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Abstract 

The aim of this thesis was to characterise and understand the evolution and significance of several 

large 'cap zones' that overlie Myra Falls mineralised zones. The Myra Falls volcanic hosted massive 

sulphide (VHMS) district is located in Strathcona Provincial Park in the middle of Vancouver Island, 

British Columbia, Canada. The orebodies are hosted by the Devonian Sicker Group, a volcano-

sedimentary package which forms the basement rocks of Vancouver Island. The Cu-Pb-Zn deposits 

are located in two mineralised horizons, and this study concentrates on the lower ore horizon, which 

includes the Battle and HW deposits, located on or near the contact with the footwall Price Andesite. 

The orebodies are hosted by the HW horizon, a rhyolitic package, 5 to 200 m thick, of volcaniclastic 

and sedimentary rocks, and quartz-feldspar porphyry bodies. The HW horizon is overlain by an 

andesite-dacite volcano-sedimentary sequence, which is up to 450 m thick. 

Paleoseafloor reconstructions indicate that the Battle and HW orebodies formed in small basins along 

a NVV-trending ridge. Argillite deposits above the orebodies and in the South Flank area coincide 

with paleo-topographic lows and represent depocentres. The sequence has undergone multiple 

deformation events, including early extension and formation of growth faults; D i  folding and 

development of an E-W oriented foliation; D2 shear zones; D3 a  and D3b compression with steep strike-

slip faults and shallow N-S dipping thrust faults; D4 extension with steep planar normal faults; and D5 

compression resulting in large shallow N-S dipping thrusts and steep NE-oriented strike-slip faults. 

Chert is best developed above the Battle orebody, where it appears to form a thick 'cap' (3-5m thick) 

above the massive sulphides. Chert horizons are also located above the Ridge and Extension ore 

zones. However, the HW orebody is overlain by a thick argillite sequence, with only minor chert. 

The siliceous caprocks above the Battle deposit are replacement cherts (after mudstone), and these 

.cherts share many sedimentological and petrological features with the adjacent unaltered argillite, 

including parallel laminations, interbedded turbidites, radiolarians, soft-sediment deformation and 

phosphatic concretions. Immobile elements indicate a closely related provenance for the argillite and 

chert, significantly different to the Price Andesite or rhyolitic rocks. Trace element geochemistry, 

and the spatial association of the cherts with the Battle orebody, indicate that the chert represents 

hydrothermal alteration of seafloor muds. There is a gradational transition, from white chert above 

the orebody, to black chert, 120m from the orebody, to unaltered argillite. Lateral metal zonation is 

observed in the chert, is interpreted to reflect precipitation from a cooling hydrothermal fluid, with a 

higher temperature Cu-Zn-Cd zone in the white chert, and a lower temperature Pb-Ag-Sb zone in the 

black chert. 



Fluid inclusions in spherical megaquartz patches in the Battle chert, indicate temperatures between 

135 to 250° C and salinities from 3 to 12.1 eq. wt % NaC1, which are similar to fluid inclusions in 

Battle orebody quartz (140 to 250° C, 3 to 12.4 eq. wt % NaC1). Densities, estimated from inclusion 

data, range from 0.88 to 1.05 g/cm 3  and are close to the density of ambient seawater at 2° C and 

2000m depth (1.03 g/cm3). These densities suggest that the hydrothermal fluids potentially displayed 

a range of behaviour types where they entered the submarine environment, from buoyant plumes to 

intermediate brines, which flowed laterally through porous seafloor sediments. 

At the time of ore formation and caprock deposition, bottom water conditions in the Battle and HW 

basins were moderately anoxic to euxinic, indicated by DOP values > 0.90, Fe-sulphur-carbon 

relations, low Fe and Mn values, and high V/Cr, V/Ni and V/(Ni+V) ratios. Barite and haematite, 

which are common in VHMS caprocks globally, are absent in the caprock horizon, most likely 

reflecting low 0 2  conditions. Zn, Pb, Cu, As, Ag, V, Ba and Cd are variably enriched in argillites 

from the Battle and HW basins, and these are attributed to a hydrothermal origin, because they are all 

enriched in the orebody. Argillites from the South Flank show no metal enrichment, interpreted to 

reflect a lack of hydrothermal activity in this area. 

534S values in the unaltered Battle basin argillite range from —35.2 to —10.3 %o, which are much 

lighter thano34 S values in the black chert ( —18.4 to —5.3 %o), and the Battle orebody (-1.1 to +4.1 

%o). The distinct shift from light 534S values in the unaltered argillite, to heavier 8 34 S values in the 

black chert provides evidence that hydrothermal fluids, originally with Battle-like signatures, 

progressively leached regional argillites and so obtained intermediate 8 34S compositions. 

A model for the formation of the Battle orebody and siliceous caprocks consists of 5 stages, 

including: 

1) Basin formation and the onset of rhyolitic volcanism, followed by a period of tectonic and/or 

volcanic quiescence, with the deposition of several metres of laminated muds, silts, and minor 

interbedded turbidites in the Battle basin. Restricted circulation within the basin resulted in a 

stratified water column with low to fluctuating 0 2  bottom water conditions. 

2) The onset of hydrothermal activity during deposition of the seafloor muds resulted in the 

deposition of rutile, apatite and minor sulphides in primary pore space, principally by diffuse flow of 

hydrothermal fluids through the sediments. Buoyant venting also occurred, producing fine layers of 

sulphide-rich mud. In places, these layers were entrained into overlying sandstone turbidites. 

3) Subsequent low to moderate temperature, silica-bearing fluids flowed laterally through porous 

seafloor muds to form the Battle chert. Silicification took place early in the depositional/diagenetic 

history of the muds, to account for the incorporation of chert into overlying mass flows. Ubiquitous 

bedding-parallel micro-stylolites indicate that silicification occurred prior to compaction. Low metal 

contents in the chert reflect relatively low fluid temperatures (<250° C) and likely prior deposition of 

sulphides in the underlying coarse-grained rhyolitic volcaniclastic layer. Low flow velocities 

combined with relatively high salinities and moderate temperatures may have enhanced subsurface 
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lateral fluid flow, rather than buoyant venting. Lateral fluid flow is consistent with the sheet-like 

form of the Battle orebody and caprocks, replacement textures, and lateral metal zonation in the chert. 

Plugging of the porous seafloor sediments by silica precipitation changed the hydrothermal flow 

regime from diffuse to more focussed flow, leading to enhanced lateral flow of subsequent ore-

bearing fluids beneath the silica cap; the basal contact of the chert is crosscut by massive sulphides. 

4) Formation of the siliceous caprocks was followed by renewed extension and volcanism, with the 

rapid deposition of rhyolitic mass flow units, interlayered with rhyolitic sandstones and volcaniclastic 

rocks. Finely bedded jasper clasts are common in the overlying mass flow units and most likely 

originated from Fe-Si deposits forming on the margins of Battle basin, above the anoxic-oxic 

boundary. The end of rhyolitic volcanism was marked by the intrusion of a massive quartz-feldspar 

porphyry body at the top of the rhyolitic sequence. 

5) Ore deposition continued throughout the deposition of the HW Horizon rhyolitic volcaniclastic 

rocks and intrusion of the quartz-feldspar porphyry. The barite-rich Gap lens formed by upflow of a 

more focussed hydrothermal fluid, along the main growth structure at the northern edge of the basin. 

The upper ore lenses formed by diffuse fluid flow through the rhyolitic pile and ponding beneath the 

massive porphyry. A more oxygenated environment developed during deposition of upper zone 

sulphides, indicated by ubiquitous barite in upper ore lenses. 

A similar structural and depositional environment is proposed for the HW orebody. However, the . 

HW orebody formed prior to deposition of the caprock horizon. Massive sulphides were deposited 

within the coarse-grained rhyolitic detritus on the basin floor and the top surface of the HW orebody 

is eroded in places, with ore clasts common in overlying mass flows. Elsewhere, there is a sharp 

depositional contact between argillite and the orebody. This study indicates that the formation of 

siliceous caprocks required the interaction of hydrothermal fluids with a pre-existing carapace of 

fine-grained sediment. 
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Chapter 1 

Introduction 

1.1 Preamble 
Fine-grained siliceous deposits are spatially associated with many VHMS orebodies, e.g., 

tetsusukei above the Kuroko deposits (Kalgeropoulous and Scott, 1983); iron stones 

associated with the Brunswick Horizon, Bathurst District (Peter and Goodfellow, 1996); 

or the silica-barite cap above the Hellyer Deposit (Sharpe, 1991; Gemmell and Large, 

1992). Although there is a clear spatial association between surface and near-surface 

silica deposits and the massive sulphide deposits, the genetic relationship and the 

mechanisms of formation of the siliceous deposits are poorly understood. 

The timing of silica deposition, relative to ore formation is important. For example, 

silica deposited in the near surface sediments, prior to massive sulphides, may form a 

porosity seal. This 'cap' could trap subsequent ore bearing fluids and aid in the 

formation of a VHMS orebody. Silica may also be deposited during ore formation, from 

venting hydrothermal fluids, to form exhalative deposits on the seafloor (e.g., white 

smokers, Hannington et al. 1998). These siliceous deposits typically have a much greater 

lateral extent than the associated orebody and commonly have a distinct geochemical 

signature. Mineralogical variations, major and trace element geochemistry and stable 

isotope studies of the exhalites can provide vectors to base metal orebodies. 

The orebodies at Myra Falls VLIMS camp are commonly associated with hanging wall 

siliceous zones and provide an ideal opportunity to examine the controls on silica 

deposition and their relationship to the underlying ore deposits. This thesis presents a 

reconstruction of the caprock depositional environment and a detailed petrological and 

geochemical study of the caprocks. A geological and geochemical model is then 

presented for the formation of the caprocks and their relationship to the underlying ore. 
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1.2 Project aims 
The aims of this project are to: 

1) Describe the geological and structural setting of the caprocks depositional environment 

by: 

• Mapping of volcanic and sedimentary facies in the caprock horizon; 

• Examination of detailed facies associations of the caprocks and the HW Horizon; 

• Identification of syn-depositional structures (growth faults) and their relationship 

to sites of caprock deposition; and 

• Recognition of post-depositional deformation (ductile and brittle) and the effects 

of this deformation on the present location of the caprocks. 

2) Describe the mineralogy, textures, paragenesis and metal zoning in the siliceous 

caprocks in order to classify them as either 'true exhalites' or as alteration of pre-

existing sediments or volcanic rocks by: 

• Identification of silicate, oxide and sulphosalt mineralogy in the caprocks; and 

• Detailed petrographic and textural studies. 

Figure 1.1: Location map of Myra Falls VHMS camp, Vancouver Island, BC. The VHMS 
deposits are hosted by the Paleozoic Sicker Group, which form the basement rocks of the island 
(see Figure 2.1 for a more detailed map of the area). 
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3) Determine the geochemical (trace element, stable isotope) characteristics and signature 

of the caprocks by: 	 z 

• Examination of major and trace element variation 

• Rare earth element analysis; 

• Look at zonation within individual mineral phases; 

• Examination of primary metal dispersion within the caprocks; and 

• Sulphur isotope variation in the caprocks. 

4) Determine the characteristics of the hydrothermal fluids associated with caprock 

formation by: 

• a detailed fluid inclusion study of the caprocks and associated massive sulphides 

5) Propose a model for the genesis of the caprocks. 

6) Develop useful criteria, based on the caprocks for exploration in the Myra Falls district. 

1.3 Location and setting 
Myra Falls VHMS camp is located within Strathcona Provincial Park in the middle of 

Vancouver Island, British Columbia, Canada (Figure 1.1). The mine is located at the 

southern end of Buttle Lake (Figure 1.2a) in an area of tugged glaciated topography, with 

relief rising to 2200m above sea level. Access to the mine is via a 90 km paved road 

from Campbell River. Figure 1.2b and 1.2d shows the layout Of Myra Falls . VHMS Camp 

in Myra Valley. Myra Falls, situated at the mouth of Myra Valley is shown in Figure 

1.2c. 

The Cu-Pb-Zn deposits at Myra Falls occur in two mineralized horizons; Which have an 

approximate strike length of 5 km. The two horizons are the upper Myra-Lynx-Price .  

horizon and the lower HW-Battle horizon, which also includes the Ridge East, Ridge 

West and Marshall Zones (Figure 1.3). 

