifeld, the 
Bendigo and Ballarat deposits and the Fosterville 
deposits. Victorian reference is from Ramsay et al. (1998) 
unless otherwise noted. Reefton mineralisation is based 
on interpretations described herein or as noted. 
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Table 5.3-2 summarises the geologic relationships of Greenland Group 

mineralisation, in comparison to the Bendigo and Ballarat deposits with the 

Fosterville deposit included as an example of an atypical deposit. Mineralisation 

occurred during two episodes, Ordovician-Silurian and mid-Devonian. 

Mineralisation at Bendigo and Ballarat occurred early in the deformational 

history of the host rocks, during peak metamorphism and deformation. As with 

mineralisation at Fosterville, mineralisation at Reefton occurs after peak 

metamorphism, during later deformational events. 

Similar to Bendigo/Ballarat mineralisation, Reefton's high-grade ore is largely 

composed of shear-hosted laminated quartz lodes. Lodes at Reefton, however, 

lack extension fractures and en echelon gashes documented at the Bendigo and 

Ballarat deposits (e.g. Cox et. al., 1991). D5 mineralisation at Reefton, exemplified 

by the Globe-Progress deposit, includes a mineralised, disseminated envelope 

that surrounds the high-grade ore. This style is absent at the Bendigo and 

Ballarat deposits, but bears some resemblance to the zone of stockwork 

mineralisation that surrounds the brecciated fault lodes of the Fosterville deposit 

(Bierlein et al., 1998). 

Gold at Reefton's deposits is found free and in association with pyrite and 

arsenopyrite. Stibnite concentrations vary greatly among Reefton's gold 

deposits. Stibnite is absent from some deposits, yet others were distinctly rich in 

antimony-ore reaching 40% stibnite. 

5.3.3 Stibnite Mineralisation within Gold Deposits and Depth of Formation 

As in the Victorian Zones, mineralisation of the Reefton Goldfield was episodic. 

Besides structural evidence presented in chapters 3 and 4, stibnite may also 

indicate multiple mineralising events-stibnite hosting deposits forming later, at 

shallower levels, than deposits without stibnite. 
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Using stibnite as one association, Bierlein et al. (1999) suggest mineralisation 

typical of the Melbourne Zone is genetically different from most Victorian 

mineralisation. The presence of stibnite, however, may not be an indication of 

differing fluid sources, but further indication that these deposits formed at 

shallower depths. Workers in other gold deposits relate the presence of stibnite 

to the depth of mineralisation (Hagemann et al., 1994; Kontak et al., 1996; 

Youngson et al., 2000). 

Hagemann et al. (1994) interpret some shallow level lode-gold deposits of 

Western Australia to be upper-crustal equivalents of more typical Archean 

mesothermal deposits. This correlation is based largely on similarities of tectonic 

setting, structural control and timing. Differences include ore textures, vertical 

zonation of the shallower deposits, differences in fluid chemistry and associated 

mineralisation (stibnite in shallower deposits). Hagemann et al. (1994) argue that 

these differences can be explained by mineralisation at lower pressures, higher 

permeabilities and interaction with surface water. 

The West Gore deposit of the Meguma Terrane, Nova Scotia, Canada is unique in 

Nova Scotia because of the presence of stibnite (Kontak et al., 1996). The deposit 

also displays open-space infilling textures, instead of the crack-seal textures more 

typical of the region's deposits. Isotopic data indicate, however, that the 

deposit's fluid was derived from reservoirs similar to the rest of the goldfield. 

Kontak et al. (1996) conclude that the deposit formed at higher levels and the 

presence of stibnite may be a reflection of the shallower depth of formation. 

The normal-fault-hosted, NW-striking Barewood-Hindon vein system in East 

Otago, South Island of New Zealand has a composite strike length of 25 km 

(Youngson et al., 2000). Palinspastic reconstruction, fluid inclusion data, 

arsenopyrite geothermometry and vein textures suggest that the formation 

depths of the veins decreases from 7.5 km at the northwest end of the zone to <1 

km at the southeastern end. Whereas gold and scheelite mineralisation occurs in 

the northwestern end, gold is the only ore mineral present in the central portion, 

and stibnite occurs with and without gold mineralisation in the southeastern 
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end. Youngson et al. (2000) interpret the ore mineral assemblage to be a function 

of the depth of vein formation. 