1.4 Work Plan 

1.4.1 Field work 
The fieldwork for this project was carried out over three field seasons, equating to about 

7 Months in the field. The fieldwork consisted of underground mapping in the HW, 

Battle and Lynx mines, logging of exploration and mine diamond drillcore, limited 

surface mapping on Price Hillside and Myra open pit, examination of exploration and 

3 



4 

Westmin 
Road 

Figure 1.2: a) Aerial 
view looking north at 
Buttle Lake, with the 
mine access road on the 
eastern side of the lake 
(photo courtesy of 
F. Bakker). 

Campbell 
River 

Buttie Lake 

Exploration 
office Lynx open cut 

Core logging 
area 

Figure 1.2: b) Aerial view 
of Myra Falls VHMS camp 
(photo courtesy of F. Bakker). 

Myra River 

To Campbell 
River 

Mt Myra 
••• 1B 

Figure 1.2: c) Myra Falls, located at 
the mouth of the Myra River as it 
enters Buttle Lake. 

Figure 1.2: d) View across the 
tailings dam of the main HW 
shaft with the Myra open pit 
and Mt Myra in the background. 

HW headframe 
and mine office 

To Myra Fails 



1 km 

Mt Phillips 

t000ritni. Mt Myra 

FiW 	 ce Orebody 
Myra Valley 	Shaft 

Myra‘O‘ratiod Thelwood 
Valley, 

Bi l.,ttle Lake 

%%Lila hall Zone 

Orebody 	 Tni 

I d'w43 Bloc 

Battle Orebody 
peter Zone 

3000N L nx Orebod 

OrpRL 	 Battle rebody 
.1•P, HWOre ody riarian 

True N 

mining databases, and collection of data from exploration and mine sections, for the 

construction of footwall contour maps, isopach maps and facies maps: 
•' 	• 

4; 

The variation in HW Horizon facies across the property, and detailed facies4sSoci4tions 

within the caprock horizon were mapped by logging the HW Horizon in 80 drillholes (a full 

list of drillhole details and examples of drill logs are given in Appendix 1). 

Detailed underground mapping was carried out in the Battle and HW mines (see Appendix 1 

for examples of underground mapping). The areas mapped are shown in Figures 1.4 and 1.5 

and include, drives S335C, B390C, K424ACC & 23-427, C355DD, S335A-D6 & D2, 

C353DD, N357RP, S335B-D15, N350B, and the 23 Shop in the HW mine; and drives 

ST183A, 18-Level ramp (near lunch room), M150DD, M172DD, G171XS, and M148EX in 

the Battle mine. Other underground areas were also examined, but in much less detail. 

These areas were examined for structural data and include, the Price mine, 24 and 21 Level 

in the HW mine, drive 23-331XN, HW mine, and the Gopher and Gap Zones in the Battle 

mine. 

Figure 1.3: Plan view and cross section of Myra Falls,yilms camp. The massive sulphides 
occur in two mineralized horizons, which are the upper Lynic-Myra-Price , ore horizon and the 
lower Battle-HW ore horizon. 
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1.4.2 Laboratory work 

Laboratory work included the slabbing of drillcore and underground rock samples for 

polished thin sections; petrological analysis of thin sections; rock crushing and preparation 

of pressed powder pellets for trace element XRF and ICP-MS analysis; SEM analysis of 

chert and argillite samples; measurement of SWIR spectrum of rocks from the HW Horizon; 

electron microprobe analysis of white mica, chlorite, apatite and sulphides; extraction of 

sulphide sulphur (mono and di-sulphides) from argillites for sulphur isotope analysis; HCL-

soluble iron measurements; organic carbon analysis by fusion; and fluid inclusion studies. 

1.5 Previous Work 
1.5.1 Documentation of geology 

The first geological reconnaissance of the Buttle Lake area was in 1912 by Clapp, who 

identified and named the Sicker Series after Mt Sicker. Further mapping in the area was 

carried out by Gunning (1931), and by Jeffery (1970). Muller (1980) produced detailed 

maps and a stratigraphic sequence for the Buttle Lake area and renamed the Sicker 

Series, the Sicker Group (see Chapter 2). 

Company geologists established a mine sequence at Myra Falls, which was described in 

field guides and company reports (e.g., Jeffery, 1970; Walker, 1985). Juras (1987) added 

to the local geology with a detailed examination of the volcanic stratigraphy (see Chapter 

3). This work was undertaken for his PhD study and concentrated mainly on the Price 

Hillside. Further geological work by company geologists is written up in papers 

including, Juras and Pearson (1990), Pearson (1993) and McKinley et al. (1997). 

A number of structural reports have been written for Myra Falls, describing the foliation 

and numerous fault styles: Reports include Benvenuto (1986), Glover (1990), Reid 

(1993), and Berry (1995, 1996, 1998 and 2000). Structural studies for the report (Berry, 

2000) were undertaken during the final field season for this thesis, and data from this 

report is included in Chapter 4. A company report on district-scale metal zoning, was 

also carried out by Gemmell (1998). 

Several Masters theses have been written on the property and include, Robinson, (1994), 

and Cresswell (1997). An honours thesis was also written on the Price Orebody (Dishaw, 

1998). Several papers have been published on Robinson's work and include a paper on 

the geology, lithogeochemistry and alteration of the Battle Deposit by Robinson et al. 

(1996) arid a lead isotope paper by Godwin et al. 1996. Barrett and Sherlock (1996) 

worked on the HW Deposit, giving a detailed,description of the volcanic stratigraphy, 

lithogeochemistry and seafloor setting of the HW Deposit. The study also included fluid 
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inclusion data from the HW orebody, U-Pb dating of rhyolitic rocks immediately above 

the massive sulphides and whole-rock oxygen isotope data on footwall and hangingwall 

rocks. 

The most recent work on the property, was a PhD study by Sinclair (2000), on the 

geology and genesis of the Battle Deposit, with particular emphasis on volcanic facies, 

metal zoning and sulphide speciation. This study was completed in 2000 and ran , 
concurrently with this project. 

1.5.2 Past exploration 
Sulphide - showings were discovered in the Buttle Lake area in the early 1900s, when 

Strathcoria Park was opened for prospecting. The first claims -were staked in 1917, near 

Price Creek and in Myra Valley, and include the Lynx, Price and -Paw (Myra) claims 

(Juras and Pearson, 1990). Sporadic work was carried out on these claims until 1925, 

and after this date, work on the property ceased until 1946. The claims were acquired by 

Western-Mines Ltd in 1961, and exploration was undertaken, mainly on the Lynx claim. 

Production in the Lynx deposit began in early 1967, with the development of open pits on 

the northern side of Myra Valley. This work continued until 1974, when production in 

the Lynx mine went underground. Production in the Myra Deposit began in 1972 and 

continueduntil 1985, including open pits on the southern side of Myra Valley and 

underground workings. The HW deposit was discovered in 1979 and underground 

production began in 1985. The Battle Deposit was discovered in 1991 and the Battle and 

HW deposits are currently being mined. Western Mines Ltd was acquired by Boliden in 

1998, and is now known as Boliden-Westmin Ltd. 

The historical production figures are 1.28 Mt Cu concentrate produced, and 1.65 Mt Zn 

concentrate produced from 1966 to 2000. The current proven and probable mining 

reserves'are 119 Mt of ore, averaging 1.7 g/t Au, 53.3 g/t Ag, 1.5% Cu, 0.59% Pb, and 

7.66 % Zn. 

1.6 Organisation of thesis 
The regional and local geology of Vancouver Island and the Buttle Lake area is given in 

Chapter .  2 and 3. A detailed structural study of the Myra Falls area was undertaken and is 

presented in Chapter 4. The deformation history described in Chapter 4 is then used for the 

paleoseafloor reconstruction in Chapter 5. 
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The caprocks and associated facies are described in Chapter 6, followed by an alteration 

study of the HW Horizon, in Chapter 7. This section uses SWIR analyses in combination 

with electron microprobe data to map out distinct alteration halos in white micas and 

chlorite in the hangingwall rocks across the property. The major and trace element 

geochemical Characteristics of the caprocks and associated facies are then described in 

Chapter 8. A fluid inclusion data of the siliceous caprocks and the Battle and HW orebodies 

is presented in Chapter 9. 

A geological and geochemical model for caprock formation is given in Chapter 10, and is 

followed by the conclusions, presented in Chapter 11. This chapter also includes the 

implications for exploration in the Myra Falls area and future research initiatives. 
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Chapter 2 • 

Regional geology 

2.1 Introduction 
Vancouver Island is situated on the western edge of the Canadian Cordillera, forming 

part of a complex zone of accreted terranes, which make up the western coast of North 

America (Figure 2.1a). The basement rocks of Vancouver Island belong to the 

Wrangellia terrane, which consists of Paleozoic, Mesozoic to Cenozoic volcanic arc, 

oceanic and clastic wedge assemblages. The oldest rocks of the Wrangellia terrane are 

the Sicker Group, a Paleozoic volcano-sedimentary package, which hosts the VHMS 

deposits at Myra Falls (Figure 2.1b). 

This chapter gives an overview of the tectonic setting, stratigraphy, metamorphism and 

structure of Vancouver Island. 

2.2 Tectonic Setting 
Vancouver Island forms part of the Insular Belt of the Canadian Cordillera. This belt is 

one of five NW trending zones, subdivided by distinct lithologies, internal structure and 

physiography to adjacent belts (Figure 2.1a). The Insular Belt is made up of a number of 

terranes, the largest being the Alexander and Wrangellia Terranes, often grouped as a 

Superterrane. This belt extends up the western coast of Canada and up into Alaska. The 

formation of these belts is the result of a long history of collision between exotic crustal 

fragments (allochthonous terranes) and the ancient margin of North America. 

The Wrangellia Terrane, named after the Wrangell Mountains in SE - Afaska (Ririe§ et al., 

1977), is an allochthonous terrane, based on paleomagnetic and paleontological evidence. 

Irving and Yole (1987), using paleomagmetic evidence, show that since the Late Triassic, 

there has been considerable northward movement of Wrangellia relative to the North 

American craton, indicating that Wrangellia originated in southern latitudes. This is 

consistent with paleontological data such as the tropical fossils found in limestone near 
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Figure 2.1: a) Tectonic setting of Vancouver Island; b) Regional geological setting of Myra Falls VHMS 
camp, Vancouver Island. Diagrams modified from Gabrielse et al. (1991) and Yorath et al. (1999). 
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the top of the Karmutsa Formation on Vancouyer.Islandovhich.also. indicate .  southern 

latitudes (Yorath and Nasmith, 1995). 

In northern Wrangellia, the UpperJurassic to Lower Cretaceous Gambier overlap 

assemblage suggests amalgamation with Alexander terrane just prior to deposition of 

these sediments (Gabrielse and Yorath, 1991). However, workers in Alaska have mapped 

a late Paleozoic pluton intruding both terranes, and suggest that "the terranes were 

together prior to Late Pennsylvanian time, or that they were never separate terranes" 

(R.B. Campbell, C.J. Dodds and . G. Plafker, pers. comm., 1987, in chapter 18, Gabrielse 

and Yorath, 1991). 

The time of amalgamatioftorcollision of the resulting Insular Superterrane with the . 

ancient margin of North America is also contentious. A widespread mid-Cretaceoils 

paleomagnetic overprint for Wrangellia is in broad agreement with geological evidence 

for a mid-Cretaceous amalgamation (Irving and Wynne, 1991). However, Monger et al., . 	. 	. 
(1982) suggest an early-Cretaceous time for collision, while Gabrielse and Yorath (1991) 

suggest that amalgamation may have occurred as early as Late Jurassic, due to the 

similarity of the stratigraphy across several small terranes in the southern Coast Belt. 

The collision of Wrangellia with the ancient boundary of the North American continent 

has forined -rnuch of the structural ana physiographicaVaharacteristics of Vancouver 

Island (Figure 2.1b). In the central part of the island, compression, caused by the 

collision, resulted in uplift and-erosion, and deposition of Nainaimo Group sediments 

(Figure 2.2). 

During theCenOzoic, younger terranes, the Pacific Rim and Crescent terranes, were 

emplaced beneath Wrangellia along prominent west and northwest trending thrust faults; 

Figure 2.3 (Hyndman et al., 1990; England and Calon, 1991). The western and southern 

margins of Vancouver Island were uplifted and eroded during these collisons, resulting in 

the exposure of gneiss complexes around Victoria. Folding and faulting of the Nanaimo 

Group sediments, during the collision events, resulted in the formation of the Gulf , 

Islands. 

Quaternary glaciations have.alsO had a major effect on . the physiography of Vancouver 

Island, with the formation of steep u-shaped valleys, till erratics, drumlins, grooves and 

striations. . 
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Carmanah Group 	Middle Tertiary 

Crescent terrane 	Early to Mid Tertiary 

Nanaimo Group 	Late Cretaceous 

III Queen  Charlotte G 
Kyuquot Group Late Jurassic to 

Early Cretaceous 
	 Pacific Rim terrane 

▪ Island lntrusives 	Early to Mid Jurassic 

Bonanza Group 	Early Jurassic 

Vancouver Group 	Mid to Late Triassic 

▪ Sicker Group 	Paleozoic 

Metamorphic 	Jurassic and older 
complexes 

A  - Buttle Lake Uplift 

\q't? 	 Myra Falls VHMS Camp 

B  - Cowichan Uplift 

C  - Nanoose Uplift 

D  - West Coast Uplift 

Figure 2.2: Geology of Vancouver Island, modified from Muller (1980). 
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Continental §ielf 
Coast 

Vancouver Island 
Deformation front 

_7=7,  50 km - 
T-LF1F Tofino-Leech River Fault  
WCF West Coast Fault 

.. CT . Crescent Thrust 

Today, Vancouver Island lies about 200km east of the active Juan de Fuca spreading 

ridge-(Figure 2.1a). The Juan . de Fuca:plate, comprising relatively•young oceanic crust 

and a thin accumulation of sediments is at present being subducted beneath the North 

American plate, forming a new accretionary complex. 

Figure 2.3: Schematic cross-section through the southwestern part of Vancouver Island, modified 
from Hyndman et al. (1990). 

2.3 Stratigraphy of Vancouver Island 
The majority of Vancouver Island is underlain by the Wrangellia terrane and these 

basement rocks are exposed in four major structural uplift zones, which are, the Buttle 

Lake, Cowichan, Nanoose and West Coast uplifts or anticlinoriums, shown in Figure 2.2.. 

A simplified stratigraphic column, (Figure 2.4), illustrates the main units which make up 

Vancouver Island. 

The distinctive rock sequence that defines Wrangellia represents the products of three 

cycles of volcanism, two with arc affinities and one rift-related. Following each cycle 

there was a change from marine to ultimately shallow subtidal or sub aerial deposition 

(Gabrielse and Yorath, 1991).• 

On Vancouver Island, the earliest period of volcanism, during the Paleozoic, is 

represented by the Sicker Group, which comprises calc-alkaline volcanics and 

volcaniclastics. The cycle ended with the accumulation of a shallow carbonate platform 

(Buttle Lake Group). The second cycle started in the Late Triassic, with the build-up of a 

thick succession of rift-related tholeiitic basalts (Karmutsen Formation) overlain,by a 

carbonate platform (Quatsino and Parsons Bay Formations). The final phase of 

volcanism occurred in the Early Jurassic and is represented by the Bonanza Group, 

comprising subaerial lavas and granite intrusions with arc.affinities. _These intrusions _ 

were later upthrust to become the exposed plutons of the Island intrusives. 

15 



Ce
no

zo
ic 

 

Tertiary 

. 	. 	. 
. 	• 	. 

Carrnanah Group 
unmeasured 

 Mt Washington 
Intrusive Suite 

Marine clastic rocks 

Small hyperbyssal 
quartz- diorite plutons 

• . 	 ... 
.. 	- b,....:.; 

...... 	... 	.  

..„ 

M
e s

oz
oi

c  

Upper 
Cretaceous 

Nanaimo Group 800m+ 
Interbedded medium 
to coarse clastics and 
shale, mudstone and 
siltstone 

•.,..: 	.•....., • ..,,..:.....: 
— 	• • 	— 	— -  

Jurassic 

Triassic 

-- 

-,--- 

,i.s. 

Island  Intrusives 

Bonanza Group - 2500m+ 

Large granodiorite 
and diorite plutons 

R hyolitic to dacitic 
tuff 

Vancouver Group - 4000m+ 
Thick tholeitic basalt 
pillows and flows 
overlain by 
limestone and shale 

1 ,.4--- 
vvvvv 
vvvvv,= 	v 

vvvvv 	vv vvvvvv vv 
VVVVVV VVV 
VVVVVV VV 
VVVVVV VVV 
VVVVVV VV 

VVVVVV VVV 
VVVVVV VV 

VVVVVVVVV 
VVVVVVVV 

VVVVVV VVV 
VVVVVV VV 

Pa
le

oz
oi

c  

Lower Permian 
and 

Carboniferous 

Buttle Lake Group - 700m+ 
Bioclastic limestone, 
chert and argillite 
overlain by sandstone 
and shale 

Devonian 

4 	,.:.<4 ,;i.:.•c 	i;3.:..4 
2 •O• p•Q ,  p•Q• p •c? 

- :P. -.P -  i-z 	.5? : 0-  ::, 

	  Sicker Group - 4000m+ Andesitic to rhyolitic 
volcaniclastics, 
porphyry flows and 
minor sediments 

1..ct, ftf:lfg 

'''Z'til.' 140; •Sigilef'n":7S.:7  
V,v,V , V v  v s, vv  v ,;' 	: 	, 

vv vv v,  v s, 	v v 	 : v  vv  v V,  

Figure 2.4: Stratigraphic column for Vancouver Island, modified from England and Calon (1991); 
Massey (1992); and Yorath et al. (1999). 

2.3.1 Sicker Group 

The Sicker Group, named after Mt Sicker (originally Sicker Series, Clapp, 1912) includes 

the most of the Paleozoic rock sequence of Vancouver Island. The economic importance 

of the Sicker Series was recognised by Clapp (1912), as the "country rock of various 
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copper deposits", which includes the Myra Falls VHMS deposits. The first major study 

of the Sicker Group was by Muller (1980), who mapped this group of rocks throughout 

Vancouver Island. He proposed four major subdivisions for the Sicker Group, which, in 

ascending stratigraphic order, are the Nitinat Formation, the Myra Formation, an informal 

sedimentary-sill unit and the Buttle Lake Formation. Later work by Juras (1987), in the 

Buttle Lake uplift, lead to the separation of the Paleozoic rocks into an older volcanic-

dominated sequence of Devonian age, renamed the Sicker Group sensu strict°, and a 

younger Mississipian to Permian sedimentary sequence renamed the Buttle Lake Group. 

Juras (1987), further subdivided the Sicker Group into four formations, which, in 

ascending stratigraphic order are: Price, Myra, 'Thelwood and Flower Ridge Formations. 

Elsewhere on Vancouver Island, such as the Cowichan and Nanoose uplifts, separate 

formation names are used to subdivide the Sicker Group, due to lithological diversity. 

The correlative units to rocks in the Buttle Lake Uplift are shown in Figure 2.5, and 

include the Duck Lake, Nitinat, and McLaughlin Ridge Formations (Massey, 1992, 

Yorath et al., 1999). 

Duck Lake Formation represents the oldest rocks on Vancouver Island and the lowermost 

unit of the Sicker Group. This formation is only present in the Cowichan Uplift and has 

not been recognised in the Buttle Lake Uplift (Massey, 1992). It consists of dominantly 

pillowed amygdaloidal basalts with minor cherts and cherty tuffs, and the flows are dark 

grey-green, aphyric to feldspar phyric, variably altered to chlorite-epidote assemblages 

(Massey & Friday, 1989). 

Price Formation is a volcanic package characterised by pyroxene-feldspar-porphyritic 

basalts and basaltic andesite flows and flow breccias (Muller, 1980; Juras, 1987). The 

unit has a minimum thickness of 300m (the base of the unit is not exposed in the Buttle 

Lake Uplift), and is moderately to strongly chlorite-epidote altered. It is characterized by 

alternating, 30-150m thick, massive lava flows, which are variably amygdaloidal, 

feldspar-phyric and pyroxene-feldspar-phyric; agglomerates, breccias, and lapilli tuffs, 

deposited from pyroclastic flows, mass debris flows and lahars (Juras, 1987). These are 

intercalated with minor fine laminated tuffaceous silt and sandstone. Abundant coarse-

grained, dark green to black pyroxenes, which are often pseudomorphed by actinolite, 

give the rock a distinctive spotted appearance. A relatively sharp change into widespread 

rhyolitic volcanics and sedimentary rocks marks the boundary with the overlying Myra 

Formation. 
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Formation.  

generally  conformable,  gradat ional change,  up  into  the  fine ly  bedded  Thelwood 
nex t  chapter  (Chapter  3,  local geology).  The  top  of the  formation  is  marked by  a  
subd ivided the  formation  into  ten  litho-stratigraphic  un its  and  these  are  described in  the  

volcan iclas t ics,  to  a  broad  mixed  zone,  up  to  3-5m  th ick,  of andesite  and rhyolitic  

and is  described  in  greater  detail in  Chapter  3.  A late  Devon ian  age  ( 3 70 Ma)  is  indicated 
volcaniclas tics.  The  Myra  Formation  hosts  the  VHMS orebodies  of the  Myra  Falls  camp  

Formation  varies  from  a  relat ively  sharp  change  up  into  monomict  rhyol itic  

by  U-Pb dating  of zircons  (Juras,  1 987).  Juras  ( 1987)  and Sinc lair  (2000)  have  further  
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Thelvvood Formation is a thick sequence (270-500m) of finely laminated mudstones, 

interbedded with fine to medium-grained volcaniclastics and penecontemporaneous mafic 

sills. The contact with the underlying Myra Formation is usually distinct, characterised by a 

sharp change up into the finely laminated mudstones. The unit is variably chlorite-epidote 

altered and the age of the formation is probably Early Permian, based on microfossil ages 

from equivalent rocks in the Cowichan Uplift (Brandon et al., 1986). 

Flower Ridge Formation is composed of moderately to strongly amygdaloidal feldspar and 

pyroxene-phyric basaltic flows and volcaniclastics, tuffaceous siltstones, wacke, and 

argillite. The unit has a maximum thickness of 650m and is conformable with the 

underlying Thelwood Formation (Juras, 1987). The contact is characterised by the first 

appearance of abundant scoriaceous volcanic clasts. The age of the unit is estimated to be 

between late Devonian and Pennsylvanian, based on ages of the surrounding units. 

A large unconformity separates the Sicker Group from the overlying Permian Buttle Lake 

Group (Massey, 1992). 

2.3.2 Buttle Lake Group 
The Buttle Lake Group is a dominantly epiclastic and bioclastic limestone sequence and 

consists of two formations, the Buttle Lake, or Azure Lake, and Henshaw Formations. 

Buttle Lake Formation (or Azure Lake Formation) is a clastic limestone (up to 100-150m 

thick), consisting of interbedded medium-grained limestone and calcareous siltstone, 

with siliceous shell fragments, fossiliferous sandstone, coarse grained crinoidal 

limestone, fine grained limestone with chert nodules and some dolomitic limestone with 

abundant brachiopods and bryozoans (Muller, 1980; Massey, 1992). In the type area, 

near Azure Lake, west of Buttle Lake, the unit conformably overlies green and maroon 

mottled tuffaceous sediments and breccia at the base of the unit (Muller, 1980), this is the 

'unnamed clastic unit' on Figure 2.5. Biostratigraphic ages range from Pennsylvanian to 

early Permian (Yole, 1969; Brandon, 1986). 

Henshaw Formation comprises conglomerates, variably purple-coloured volcaniclastics 

and vitric tuff beds (Jeffery, 1967). A characteristic feature of this unit is the purple to 

red alteration of the volcaniclastics and the presence of crinoidal limestone clasts and 

boulders. The unit varies in thickness from 5-100m and the contact with the overlying 

pillowed lavas of the Karmutsen Formation, is unconformable in the Cowichan Uplift 
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The Formation has a late Camian or Upper Triassic biostratig,raphic age (Carlisle and 

Susuki, 1974). 