In the Reefton Goldfield, the occurrence and concentration of stibnite is highly 

variable. Lodes richest in antimony, the Bonanza and Golden Treasure lodes, 

contained 30-40% stibnite and are typically poorly mineralised in gold 

(Henderson, 1917; Suggate, 1956), although Downy (1928) describes visible gold 

within stibnite in Golden Treasure ore with 47 g/ t gold concentrations. Gage 

(1948) reports that lodes rich in stibnite were not worked because of problems of 

extracting gold from the stibnite rich ore, not because of the lack of gold. 

Henderson's (1917) observations regarding stibnite include: (i) moderate 

concentrations of stibnite were commonly favourably related to gold; (ii) stibnite 

bearing deposits that were most extensively mined (the Globe-Progress, 

Welcome and Golden Fleece) showed a decrease in stibnite concentration with 

depth; and, (iii) stibnite is absent or occurs sparingly at many deposits including 

the Blackwater and Wealth of Nations deposits. Henderson (1917) also reports 

other sulphide occurrences including chalcopyrite and its occasional association 

with molybdenite. 

The Blackwater lode, interpreted to have formed during D3, contains low 

concentrations of stibnite. Conversely, the Globe-Progress is interpreted to have 

formed, after a rotation of the shortening direction, during a more brittle event 

(D5) [Chapter3, Chapter 4], and is moderately mineralised by stibnite. Stibnite 

mineralisation, a possible indication of relative depth of formation (Hagemann et 

al., 1994; Kontak et al., 1996; Youngson et al., 2000), is consistent with the 

interpreted sequence of mineralisation and the styles of accompanying 

deformations. 

5.3.4 Episodic Mineralisation of the Reefton Goldfield. 

Greenland Group mineralisation near Reefton has characteristics intermediate 

between those of the Bendigo-Ballarat and the Melbourne zones. Although 

metamorphic grade is more similar to the Bendigo-Ballarat Zone or even the 

Stawell Zone, mineralisation at Reefton postdates peak metamorphism by a 
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minimum of 50 Ma. The post-early Devonian timing of mineralisation is more 

like the 380-360 Ma window of mineralisation given for the Melbourne Zone 

(Bierlein et al., 1999a). 
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Figure 5.3-5 (after Foster et al., 1998) Deformation, 

metamorphism and mineralisation of the Victorian 
Goldfields and the Reefton Goldfield. 
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D3 related mineralisation might have occurred soon after upright folding, 

producing the most along strike continuity of any of Reefton's deposits on a 

bedding parallel structure (Blackwater lode). This style of mineralisation is 

typical of the Bendigo-Ballarat region. The sinistral kinematics, however, are 

similar to that of the Fosterville deposit (Arne et al., 1998). 

Small plunging deposits, typical of the Reefton Goldfield and likely to have 

formed during D4, are truly unique intermediaries with respect to the Bendigo

Ballarat and Melbourne zones. D4 mineralisation also includes zones of pug 

breccia, disseminated mineralisation and stockwork veins, mineralisation styles 

defined by recent exploration (RLOS Exploration). Deposits resulting from kink 

hinge dilation appear to have a direct correlative in the Caribou deposit in Nova 

Scotia (Figure 5.3-6; Kontak et al., 1990; Ryan and Smith, 1998). 
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Figure 5.3-6 (from Ryan and Smith, 1998) Plan map of the 
Caribou deposit, Nova Scotia. Stockwork mineralisation 
is confined to a 10-15 m wide flexure. The inset map 
depicts the ore zone as a shoot that plunges parallel to the 
kink fold axis. 

Chapter 5: Discussion 
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Globe-Progress mineralisation includes an alteration zone of disseminated, 

stibnite-rich mineralisation and most resembles deposits typical of the 

Melbourne Zone. The ore of the high-grade shoots, often exhibiting ribbon 

textures, may be more typical of ore from the Bendigo-Ballarat Zone. 

Considering the episodic nature of mineralisation, it is possible the two styles of 

gold deposition took place diachronously. 

The sequence of deformation and mineralisation of the Reefton Goldfield is 

interpreted in this study to have occurred under progressively decreasing 

depths. The styles of deformation and mineralisation indicate that these depths 

are likely to be intermediary between depths typical of the Bendigo-Ballarat 

Zone (6-10 km, Cox, 1995) and the shallower depths of the Melbourne Zone (2.6-

5.7 km, Arne et al., 1998). The decrease in stibnite with depth reported by 

Henderson (1917) may indicate mineralisation at Reefton lies near the bottom of 

a vertical range in the upper crust that is favourable to stibnite mineralisation (c. 

5 km, Hagemann et al., 1994; Youngson et al., 2000). 