Parsons Bay Formation marks a gradational change from carbonate to dominantly elastic 

deposition. The unit comprises carbonate rocks grading up into fine dark siliceous, 

carbonaceous, and calcareous shale, and calcareous arenite up to 300m thick (Gordey et 

al., 1991, Yorath et al., 1999). 

Sutton Formation is the uppermost unit of the Vancouver Group on Vancouver Island, 

and is a thin, well bedded, richly fossiliferous and flaggy limestone unit with minor fine-

grained elastic rocks. It has a gradational contact with the underlying Parsons Bay 

Formation (Yorath et al., 1999). 

2.3.4 Bonanza Group 
The Bonanza Group is a thick sequence of calc-alkaline volcanic rocks and minor 

interbedded sediments of Early Jurassic age (Gunning, 1932; Yorath et al., 1999). It is 

the youngest of the three volcanic cycles that make up the Wrangellia Terrane on 

Vancouver Island. The group comprises the Bonanza Volcanics and the Harbledown 

Formation and this sequence is intruded by abundant coeval hypabyssal rocks, of the 

Island Intrusive suite (Dawson et al., 1991). 

Bonanza Volcanics consists of a thick sequence, up to 200m thick, of subaqueous to 

subaerial basaltic to rhyodacite flows, breccias and tuff with minor interbedded marine 

shales and siltstones. A characteristic feature of the Bonanza rocks is that the mafic and 

felsic volcanics are all plagioclase porphyritic. 

Harbledown Formation is a 300m thick sequence of non-calcareous shale and tuff, which 

occurs in the northeastern part of Vancouver Island (Gordey et al., 1991; Nixon et al., 

1994). 

Island Intnisives are quartz diorite, granodiorite and quartz monzonite batholiths and 

plutons, which intrude the Sicker, Vancouver and Bonanza Groups throughout 

Vancouver Island. 

2.3.5 Cretaceous Rocks 
The Cretaceous and younger rocks on Vancouver Island were deposited after the 

collision of Wrangellia with the ancient margin of North America, and are therefore not 
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part of the Wrangellia Terrane (Gabrielse and Yorath, 1991). Three groups make up the 

Cretaceous rocks on Vancouver Island; the Kyuquot, Coal Harbour and Nanaimo Groups 

(Dawson et al., 1991). The Kyuquot Group represents an accretionary clastic succession 

while the Coal Harbour and Nanaimo Groups are post-accretionary deposits. 

Kyuqot Group represents a minor accretionary sequence found on the central west coast 

of Vancouver Island. The sequence comprises a basal conglomerate, overlain by fine 

lithic sandstone, silt and minor limestone. It is of Lower Cretaceous age and 

unconformably overlies the lower Jurassic Bonanza Group (Muller et al., 1980; Dawson 

etal., 1991). 

Coal Harbour Group of Mid Cretaceous age, is found on northern Vancouver Island. It 

comprises a coarse arenitic unit of greywacke, shale, silt, minor limestone conglomerate, 

limestone, and coal (Dawson et al., 1991). 

Nanaimo Group of late Cretaceous to possibly early Tertiary age, underlies the coastal 

plain of southeast and south-central Vancouver Island, and the adjacent gulf islands. The 

group comprises a succession of terrigenous clastic rocks, including conglomerates, 

sandstone, mudstone, and shales deposited in a variety of settings, extending from neritic 

to at least upper bathyl depths (Yorath et al., 1999). 

2.3.6 Tertiary 

During the Tertiary, the Pacific and Crescent Terranes were accreted onto Vancouver 

Island on the southwest coast, along prominent west and northwest trending thrust faults, 

shown in Figures 2.1 and 2.3 (Hyndman et al., 1990; England and Calon, 1991; Yorath 

and Nasmith, 1995). 

Pacific Terrane is a sequence of Lower Cretaceous melanges, overlying Uppermost 

Triassic fragmental calc-alkaline volcanics and diorite intrusions with minor limestone 

(Brandon, 1985; Yorath, 1991). 

Crescent terrane comprises the Metchosin Igneous Complex and the Crescent Formation, 

and represents an ophiolite complex (Yorath, 1991). The Metchosin Igneous Complex 

was thrust beneath the Pacific Rim Terrane along the Leech River Fault. 

Sedimentation continued throughout the Tertiary. In central and southern Vancouver 

Island, the Cretaceous Nanaimo Group is overlain by a Mid to Upper Eocene sequence of 
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nonmarine sandstone, mudstone and minor coal. These sediments are assigned to the 

Kitsilano and Burrard Formations of the Vancouver area (Yorath, 1991). On the 

southwestern coast of Vancouver Island, the middle Eocene to Oligocene Carmanah 

Group is in depositional and fault contact with the Jurassic Bonanza Group. The group 

comprises marine sediments including, calcareous sandstone, conglomerate, and shale 

(Yorath, 1991). 

In mid to Late Paleogene and early Neogene, volcanism and plutonism re-occurred on 

Vancouver Island, with the Catface Intrusions. These comprise a suite of small 

hypabyssal bodies of broadly quartz diorite composition, which occur along many of the 

more important faults on the island (Yorath et al., 1999). 

Quaternary sedimentation on Vancouver Island is largely a result of three major 

glaciations. The largest and most recent glacial event, the Fraser Glaciation, started 

about 29 000 yrs BP, with ice retreating about 13 000 years ago, followed by a period of 

glacial rebound (Clague, 1991). Earlier glacial and non-glacial events are either scoured, 

away or buried by younger sediments. 

2.4 Metamorphism 

Metamorphism in the Wrangellian rocks of Vancouver Island is characterised by low 

grade regional metamorphism, up to greenschist facies. The Sicker Group includes 

chlorite and biotite zones, with minor zones of amphibolite facies, associated with 

plutons of the Island Suite (Juras, 1987; Greenwood et al., 1991). The overlying 

Karmutsen Formation has been metamorphosed to prehnite-pumpellyite to zeolite facies, 

while the Jurassic and Cretaceous strata are of zeolite facies mineralogy (Greenwood et 

al., 1991). 

The increasing metamorphic grade of Sicker Group rocks in western and southern parts 

of Vancouver Island, may reflect a general increase in the depth of erosion and 

abundance of plutonic rocks towards the western side to the island. The timing and 

origin of this regional metamorphism is uncertain but there is evidence for both pre-early 

Triassic and post Late Triassic events. A minimum age for the metamorphism is 

provided by the unmetamorphosed Eocene to Oligocene clastic sediments of the 

Carmanah Group, exposed in the southwestern parts of the island (Greenwood et al., 

1991). 
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The maximum temperatures reached during this regional metamorphism have been 

estimated by the conodont alteration index (CAI). In the Sicker Group, early 

Mississipian chert, and Permian limestone from the overlying Buttle Lake Group, have 

CAI values ranging from 5-7. This range indicates temperatures >300°C, which is 

consistent with chlorite-zone metamorphism (Brandon et al. 1986). In comparison, the 

overlying Upper Triassic Parson Bay Formation has CAI values from 3-7, and the 

average is significantly lower than those from the Sicker Group. The CAI data indicate 

that regional metamorphism of the Sicker.Gtoup took place pre-Late Triassic and post 

Permian (Brandon et al., 1986). 

The intensity of deformation in the Sicker Group is highly variable.. For example, Muller 

(1980) describes well preserved igneous clinopyroxes and a lack of penetrative fabrics in 

some locations, whereas in areas such as Myra Falls, the rocks are strongly cleaved and 

pyroxenes are strongly uralitized (Juras, 1987). The development of penetrative 

deformation appears to have occurred prior to the deposition of the Upper Triassic 

Karmutsen Formation, which lacks any deformation fabrics (Greenwood et al., 1991). 

In summary, the lower to mid-greenschist metamorphic grade of the Sicker Group rocks 

reflects deep burial, and in areas such as Myra Falls, local hydrothermal alteration around 

VHMS deposits. The CAI values and lack of deformation fabrics in the overlying 

Karmutsen Formation suggests that metamorphism occurred in the early Triassic, 

predating the approximate 100 Ma collision of Wrangellia with the western coast of 

Canada (Brandon et al., 1986; Greenwood et al., 1991): 

2.5 Structure 
The structural style of Vancouver Island is complex, reflecting the Mesozoic and 

Cenozoic 'accretionary history. The island has a strong NW oriented structural fabric 

formed by large flexural folds, normal and reverse faults strike-slip faults and broad 

belts of plutonic and metamorphic rocks. 

Regional mapping indicates that an early phase of folding was followed by several 

distinct episodes of brittle deformation (Table 2.1). These separate, deformation events 

reflect the complex tectonic history of the island. Massey (1992) suggests at least five 

major deformational events occurred, many of which have reactivated older structures. 
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Late Devonian 
to earliest 
Mississipian 

Middle Permian to pre-Middle Triassic 
(pre-Karmutsen Formation) 

Late Triassic 
(syn-Karrnutsen 
Formation) 

Early to Middle Jurassic 
(Post Bonanza Group) 

Tertiary 
Late Cretaceous to Eocene 

post Eocene (?) NW-trending 
faults 

Muller, 1980 NW trending assymetrical folds with axial 
planar cleavage variably developed; 
horizontal lineations; refolding of axial 
planar cleavage and lineations is rare; 
may postdate Buttle Lake Group (?) 

A set of N to NE 
trending faults 
may predate the 
Eocene NW trending 
faults (these could 
also be 2nd order 
splays) 

Major NW trending faults postdate 
deposition of the Nanaimo Group 
sediments, 
eg. Cowichan Lake Fault 

Large westward verging, NW-
trending thrust faults of probable 
late Cretaceous to late Eocene 
age in southern Vancouver 
Island 

Gabrlelse, 1991 Development of three major NW-trending anticlinoriums, cored by 
Paleozoic Sicker Group; 
Within these structures the Paleozoic rocks are commonly 
tightly folded 

Massey, 1992 
southern 
Vancouver Island 
(Cowlchan Uplift) 

Extensive 
crustal dilation 
during the Late 
Triassic evolution 
of the Karmutsen 
volcanic 
sequence 

Pre-Nanaimo Group deformation with 
regional-scale warping of Vancouver 
Island producing the three major 
anticlinal uplifts cored by Sicker Group 
rocks. 
Faulting, often axial, accompanied 
this deformation event 

Large-scale W to NW trending 
thrust faults. Most are high angle 
reverse faults, with dips 
between 45-90.; in places, 
paralleling the earlier axial 
foliation in Paleozoic rocks. 
Faults become listric 
at depth 

N-NE trending vertical cross 
faults, eg, Copper Canyon 
Fault„ offset NW-trending 
thrust faults with apparent 
sinistral sense; 
possible Miocene age 

Late Devonian to 
earliest Mississipian 
large scale open 
folds; 
Timing of deformation 
is indicated by an 
angular unconformitity 
between the Fourth 
Lake Group and the 
underlying Sicker 
Group In Cowichan 
Uplift 

Middle Permian to pre-Middle Triassic W to NW 
trending, SW verging asymmetrical folds with 
abundant parasitic minor folds; axial planar 
cleavage with moderate to steep NE dips; 
lineations with horizonatal to shallow 
W to NW or E to SE plunges 

A crenulation cleavage (S2) is oblique to Si 
and appears to be axial to broad 
open warps (possibly related to the regional-
scale warping of Vancouver Island during 
late Jurassic?) 

Nixon et al., 1994 
northern 
Vancouver Island 

Post Early Jurassic to 
pre-Cretaceous compressional 
event resulted in regional tilting 
and formation of the Victoria 
Arch, accompanied by flexural 
slip folding and faulting 

Post Mid to Pre-late Cretaceous 
northerly directed compression 
produced NW trending 
strike-slip and lesser thrust 
faults with oblique-dextral 
movement on NW oriented 
faults and sinistral movement 
on NE oriented faults 

NE to ENE trending normal 
faults formed during 
extension of Queen Charlotte 
Basin postdates deposition of 
Upper Cretaceous Nanaimo 
Group sediments; 
Reactivation of pre-existing 
strike-slip faults is observed 
Tertiary dikes intruded during 
this deformation event 

Yorath et al., 1898 
south-central 
Vancouver Island 

Paleozoic Sicker Group rocks have two fold phases present (in comparison to the overlying 
Karmutsen Formation, which has only one). A moderate to strong foliation is developed 
axial planar to subsidiary folds within core zones of the major anticlinal structures (eg. 
Cowichan and Buttle Lake Uplifts). The fold axes of these subsidiary folds are parallel and 
oblique to the trend of the major anticlinal structures 

One fold phase, comprising broad open 
folds is present in the Karmutsen Formation 
with dips on folded limbs ranging from 
15-35.; The overlying Bonanza Group is 
also folded 

Major NW trending faults 
developed during Eocene 
emplacement of the Pacific Rim 
and/or Crescent terranes beneath 
Wrangellia 

N trending faults offset 
the NW trending faults 
suggesting post-Eocene 
movement: displacement 
sense is unclear 

Tectonic 
Events 

Early deformation of Wrangellia 
prior to collision with the N.A. plate margin 

1It- 
Regional scale warping 
and formation of major 
anticlinal structures 
during collision of 
Wrangellia and NA. 