5.4 Prospects 

Reefton's gold deposits are the result of localised dilational strain on the folded, 

structurally prepared Greenland Group. Chapter 4 describes three different 

mechanisms of dilational accommodation. The particular mechanism governs 

the style of the deposit and is expressed by the hosting geometry. Detailed 

structural mapping may, therefore, not only indicate the position and orientation 

of additional deposits in the Greenland Group but also the type of deposit likely 

to be found in relation to the structural setting. 

Deposits formed during D3 are hosted on S0/S2 parallel shears in areas with a 

well-developed lineation (13) on bedding and cleavage surfaces. The Blackwater 

lode, if it is the singular example, may indicate that deposits of this type are the 

most continuous along strike and in depth and are not accompanied by a zone of 

disseminated mineralisation. As described in Chapter 4, ore shoots form on the 

long limb of F3 folds (Figure 4.4-2). Considering the fold geometry of Figure 4.4-

2, a F3 dilational jog would be expected where there is an anti-clockwise rotation 
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in the trend of the F2 folds. Such a dilational jog near Bullswool Creek may be 
indicated by S-SSE trending intersecion lineations (Figure 5.4-1). Mineralisation 
is interpreted to occur where tight F2 folding intersects sinistral dilational jogs. 
The area to the west of Bullswool Creek is a possible target. 

Figure 5.4-1 (after Stewart, 1996) D3 dilational jogs and 
field mapping. Mapping to the north of the Blackwater 
Deposit may indicate the position of a D3 dilational jog, 
delineated by areas where the trend of F2 folds are rotated 
anticlockwise compared to the overall structural grain. 
Compared to the NNE-NE trend typical of F2 folding, F3 

jogs may be delineated by areas of S-SSE trending 
intersection lineations (L2 ). Mineralisation is expected 
where tight F2 folding intersects the long limb of an F3 
fold, possibly to the west of Bullswool Creek. 

Deposits formed during D4 are hosted on shears formed during D2• Ore shoots 
are likely to occur where there is a demonstrable change in plunge and/ or trend 
of bedding cleavage intersection lineations. Furthermore, deposits are expected 
where the trend of geochemical anomalies changes direction [Map]. These areas 
may exhibit kink crenulations in fine, interbedded rocks. Ore shoots are 
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confined to the hinge region of the kink folds-limiting strike lengths. The semi

brittle nature of the deformation allows for the development of alteration halos 

within the hinge zone, as exemplified by the General Gordon, Empress and 

Souvenir lodes. 

Deposits formed during D5 are hosted on structures that transect the F2 folds. 

The relatively large alteration halo surrounding the high-grade lodes of the 

Globe-Progress deposit may indicate that well developed zones of disseminated 

mineralisation are expected to accompany D5• It is also possible, however, that 

the disseminated halo is the result of a later period of deposition or a secondary 

remobilisation of D5 mineralisation (cf. Brathwaite et al., 1996). The extent of 

alteration of the host rocks surrounding a deposit increases from D3 to D5• It can 

be argued, therefore, that disseminated mineralisation develops preferentially in 

the later, more brittle deposits. According to this interpretation, additional large 

tonnage disseminated deposits, such as the Globe-Progress, would be expected 

where structures carrying geochemical anomalies transect the regional fabric. 

Detailed mapping throughout the goldfield should further illustrate the 

relationships between the F2 folds, later deformations and the localisation of ore 

bodies. Such studies may highlight the relative importance of the deformational 

sequence DcD5 on gold mineralisation. Detailed mapping may also begin to 

illustrate how the mapped structural geometry of the host rocks relate to the 

position, orientation and character of nearby ore bodies. 
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Appendix 

53 CRENULATION GEOMETRY, ANISOTROPY AND KINEMATICS 

Method of Assesment 

Cosgrove (1976), by calculating deformation patterns of anisotropic media, 

predicts that crenulations may form between 45 and 90° to the shortening 

direction (angle 8 in Figure A-1), depending on the degree of anisotropy of the 

deforming media. In order to interpret the shortening direction (Z) during the 

formation of 53 crenulations, it is necessary to assess the degree of anisotropy of 

Greenland Group argillites. Anisotropy is measured by the ratio of the 

compressive and shear moduli for any stress state, M/L (Cosgrove 1976, Figure 

A-le). Materials with low anisotropy, M/L> 0.5, develop crenulations where 

8=90°. Materials with a high degree of anisotropy, M/L--+0, develop crenulations 

where 8=45°. Intermediate values of M/L develop crenulations between 45 and 

90° to z. 

124 



c) 

e 

0·0 

Appendix: 53 Crenulation Geometry, Anisotropy and Kinematics 
Method of Assesment 

Modulus Ratio .M. 
L 

0-5 
(Anisotropy) 

Figure A-1 (after Cosgrove, 1976) Anisotropy and strain. 
The angle between the shortening direction and a forming 
crenulation (6), decreases with increasing anisotropy. a) 
Displacement pattern when the angle between the 
shortening direction and the deforming foliation (<j>) is 45°. 
b) Displacement pattern when <j>=O. c) MIL vs. e. 

The morphology of 53 crenulation folds is similar to the displacement patterns of 

Cosgrove (1976) where <j>, the angle between the deforming foliation and z, is 

45°(Figure A-la). Figure A-2 illustrates the geometry of the folds of Figure A-la, 

crenulations forming at 45, 70 and 90° to the enveloping surface of the fold (Se). 

This angle (a) increases with the degree of anisotropy. 
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Appendix: 53 Crenulation Geometry, Anisotropy and Kinematics 
Method of Assesment 

a) 

Se--~--~--------~~~---=~~~~~--------~~~~----

Figure A-2 Geometry of folds produced by Cosgrove 
(1976), <1>=45°, a) Low anisotropy. b) Intermediate 
anisotropy. c) High anisotropy. 

Folds produced in materials of low anisotropy have axial planes parallel to the 

xy plane of the strain ellipsoid (8=90, Figure A-1, Figure A-2a). The fold limb at a 

high angle to z is markedly thinned. Apical angles are equally partitioned 

between two limbs (~=y) that display a low degree of asymmetry (thin 

limb/thick limb~1). 

When M/L=0.45, 8=65° (Figure A-1, Figure A-2b ). Limbs at a high angle to z are 

thinned and steeper than the thick limb, 2~~y. Folds produced are asymmetric; 

the ratio of the two limbs is c. 0.3. 

As M/L approaches 0, 8---?45° (Figure A-1, Figure A-2c), deformation in rocks of 

high anisotropy producing kink bands (Cosgrove, 1976). Short limbs thin only 

slightly and account for almost the entire apical angle of the fold, long limbs near 

parallel with the folds enveloping surface. 

In oriented thin sections cut perpendicular to the intersection lineation between 

S2 and S3, a ranges from 34 to 62° (Figure 3.3-15). During continued deformation, 

where s2 and/ or s3 is at a moderate angle to z of the strain ellipsoid, the two 

fabrics may rotate towards each other as passive markers (Figure A-3). 

Differential strain, after the formation of S3, may account for the spread in a. 
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Appendix: 53 Crenulation Geometry, Anisotropy and Kinematics 
Method of Assesment 

Assuming S3 crenulations with the largest a angles have not been affected in this 

manner, s3 crenulations formed with an a angle of c. 60°, s2 and s3 rotating 

towards each other with increasing strain. This explanation of the formation of 

S3 allows a comparison of the morphology of S3 crenulations with the theoretical 

calculations of Cosgrove (1976). 

tana' = z/x tana 

Figure A-3 Rotation of 53 with respect to 52 as a passive 
marker. Assuming plane strain and that 53 is not actively 
accommodating strain, a becomes a function of z and x of 
the strain ellipsoid. 

Assuming 8 is solely a function of material anisotropy (Figure A-1), a becomes a 

function of <j). In order to compare the theoretical folds of Cosgrove (1976) to S3, 

the shortening direction is adjusted so that a=60° (Figure A-4). S3 crenulations 

are very similar in morphology to the intermediate anisotropy (Figure A-4b ). 

Folds in low anisotropic materials have equal limb angles (Figure A-4a), whereas 

in S3 fabrics, ~""'2')' (Figure 3.3-15). Additionally, S3 folds are distinctly 

asymmetric, limb ratio ranges from 0.33 to 0.44. Folds in materials of high 

anisotropy display little limb thinning, both limbs symmetric about the 

compression axis (Figure A-4c). 
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Appendix: 53 Crenulation Geometry, Anisotropy and Kinematics 
Method of Assesment 

b)~ 

Figure A-4 Anisotropy and the shortening direction, 
a=60°. a) Low anisotropy, $=30°. b) Intermediate 
anisotropy (M/L-0.45), $=55°. c) High anisotropy,$= 75°. 

Fold morphology indicates Greenland Group argillites have intermediate 

anisotropy, possibly a factor that D3 is deforming two micaceous fabrics S1 and S2 

(Figure 3.3-10). S3 limb ratios are slightly greater than Cosgrove's theoretical 

model with an intermediate anisotropy, indicating M/L for Greenland Group 

argillites may be slightly greater than 0.45. 
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