Accretion of Pacific Rim 
and crescent terranes 
during NW movement of 
Pacific plate relative to 
N.A. plate 

Opening of Queen 
Charlotte basin and 
continued NW motion 
of Pacific Plate 

Intrusion of Island 
Intrusive Suite 

Table 2.1: Correlation table of regional deformation events from Northern, Central and Southern Vancouver Island. 



2.5.1 Early ductile deformation of Wrangellia 
Large NW trending, SW verging asymmetrical folds are common in the Paleozoic Sicker 

Group rocks, with abundant minor parasitic folds. A moderate to steeply north-dipping 

axial planar foliation is variably developed, with intense flattening in volcanic rocks, 

normal to the foliation (Muller 1980; Massey, 1992). Lineations generally plunge 

horizontal to gently W to NW, or E to SE. Refolding of lineations, and crenulations of 

the axial planar cleavage, are not common, but are observed in some Sicker Group rocks, 

indicating a second phase of folding (Muller, 1980; Massey, 1992; Yorath et al., 1999). 

The timing and origin of folding in Paleozoic and younger rocks on Vancouver Island is 

contentious. Massey (1992) suggests that an initial phase of folding, comprising large-

scale open folds in the Sicker Group, developed during late Devonian to earliest 

Mississipian deformation. This age is based on an angular unconformity at the base of 

the Fourth Lake Formation (Buttle Lake Group), on the'SW limb of the Cowichan Uplift. 

The unconformity suggests subsequent uplift and erosion followed this early 

deformational event, prior to deposition of the Fourth Lake Formation. 

The tighter folding associated with the development of a penetrative fabric is thoUght by . 

some authors to be pre-Permian, owing to the lack of a fabric in the Permian &Jule Lake 

limestone. However, Muller (1980) suggests that there are some areas, such as Museum. 

Creek and south of Horne Lake, where the limestone is closely folded together with the . 

underlying strata. Massey (1992) suggests that the variation in fabric development may 

reflect rheological contrasts, with the Permian limestone acting more competently during 

deformation than the underlying Sicker Group volcanic rocks. Yorath et al. (1999), 

suggest a pre-Early Triassic age for the early folding and fabric development based on 

the fact that two phases of compressed folds are observed in the Sicker Group rocks, 

while only one fold phase, comprising broad open folds, is present in the overlying 

Triassic Karmutsen Formation. 

2.5.2 Mid to Late Triassic crustal dilation 

Massey (1992) suggests that extensive crustal dilation accompanied the intrusion and 

extrusion of the Karmutsen Formation lavas and gabbroic intrusives. Structures 

specifically associated with this magmatic event have yet to be documented. 

2.5.3 Early to Mid Jurassic regional -scale warping of Vancouver Island 
Regional-scale warping of Vancouver Island, during Early to Mid-Jurassic (pre-Nanaimo 

Group) N to NE directed compression, produced three major NW trending anticlinal 
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uplifts, including the Cowichan and Buttle Lake Uplifts. The Bonanza Group rocks, the 

Karmutsen Formation, and older rocks are gently folded into broad anticlinal uplifts with 

shallow dips of 15-35° on folded limbs in the Cowichan Uplift (Yorath et al., 1999). 

Faulting, often axial to the broad folds, accompanied the folding (Massey, 1992; Nixon, 

1994). Regional scale warping, as a result of E to NE directed compression, is also 

observed in northern Vancouver Island. In this area, pre-Cretaceous Bonanza Group 

sediments and older, are folded to form the Victoria Arch (Nixon, 1994, 1995). A 

maximum age for this deformation is indicated by the angular unconfortnity between the 

Triassic to Jurassic and older sediments, and the overlying Cretaceous sediments of the 

Nanaimo Group. 

This regional-scale warping most likely relates to the collision of Wrangellia with North 

America, during mid to late Jurassic. This is similar to the late Jurassic collision age 

suggested by stratigraphic evidence (Gabrielse and Yorath, 1991). 

The development of a second foliation and crenulations in Sicker Group rocks, in the 

core zones of these uplifts, may in part, be the result of rheological contrasts during this 

second folding event. The overlying Karmutsen Formation is much more competent than 

the underlying Paleozoic volcanic rocks, and more intense localised deformation could 

develop in the less competent rocks of the core zones (England and Caton, 1991; Yorath 

et al., 1999). 

2.5.4 Post Mid to pre -Late Cretaceous NW trending faults 
A series of NW trending strike-slip faults and lesser thrust faults has been mapped in 

northern Vancouver Island (Nixon et al., 1994,1995). These faults postdate deposition of 

the Mid Cretaceous Coal Harbour Group and may predate the Upper Cretaceous 

Nanaimo Group. These faults form the dominant NW trending structures in the area and 

are thought to be the result of north directed compression. These faults appear to have 

oblique dextral motion. NE trending antithetic faults are also common and exhibit 

sinistral, NW side up displacement. Minor NW trending thrust faults, with a south up 

sense of motion have also been observed. Substantial strain has also been accommodated 

by flexural slip folding and bedding parallel shear (Nixon etal., 1994,1995). 

2.5.5 Late Cretaceous to Eocene NW trending faults 
Large NW striking, W verging thrusts and strike-slip faults, such as the Beaufort Range 

and Cowichan Lake fault zones, dominate the structural fabric of Southern Vancouver 

Island. These faults postdate the Nanaimo Group, with substantial offsets of these 
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sediments. The faults have dips of 45-90°, and in places, parallel the early axial foliation 

in the Paleozoic rocks (Massey, 1992). Wide schistose zones develop around these faults 

in receptive lithologies and some faults have up to 1-2 km offset. Regional mapping by 

Massey (1992) suggests that fault movements are directed to the W to SW, resulting in 

sinistral movement on steep E-W trending strike-slip faults and oblique movement on the 

NW-striking thrust faults. Multichannel seismic reflection profiles in southern and 

central Vancouver Island, indicate that these faults dominate the subsurface structure of 

the island and that they are listric at depth, see Figure 2.3 (Hyndman et al., 1990; England 

and Calon, 1991). The large W verging faults which subdivide the base of Vancouver 

Island are probably of late Eocene age, while older, high level thrust faults, which occur 

near the east coast, are of probable Cretaceous age (England and CaIon, 1991; Massey, 

1992). These large NW trending thrust faults and strike-slip faults most likely developed 

during NE-SW directed crustal shortening caused by the collision and accretion of 

Wrangellia and subsequent Pacific Rim and Cresent terranes, onto North America. 

A set of N to NE oriented faults appear to predate the large NW trending faults, and these 

may represent an earlier brittle episode of deformation or could be second order splays 

(Muller, 1980). 

2.5.6 Post Eocene faults 
In many places the large NW trending faults are offset by N to NE trending vertical 

faults, such as the Copper Canyon and Yellows Creek faults in southern Vancouver 

Island (Massey, 1992; Yorath et al., 1999). Regional mapping suggests an apparent 

sinistral sense of displacement. The age of these faults is not known, however, similar 

NE striking faults in the southern coast belt, are early Miocene in age, although these 

faults have dextral offsets (Joumeay and Csontos, 1989). 

In northern Vancouver Island, Nixon (1994,1995) reports the most recent phase of 

deformation is represented by minor NE to ENE striking normal faults, with minor 

reactivation of pre-existing strike-slip faults. These faults are the result of NW to NNW 

directed extension, during the opening of the Queen Charlotte Basin (Riddihough and 

Hyndman, 1991), and postdate the deposition of the Upper Cretaceous Nanaimo Group 

sediments. 

Tertiary to recent thrust and strike-slip faulting has continued throughout the island as a 

result of continued NW motion of the Pacific plate relative to the North American plate 

(Gabrielse, 1991). The emplacement and underplating of the Pacific Rim and Crescent 
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terranes, together with the effects of the modern subduction complex, has resulted in the 

uplift of western and southern Vancouver Island, and erosion of several kilometres of 

Wrangellian stratigraphy. 

2.6 Metallogeny of Vancouver Island 
Vancouver Island has a long history of diverse voluminous volcanism, related plutonism, 

intercalated reactive carbonates and repeated tectonic episodes, which has resulted in the 

formation of numerous mineral deposits and showings throughout the island (Dawson et 

al., 1991). They are predominantly small, sub-economic deposits and are grouped into 

pre-accretionary and post-accretionary deposit types. 

2.6.1 Pre -accretionary deposits 
Pre-accretionary deposits are characterised by syngenetic styles of ore formation, and this 

metallogenic episode is dominated by volcanic-hosted massive sulphide deposits, hosted 

by felsic volcanics of the Paleozoic Sicker Group. Known deposits include the Myra 

Falls district in the Buttle Lake Uplift; and the Mount Sicker (Twin J) mine, and the Lara 

Deposit in the Cowichan Uplift. The Duck Lake Formation contains iron formations .  

dominated by iron oxide facies and minor sulphides, which may have an exhalative 

origin. Other jasper and oxide-rich cherts are found in the Nitinat and McLaughlin Ridge 

Formations, but appear to be of little economic value. 

Skarn deposits rich in iron, some with significant copper and precious metals are also 

common. Most are near or partly in Jurassic plutons (Island Intrusives) at the top of the 

Karmutsen Formation, replacing it and/or limestones of the Quatsino or Kunga 

Formations. Known deposits include, Coast Copper, Kennedy Lake, Merry Wide, 

Nimpkish, Argonaut, and Zeballos (Dawson et al., 1991). Other copper skams replace 

limestone of the Buttle Lake Formation (Thistle Lake deposit). 

Porphyry copper deposits are also associated with Jurassic plutons of the Island Intrusive 

Suite. The single economic porphyry deposit is the Island Copper mine, in northern 

Vancouver Island, near Port Hardy, which was mined until 1996 by BHP Minerals 

Canada. Mineralistation and alteration are related to the intrusion of quartz-feldspar 

porphyry dykes into Bonanza Group volcanics (Mathias et al., 1995). Alteration consists 

of a high sulphidation assemblage consisting of pyrophyllite, dumortierite and diaspore 

and crosscuts the copper moly-gold rich ore shell (Mathias et al., 1991). 
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Other pre-accretionary deposits on Vancouver Island include three near Port Alberi, 

which are skarn and massive sulphides (Thistle mine), auriferous hematite and the 

Villatla prospect, and auriferous altered stockworks at the Debbie Prospect. There are 

also some small stratbound Cu(Ag,V) deposits near Menzies Bay and Quadra Island. 

2.6.2 Post -accretionary deposits 
Post-accretionary deposits are not as common as the pre-accretionary types and consist 

mainly of epigenetic veins, stockworks or porphyries. Most are small vein deposits in 

young fault zones that cut Wrangellian rocks and may have formed by the redistribution 

of pre-existing metal deposits. Some minor porphyry copper deposits also occur in 

plutons of the Eocene Catface Suite (Dawson et al., 1991). 

Post-accretionary deposits include the Domineer-Lakeview zone at Mount Washington, 

and the Privateer at Zeballos. Domineer is a flat quartz vein-shear which crosscuts the 

Nanaimo Group, Catface sills and the Karmutsen Formation and contains pyrite-

arsenopyrite and minor sulphides, tellurides, realgar and orpiment. Privateer occurs 

adjacent to the Zeballos stock of the Catface Suite and occurs as steep quartz veins 

containing pyrite and arsenopyrite, with minor sphalerite, chalcopyrite, gold and siliver 

(Dawson et al., 1991). 

2.7 Summary 
• Vancouver Island forms part of the Wrangellia Terrane, and together with the 

Alexander Terrane, forms the Insular Belt of the Canadian Cordillera. The time of 

collision between the Insular Superterrane and the ancient margin of North America 

is thought to be early Cretaceous. 

• The Wrangellia Terrane consists of Paleozoic to Cenozoic arc-related rocks, and the 

Paleozoic Sicker Group, which hosts the VHMS orebodies of Myra Falls, forms the 

basement rocks of Vancouver Island. 

• Metamorphism of Wrangellian rocks of Vancouver Island is characterised by low 

grade regional metamorphism, up to greenschist facies, with chlorite and biotite 

zones predominant, and minor zones of amphibolite facies associated with plutons of 

the Island Intrusives. The overlying Karmutsen Formation is prehnite-pumpellyite to 

zeolite facies, while Jurassic and Cretaceous strata are of zeolite facies. 
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• The structural style of Vancouver Island is complex, reflecting the Mesozoic and 

Cenozoic accretionary history. The island has a strong NW oriented structural fabric 

formed by large flexural folds, normal and reverse faults, strike-slip faults and broad 

belts of plutonic and metamorphic rocks. 

• Mineral deposits on Vancouver Island can be divided into pre-accretionary and post-

accretionary deposits. The pre-accretionary deposits are dominated by syngenetic 

styles of ore formation and include the Myra Falls VHMS camp. Post-accretionary 

mineral deposits are predominantly epigenitic veins, stockworks or porphyries. 
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Chapter 3 

Local Geology 

3.1 Introduction 
This chapter gives an overview of the local geology of the Myra Falls area, with the 

main emphasis on the mine sequence, which hosts the VHMS orebodies. Figure 3.1 is a 

map of the geology of Strathcona Provincial Park. The mine property lies within the 

Sicker Group in the core of the Buttle Lake Uplift at the southern end of Buttle Lake. 

Large plutons of the Island Intrusive Suite dominate the area south and west of the 

property, with the thick basaltic flows of the Karmutsen Formation covering the rest of 

the area. Major E-W and NW trending structures are also shown, many with apparent 

sinistral offsets. 

3.2 Local stratigraphy 
The stratigraphy of the Myra Falls area, based on work by Muller (1980) and Juras 

(1987) is illustrated in Figure 3.2. The Devonian Sicker Group, a volcano-sedimentary 

sequence, is overlain by the younger Mississipian to Permian sedimentary sequence, the 

Buttle Lake Group. Juras (1987), further subdivided the Sicker Group into four 

formations, which, in ascending stratigraphic order are. the Price, Myra, Thelwood and 

Flower Ridge formations.. As these formations have been described in the previous 

chapter, only the Myra Formation will be described here. 

3.3 Myra Formation — mine sequence 
The Myra Formation hosts the VHMS orebodies at Myra Falls and outcrops on the sides 

of Myra Valley and on Price Hillside, where the original sulphide showings were pegged 

in 1917. The formation has been separated into 10 main lithofacies, based on detailed 

mapping on the Price Hillside by Juras (1987), and stratigraphic interpretations by 

company geologists. These units make up the mine sequence and the initial sequence by 

Juras (1987) is shown in Table 3.1. 
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In this study; the sequenceis combined into six maimunits. .These units form the main 

mappable horizons across the property and include various facies and intercalated units 

(see Table 3.1). The lithofacies have been combined into these mappable units to aid 

geological interpretations and geological modelling, especially for paleo-reconstructions. 

The six main units are, in stratigraphic order, the HW. Horizon, hangingwall andesite, 

lower mixed volcaniclastics, Lynx-Myra-Price Horizon, Upper mixed volcaniclastics, 

and upper mafic unit. 

The basal contact of the Myra Formation at Myra Falls is marked by a change from 

andesitic volcaniclastic rocks to rhyolitic volcaniclastic rocks (see.Figure 3.3d). The 

Price Andesite forms the footwall to the VHMS orebodies at Myra Falls and is altered to 

a quartz-sericite-pyrite assemblage beneath the massive sulphides, elsewhere the 

andesite is chloritized and epidotized. 

3.3.1 HW Horizon 
The oldest unit of the Myra Formation is the HW Horizon, which is a dominantly 

rhyolitic volcano-sedimentary package, comprising coarse volcaniclastics (Figure 3.3a), 

sandstones, and mudstones, with massive quartz-feldspar porphyry bodies near the top of 

the horizon. The horizon can be divided into 5 main facies, which include, massive to 

semi-massive sulphide, chert, argillite-silt, fine to medium-grained rhyolitic 

volcanielastic rocks, coarse-grained rhyolitic volcaniclastic rocks, ore clast breccias, and - 

quartz-feldspar porphyry. 

Facies of the HW Horizon are described in greater detail than other units, as one of the 

aims of this study was to map facies yariation within this horizon. 

Massive to semi-massive sulphides occur in thick lenses, up to 35m thick, of massive and 

banded ore, forming the HW, Extension, Battle, and Ridge Zone orebodies, and the 

smaller more discontinuous Marshall and Trumpeter Zones. The ore is predominantly 

hosted by coarse-grained rhyolitic or mixed andesitic-rhyolitic volcaniclastics, close to ' 

the contact with the underlying Price Andesite. Chalcopyrite, sphalerite, pyrite and 

galena are the dominant sulphide species with lesser bomite and tetrahedrite, and 

accessory chalcocite, colusite, and gold (Figure 3.3b-d). Upper zone sulphides also occur 

in the mid-tipper part of the HW horizon, above both the HW and Battle deposits. These 

upper zones differ from the main sulphide bodies at the base of the horizon, as they are 
; 

predominantly Zn-Pb-barite-rieh and pyrite-poor. 
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Figure 3.1: Regional geological map of the Myra Falls area, modified from Geological Survey of Canada information circular, 1995-7. 



Figu re  3.2:  Myra  Falls  area  strat igraphy,  modified after  Juras  ( 19 87)  and Sinc lair  (2000).  
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Chert is common immediately above the Battle deposit where it appears to form a thick 

'cap' above the ore. It is also present above ore in the Ridge and Extension zones, with 

minor localised occurrences above the HW orebody. The siliceous rocks are very fine 

grained, moderately to strongly laminated and occur in lenses up to 5m thick. This study 

examines these siliceous rocks in detail, with full descriptions given in Chapter 6, to 

determine their origin, whether or not they represent biogenic cherts, exhalites, or 

replacement cherts. 

Argillite is found throughout the property, and thin argillite horizons are commonly 

intercalated with many units of the mine sequence. However, very thick sequences 

occur in the southern and eastern parts of the property, in the Thelwood Valley and 

south-flank areas. A thick argillite sequence also occurs above the HW deposit and to 

the south and west of the Battle deposit. The argillite is usually black to dark grey, 

massive to finely laminated and is often interbedded with fine rhyolitic sandstone and 

silt. Argillite also occurs as fine rip-ups in overlying sandstone units. The sandstone and 

silt commonly grade up into argillite and the argillite most likely represents the upper 

part of turbidite and/or background pelagic sedimentation. A detailed description of this 

unit is given in Chapter 6. 

Fine to medium rhyolitic volcaniclastics occur throughout the HW Horizon and are often 

interbedded with the chert and argillite. Graded bedding is common with weak to 

moderately graded beds 0.5-5m thick and these units most likely represent turbidite 

deposits. The volcaniclastic rocks also occur in massive beds, commonly interbedded 

with much coarser units, and probably represent the finer portion of mass flow deposits. 

• Coarse-grained rhyolitic volcaniclastics are common throughout the HW Horizon, 

especially close to the basal contact with the underlying Price Andesite, often hosting 

ore, and in the upper half of the MW Horizon. The coarse-grained volcaniclastic rocks 

are typically very poorly sorted and matrix supported, with subangular to subrounded 

clasts, and most likely represent mass debris flows. 

Ore clast breccia is common above the HW deposit, and form minor horizons above the 

Battle deposit and Ridge zones. The ore clast breccia comprises coarse-grained rhyolitic 

volcaniclastics with ore clasts scattered throughout. The ore-clasts usually make up a 

very minor proportion of the unit, and are generally less than 5cm, although can be up to 

30cm immediately above the ore. 

37 



Stratigraphy 
(Juras, 1987) 

Major lithofacies 
(modified this study) Intercalated units 

Upper mafic unit 
Upper mafic unit 

Mafic volcaniclastics 
minor argillite and 
bedded jasper 

Upper Rhyolite 
Upper mixed volcaniclastics 

dominant fades: 
mafic and lesser 
felsic volcaniclastics 
minor argillite 

- 

G-flow- 	uttramafic lava flow 

Upper mixed 
volcaniclastics 

G-flow 

Lynx-Myra-Price Horizon 

Lynx-Myra -Price Horizon 

dominant fades: 
rhyolitic sandstone to silt 
Sulphide breccia 
argillite-chert 
massive sulphides 

Upper Dacite Lower mixed volcaniclastics 
dominant fades: 

mafic volcaniclastics 
minor felsic 
volcaniclastics 
minor argillite 

 Upper Dacite- 	massive dacite porphyry 

Orec last 
breccia unit- 	minor to moderately 

abundant sulphide 
clasts in 	mixed 
volcaniclastics 

Lower mixed 
volcaniclastics 

Oreclast breccia unit 

Hangingwall andesite 
Hangingwall andesite 

Mafic lava and 
volcaniclastics 

HW Horizon HW Horizon 
dominant facies: 

quartz-feldspar porphyry 
rhyolitic sandstone to silt 
Sulphide breccia 
argillite-chert 
massive sulphides 

minor mafic sills often with 
peperitic margins 

minor mixed volcaniclastics 

Table 3.1: A comparison of the mine sequence at Myra Falls from Juras (1987) with lithofacies 
used in this study. 

Quartz-feldspar and feldspar porphyry is found predominantly near the top contact of 

the HW horizon and forms large flow-dome-like bodies and sills in the northern part of 

the property. There appears to be a distinct variation in the nature of porphyry bodies 

across the property. Quartz and quartz-feldspar phyric porphyry bodies are common in 

the western and northwestern areas, above the Battle orebody and Ridge zones, while 

feldspar-phyric porphyry bodies dominate the area north of the HW orebody and to the 

east, in the Price hillside and Thelwood Valley areas. Geochemical variations between 

these porphyry bodies are shown in Chapter 6. 
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Figure 3.3: Typical examples of 
mine sequence rocks; a) Coarse-
grained Price Andesite with a sharp 
contact up into rhyolitic volcaniclastic 
rocks of the HW Horizon (SJ601, 
16-33, 26m, South Flank, and SJ740, 
21-2072, 105.6m, HW mine); 
b) Chalcopyrite crystals on fracture 
plane in banded chalcopyrite-
sphalerite-galena ore, Battle mine, 
Gap Zone, Battle mine; c) sphalerite-
chalcopyrite-bomite-galena ore, 
Battle mine; d) Banded chalcopyrite, 
sphalerite and pyrite, C-sub, HW mine. 
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3.3.2 Hangingwall Andesite 
Hangingwall Andesite comprises a thick basaltic andesite unit, which is typically 

massive, but also has thick zones of in-situ quench breccia and peperitic margins. The 

thickness varies from several metres to greater than 100m in places. The andesite is 

medium to dark grey-green, medium grained (1-3mm) and massive with a very uniform 

equigranular appearance in flow units. 

3.3.3 Lower mixed volcaniclastic rocks 
The lower mixed volcaniclastic package is a thick horizon, up to 200m in places, which 

is found across the property. The horizon consists of medium to coarse-grained 

andesitic, dacitic and rhyolitic volcaniclastic rocks, in poorly sorted, matrix supported 

units (Figure 3.4a). Andesitic clasts dominate with varying dacite, rhyolite and minor 

jasper clasts in a dominantly andesitic matrix. Minor argillite horizons occur 

throughout, and the argillite commonly occurs as rip-up clasts in adjacent coarser-

grained units. The andesite clasts are medium to dark grey-green, subangular to angular, 

0.5-3cm, and randomly oriented in a darker grey-green andesitic matrix. The rhyolite 

and dacite clasts are paler grey and grey-green and commonly subrounded to • 

subrounded. Thin horizons of massive to finely laminated argillite, also occurs 

throughout the mixed volcaniclastic unit. 

Ore clast breccia occurs in discontinuous zones in the lower half of the lower mixed 

volcaniclastic unit across the property. The ore clast breccia comprises coarse-grained 

andesite-rhyolitic volcaniclastics with ore clasts scattered throughout. The ore-clasts 

usually make up a very minor proportion of the unit, and are generally less than 5cm. 

Upper dacite occurs close to the top of the lower mixed volcaniclastic unit above the 

HW orebody and in the Price area, and comprises massive dacite lava, forming large 

flow-dome complexes and sills. The dacite is commonly massive aphyric to strongly 

porphyritic, with euhedral feldspar phenocrysts dominating. The dacite is variably 

chlorite and epidote altered. 

3.3.4 Lynx -Myra -Price Horizon 
A discontinuous rhyolitic package occurs near the top of the Lower Mixed 

Volcaniclastic unit, and hosts the upper mineralized Lynx-Myra-Price Horizon. The 

thickness of the rhyolitic unit is highly variable, ranging from 1 to 45m thick. The unit 

consists of massive and bedded, fine to coarse-grained quartz-feldspar phyric rhyolitic 
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Figure 3.4: Examples of mine sequence lithologies at 
Myra Falls: a) Coarse-grained mixed andesitic and 
rhyolitic volcaniclastic rock overlying the HW Horizon 
in drive C353DD, HW mine (Lower Mixed Volcaniclastic 
Unit); b) Coarse-grained volcaniclastic rock on Price 
Hillside (Upper Mafic Unit, Jim Mitchell Road, Price 
Hillside); c) Epidote-chlorite altered coarse-grained 
volcaniclastic rock (SJ635, Upper Mafic Unit, Price 
Hillside); d) Epidote-chlorite altered laminated mudstone 
and fine sandstone of the Thelwood Formation, (SJ828) 
Westmin Road cutting above Buttle Lake. 
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volcaniclastics, laminated chert and massive and semi-massive sulphides in the Lynx, 

Myra and Price orebodies. The dominant sulphide species are chalcopyrite, pyrite, 

sphalerite and galena, and the orebodies of this horizon are characterised by abundant 

barite. 

3.3.5 Upper Mixed Volcaniclastic unit 
The Upper Mixed Volcaniclastic unit consists of andesitic, dacitic and rhyolitic 

volcaniclastic rocks (in decreasing order of abundance) and minor ore-clasts. The unit is 

medium to coarse grained with abundant pale to medium grey and green, subrounded to 

angular clasts, randomly oriented in a dark grey-green strongly sericite altered matrix. 

Clast sizes range from 2 to 30mm and the unit is very poorly sorted and predominantly 

matrix supported. 

3.3.6 Upper Mafic Unit 
The Upper Mafic Unit, or "P & G Unit" (purple and green unit) is the uppermost 

lithofacies unit of the Myra Formation. It is present throughout the property, and is 

thickest (>200m), in the southwest region, thinning to 5m in the northeast. The main 

rock types are basaltic volcaniclastic rocks with minor basaltic flow units (Figures 3.4b 

and 3.4c). Clasts are typically randomly oriented to jigsaw-fit within a finer matrix, and 

clast sizes range from 1 to 50cm. The main clast types are strongly pyroxene and 

feldspar-phyric basalt. Haematite and epidote alteration is common throughout this unit, 

giving it a distinct appearance. 

The upper contact of the Upper Mafic Unit (and the Myra Formation), is marked by a 

relatively sharp change into the overlying finely laminated mudstones of the Thelwood 

Formation or "Sharp Banded Tuff" (SBT), see Figure 3.4d. 

3.4 Tectonic and depositional setting of Sicker Group rocks 
The Paleozoic Sicker Group rocks is thought to have formed in an intra-continental back 

arc setting, based largely on major, trace and rare earth element data, which indicate a 

transitional to mildly calc-alkaline arc affinity for the volcanic rocks (Juras, 1987; 

Barrett & Sherlock, 1996). The felsic volcanics at Myra Falls have similar geochemical 

characteristics to felsic rocks associated with the Kuroko Zn-Pb-Cu deposits (Juras, 

1987; Barrett and Sherlock, 1996). Mafic volcanics also have marked similarities to 

intra-island arc rocks from several localities, such as the Okinawa Trough, a marine 

intracontinental back-arc basin south of Kyushu, Japan (Ishizuka et al., 1990), and the 

offshore Taupo Volcanic Zone, north of New Zealand. This is a transitional zone 
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between the Kermadec Ridge-Havre Trough system and the intracontinental Taupo 

Volcanic zone (Gamble et al., 1995). 

The complex stratigraphy of the Myra Falls rocks reflects the varying roles of tectonism, 

volcanism and sedimentation during development of a continental island arc system that 

evolved from early to mature arc, and finally an incipient rift setting. The initial rift 

system may or may not have developed into a spreading centre. Juras (1987) gave a 

very detailed account of the changing tectonism and volcanism throughout the area and 

the section below is largely a summary of his work, with slight modifications resulting 

from this study. 

In the Myra Falls area, early mafic and intermediate volcanism (Price Andesite), was 

followed by a period of syn-depositional rifting and widespread deposition of felsic 

volcaniclastic rocks (HW Horizon). The rifting was accompanied by regional sub-

seafloor hydrothermal circulation and locally intense geothermal systems developed 

where fluid flow was focussed along growth structures. This resulted in the formation of 
_ 

VHMS orebodies, including the Battle and HW deposits, at outflow zones on or close to 

the seafloor. A period of volcanic and tectonic quiescence, indicated by widespread 

deposition of argillite, chert and fine tuffaceous silts, occurred during or just after (?) ore 

formation. A period of rhyolitic volcanism followed, with the deposition of thick 

rhyolitic mass flow deposits and the intrusion of large quartz-feldspar porphyry bodies 

near the top of the HW Horizon. Marked facies variations in the HW Horizon across the 

mine property reflect the development of significant seafloor topography and proximity 

to source regions such as seamounts or felsic centres. Topographic variations are 

probably the result of rift basin formation and the development of volcanic cones. 

This episode of felsic volcanism was followed by repeated rifting, tectonism, and mafic-

to intermediate-dominated volcanism, with only minor felsic volcanism, resulting in a 

thick accumulation of complexly intercalated volcaniclastic and epiclastic mass flow 

deposits. The extensive nature of these deposits and their complexity, reflects 

simultaneous activity of rift-related and arc-related volcanism, from a number of active 

volcanic centres. The likely position of mafic volcanic centres is indicated in Figure 3.5 

(from McKinley et al., 1997). 

A thin discontinuous rhyolitic volcaniclastic package in the upper part of the Myra 

Formation hosts the Lynx-Myra-Price orebodies, indicating that renewed hydrothermal 

activity occurred during a limited period of rhyolitic volcanism. Fine-grained sediments, 

including argillite and chert, are also associated with the Lynx and Myra orebodies and 
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Figure 3.5: General tectonic and volcanic setting of the Myra Falls VHMS deposits (modified 
after McKinley et al. 1997). 

indicate that hydrothermal activity was coeval with, or postdated (?) a period of 

tectonic/volcanic quiescence. 

The onset of further mafic to intermediate volcanism is indicated by the overlying Mixed 

Volcaniclastic unit and the thick Upper Mafic Unit. A marked change in volcanic 

activity and sedimentation is indicated by the sharp change from the coarse-grained 

mafic volcaniclastics of the Upper Mafic Unit up into the fine-grained laminated 

mudstone and bedded sandstone of the Thelwood Formation. The much broader lateral 

extent of the Thelwood Formation and the fine-grained nature of the sediments, suggests 

more subdued topography and reduced volcanic activity in the area. Arc-related material 

decreases markedly up section in the Thelwood Formation, and the upper part of the unit 

is dominated by argillite and chert, reflecting increasing pelagic sedimentation. 

3.5 Local structure 
The structure of Myra Falls VHMS camp is complex, with several distinct episodes of 

ductile and brittle deformation affecting the area. For this reason, many structural 

reports have been written, including; Gunning (1931), Jeffery (1967), Walker (1980, 

1983, 1985), Westmin Resources Ltd (company reports), Juras (1987), Berry (1995, 

1996, 1998, and 2000) and Sinclair (2000). 

The area is dominated by a N to NW trending structural fabric, formed by the Sicker 

Group rocks, in the large Buttle Lake anticlinal uplift. A major anticline extends through 

the mine property, and the hinge zone coincides with the Lynx-Myra-Price orebodies. 

The position of the hinge zone, most likely reflects the pre-existing anisotropy caused by 
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the strong alteration around the orebodies. Abundant parasitic folds are present 

throughout the property, and are generally open, upright folds with a weak to strongly 

penetrative axial planar cleavage. The cleavage has moderate to steep N-NE dips. Fold 

axes and lineations are generally horizontal or plunge gently E-W. 

Abundant W to NW trending brittle faults disrupt the sequence, some with apparent 

sinistral offsets (Figure 3.1). Moderate to steeply dipping normal, reverse and strike-slip 

faults, flat faults, and bedding-parallel shearing, have been described in various reports 

(Walker, 1980, 1984, 1985; Juras, 1987; Berry, 1995, 1996, 1998 and 2000; and Sinclair, 

2000). The majority of structures are thought to be post-Mesozoic, forming during 

compression and uplift during collision of Wrangellia with North America, or Tertiary 

(Muller, 1980; Massey, 1992; Yorath, 1999). 

The most recent work by Berry (2000) and Sinclair (2000) outlined a deformation 

history for the area, and included results from this study (e.g., Jones and Berry, 2001). A 

more detailed structural history is reported in this thesis and includes the following 

deformation events: 

Early growth faults, representing early basin-controlling structures and possible ore 

fluid conduits (?); 

D I : Folding and development of E-W-oriented cleavage; 

D2: Localised shear zones 

D3: Conjugate strike-slip faults and shallow thrust faults; 

D4: Normal faults; and 

D5: Thrust faults and steep strike-slip faults. 

A detailed description of cross cutting fault relations, fault morphology, geometry and 

fault kinematics, which define the various brittle deformation events, is given in the 

following chapter. 

3.6 Metamorphism and alteration 
The Sicker Group rocks at Myra Falls have undergone lower greenschist metamorphism 

as a result of regional burial and submarine hydrothermal alteration. Juras, (1987) 

describes the typical metamorphic mineral assemblages for various lithologies 

throughout the sequence, with chlorite zone rocks dominant in the lower parts of the 

sequence and pumpellyite-actinolite facies assemblages dominant in the uppermost parts 

of the sequence (Table 3.1). Ubiquitous sericite alteration occurs in felsic and mafic 

rocks close to mineralized zones, obscuring much of the original volcanic and 

sedimentary features. 
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Formation Rock type Mineral Assemblage 

Flower Ridge basalt chi + ep/clz + ab + q + act ±cc ±pp 

Thelwood intermediate tuffs 
mafic sills 

chi + ep/clz + q + ab 
chi + ab + ep 

Myra basalt chi + q + ab 
chl + ep + ab + q± act ± cc 
ep + q + ab + cc ± act 

basaltic andesite, andesite ep + ab + q ± chl ± cc ± act 
chl + ab + q ± ep ± cc 

feldspar porphyry ab + q + ep + ser ± chl ± hem 

quartz-feldspar porphyry ser + q + ab ± chl 

Price andesite, basaltic andesite 
high MgO basalt 

chi + ep + ab + q + cc ± act 
act + chi + ab + ep 
chl + cc + ser + hem 

Table 3.2: Metamorphic mineral assemblage of Myra Falls lithologies. Mineral abbreviations: 
chl=chlorite; ep=epidote; clz=clinozoisite; ab=albite; q=quartz; act=actinolite; cc=calcite; 
pp=pumpellyite; ser=sericite; and hem=haematite. 

The metamorphic mineral assemblages are diverse, reflecting variations in factors such 

as, the bulk composition of rock types (e.g., ultramafic to felsic), rheological factors 

such as porosity and permeability, water/rock ratio and fluid compositions. The 

metamorphic mineral assemblages from Juras (1987) are discussed in the following 

paragraphs. 

Chlorite and epidote-dominant assemblages are common in mafic lithologies of the Price 

and Myra Formations. Actinolite is also fairly common, and usually occurs as a 

pseudomorph after clinopyroxene. Mineral assemblages in felsic lithologies of the Myra 

Formation, are dominated by, white mica and quartz, with minor albite and chlorite. White 

mica, quartz and minor chlorite is also dominant in feeder zones in the Price Andesite 

beneath the HW and Battle orebodies. The chlorite content appears to increase away from 

the intensely altered feeder zone (Juras, 1987). 

The Thelwood and Flower Ridge Formations, in the upper part of the sequence, are 

dominated by a metamorphic mineral assemblage of chlorite-epidote/clinozoisite-albite-

quartz-actinolite-calcite-pumpellyite. Pumpellyite is only found in the upper to middle 

parts of the Flower Ridge Formation, implying that metamorphic grade increases with 

depth, from sub-greenschist facies at the top of the formation to lower greenschist facies 
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conditions in the lower parts of the Rower Ridge Formation. Silicification and minor 

epidote veining in the Thelwood Formation is thought to be a result of 

penecontemporaneous intrusion of mafic sills. 

The slight increase in metamorphic grade with depth, from sub-greenschist facies in the 

upper parts of the stratigraphy to lower-mid greenschist facies conditions in the lower units, 

suggests the metamorphism is a result of regional burial. However, Juras, (1987) also 

suggests that the timing of some of the alteration in the sequence is early, ie., submarine 

seafloor alteration. For example, basaltic clasts, with markedly different alteration 

assemblages, often occur together in the same breccia unit. This implies that alteration 

occurred prior to phreatic fragmentation, when the basalt formed a more cohesive lava 

body. 

A mid-Jurassic overprint of the regional burial metamorphism, as a result of intrusion of the 

Island Intrusive Suite, is indicated by reset K-Ar and to a lesser degree Rb-Sr isotopic dates 

(Juras, 1987). However, there is little evidence of contact metamorphic mineral 

assemblages in the Sicker Group rocks at Myra Falls. Within several hundred metres of the 

large plutons, biotite should start to appear in the intermediate and mafic rocks. However, 

biotite is not reported, even in the sequence in Thelwood Valley, which is located close to 

Island Intrusive Suite plutons. Metamorphic minerals are overprinted by the D2 event, with 

an increase in the grainsize of phyllosilicates, and pressure shadow development around 

brittle minerals such as pyrite. 
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Chapter 4 

Myra Falls structure 

4.1 Introduction 
The Sicker Group, which hosts the VHMS orebodies at Myra Falls, is strongly deformed by 

ductile and brittle deformation episodes. The sequence is folded and offset by numerous 

faults with a wide range of orientations, morphologies and kinematics. 

To determine the overall effect of these deformation events on the sequence, a footwall 

contour map of the top surface of price Andesite was constructed (Figure 4.1). This map 

highlights the major structures affecting the sequence, with marked offsets in the footw tall 

used to estimate the position and orientation of the major struCtures. For example, a large 

topographic high in the southern part of the property, represents the%hinge zone of the Myra 

Anticline This topographic high is offset laterally by two large faith zones the Myra Price 

Fault Zone on the eastern side of the property and the Lynx-Phillips Fault Zone on the west. 

A large topographic..lOw in the northern part of the properly is related to doWn-throw.  on-the 

North Fault Zone. 

Smaller topographic lows, or basinal features occur beneath the HW orebody and southwest 

of the Battle orebody. These may represent the original basins formed contemporaneously•

with VIIMS orebodies: Rapid changes in footwall eleVation into these basins and • 

associated stratigraphic thickening, most likely indicate the presence of syn-depositional 

growth faults. One of the aims of this firOject was to locate growth structures and determine 

their relationship to ore and the overlying caprocks. As these early basin-controlling 

structures are strongly overprinted by subsequent deformation, to locate these structure s . 

with any accuracy, a good understanding of the deformation history is necessary. For this 

reason, a detailed structural study was undertaken to determine the deformation sequence in 

order to reconstruct the paleoseafloor topography and locate early growth structures. 
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Figure 4.1: Contoured top surface of Price Andesite, which is thought to represent the deformed paleoseafloor (see discussion in text). Marked changes in the footwall 
contours highlight the major displacements resulting from the major structures. Only the lower mineralised horizon is shown as this horizon occurs on, or very close to 
the top contact of Price Andesite. Areas with no drillhole information are blanked out. 



4.2 Methods 

Structural measurements were .  colle'cted during underground and surface mapping, over 

three field seasons at Myra Falls. Approximately 1000 fault planes and striations were 

measured, along with foliation, fold axes -  and•mineral r lineation measurements. Data was 

collected from underground in the HW, Battle Lynx and Price mines, and from surface 

measurements in the Lynx and Myra open-cut, Price hillside and Westmin Road cuttings. 

Fault striation data from previous work by Ron Berry (Berry, 1998, 2000) was also 

combined with this study Structural interpretations on drillhole sections were constructed 

from detailed drillcore logging, noting bedding, cleavage and fault attitudes and styles. The 

location, orientation and displacement sense of some of the larger structures shown in 

Figure 4.1, such as the Lynx-Phillips, Myra-Price and North Fault Zones, are partly based 

on previous mapping and interpretations by company geologists, owing to a lack of suitable 

exposure. The orientation and location of other structures, such the Flat Fault (or Battle-

Main Fault), and the East-Main Fault, are based on a combination of company data and 

underground measurements collected during the study. 

Mine grid coordinates are used throughout this chapter, (mine north is +48° from true 

north). Where true north coordinates are given, such as in the regional correlation, Section 

4.10, the true north coordinates are in bold italics (e.g., true north). 

4.2.1 Separation of brittle deformation events 
A wide range of fault styles, orientations and kinematics were recorded at Myra Falls, 

making it difficult to determine a clear deformation sequence. Faults ranged in style from 

very planar, gouge-free faults with quartz-epidote-chlorite fibres, to wavy anastomosing 

faults with abundant gouge and only rare fibres. The faults were separated into groups 

based on the fault geometry, morphology and kinematics, and the criteria used to sort the 

faults included: 

• Fault orientation; 

• Displacement sense; 

• Style of kinematic indicators, (e.g., coarse °Hine quartz fibres, quartz-chlorite- 

epidote fibres, fine grooves in fault gouge, foliation or bedding drag adjacent to 
, 

faults, and dyke offsets); 

• Geometry, (e.g., wavy anastomosing faults, or planar faults); 

• Presence or absence of fault gouge; 

• Presence or absence of cleavage zones; 

• PresenCeor absence of veining; and 

Type of veining, (e.g., quartz-carbonate, clear or milky quartz 
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Figure 4.2: Criteria used to determine the sense of displacement (a-d) and relative age (f-g) from fault 
striations at Myra Falls (all diagrams are drawn with the top displaced to the lieu). Full explanations of 
displacement sense criteria are given in Petit (1987). a) Mineral fibres grow in the lee of a ledge on the 
fault surface; b) Fault drag of cleavage or bedding, where the planar fabric intersects the fault plane at a 
high angle to the striations; c) Striations on the upstream face of an irregular fault surface; d) Fault gouge 
collects on a ledge facing against the motion of the opposing block; e) Coarse fibres are overprinted by 
younger striations, leaving grooves in the older coarse fibres, indicating relative age; ()Fine fibres grow 
off older coarse fibres, indicating relative age. 
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The sense of displacement on fault surfaces was determined by using criteria, summarized 

by Petit (1987). At Myra Falls the most reliable criterion were fibre veins attached to the 

back of ledges on the fault surface (Figure 4.2a). These were found on most faults, and 

were the most useful kinematic indicator. However, fibres were absent on many gouge-rich 

faults, instead the fault surfaces had fine grooves. The sense of displacement on these 

faults was determined mainly by fault drag of foliation and/or bedding (Figure 4.2b), 

shadowing of grooves across an undulating fault surface (Figure 4.2c), the presence of 

gouge in front of ledges (Figure 4.2d), and offsets of bedding and mafic dykes. 

The relative timing of fault phases was determined by crosscutting relations observed in 

surface and underground exposures, by overprinting relations of striations on fault surfaces, 

including fibre overgrowths (Figure 4.2e), and grooves on older fibres (Figure 4.21). 

4.2.2 Paleostress analysis 

Paleostress analysis was undertaken on each fault group to determine whether the faults 

were related to a single tectonic phase, and if so, what was the likely orientation of the 

stress field during deformation. Fault data was collected from many locations throughout 

the property, and the data was divided into five main areas to determine whether any 

significant changes in fault geometry and kinematics occurred in the different areas.- The 

areas are as follows, Battle mine, Lynx mine and open-cut, HW mine, Westmin Road 

cutting above Buttle Lake, and the Price mine and hillside (Figure 4.3). 

Striations from each fault group were interpreted using the method of Etchecopar et al. 

(1981). This method gives a quantitative interpretation of the stress field from striations 

observed on fault planes. The program minimises the errors between the observed 

slickenside measurements and the direction of maximum shear stress for a calculated stress 

field, as the orientation of slickensides on fault surfaces should be near-parallel to the 

maximum shear stress on the fault plane. The program then calculates the number of faults 

which have the correct orientation for failure in a given stress state. The fault data is 

displayed as a histogram, showing the residuals, or angular deviations between the actual 

and computed striations for a given stress state. The three dimensional stress state is shown 

with a Mohr circle, and the slickenside data are plotted to illustrate the calculated value of 

shear stress (t) and normal stress (Gn) for each fault. The nearest-exact solution of the 

orientation of the principal stress axes, for a given stress state, is shown by striation data 

plotting as points on a Schmidt net. The program is iterative, and does not require any 

information other than the observed striations. An initial solution is automatically provided 

by a random exploration of the data set. However, it is also possible to set various 

parameters, such as one or several of the principal stress axes, G I , CY) or G3 . The proportion 
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of data used in the calculation, can also be specified. A satisfactory solution often results 

from lowering the percentage of fault data used, as it is rare that 100% of the data will fit a 

given stress state. 

The program can also be used to separate fault data where only one or two tectonic phases 

are responsible for the striations. However, in an area affected by multiple tectonic phases, 

such as Myra Falls, it was not possible to separate the faults using this program. Instead, 

the fault data was separated prior to stress analysis, using criteria such as fault geometry, 

kinematics, and morphology. 

4.3 Deformation history of Myra Falls 
Four main fault groups were recognised at Myra Falls, and consist of, 1) steep planar NE-

striking sinistral and NW-striking dextral strike-slip faults with coarse (2-5mm) shallow 

plunging quartz-epidote-chlorite fibres; 2) shallow to moderately dipping, wavy 

anastomosing thrusts, with narrow cleavage zones and minor gouge; 3) steep planar normal 

faults with fine quartz fibres, which are commonly associated with quartz-carbonate 

veining; and 4) wavy anastomosing gouge-rich faults, including steep NE-striking sinistral 

and NW-striking dextral strike-slip faults, and shallow to moderate N-dipping oblique 

thrusts, with top to the W-SW sense of displacement). 

The relative age of the four main groups of faults are shown in Table 4.1. Planar strike-slip 

faults with shallow coarse quartz-chlorite-epidote fibres do not crosscut other fault groups 

and are therefore inferred to be the oldest fault group. Shallow dipping thrust faults 

crosscut the steep planar strike-slip faults and are in turn offset by steep planar normal 

faults. Gouge-rich thrusts and steep strike-slip faults crosscut all other fault groups and 

therefore represent the youngest fault group. 

The fault history is combined with ductile deformation and evidence of early growth 

structures, based on stratigraphy and footwall contouring, to give a deformation sequence 

for Myra Falls (Table 4.2), and is as follows: 

• Syn-depositional growth faults 

• D I  — folding 

• D2 - localised shear zones 

• D3 - two-stage generation of steep strike-slip faults followed by shallow-dipping 

thrust faults 

• D4 - planar normal faults 

• D5 - gouge-rich thrust faults and steep strike-slip faults 
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Table, 4.1: Crosscutting relations indicating the relative agela the four fault groups. Each X 
refers to an example of one fault offsetting another fault, andd -each equates to an example of-
overprinting fibres, which also indicates the relative age. 

4.4 Syn-depositional growth faults 

Syn-depositional growth faults are associated with basin formation. These faults are 

poorly preserved, and are overprinted and destroyed by subsequent deformation. ForThis: 

reason, direct measurement of these structures was not possible, instead their location and 

orientation is inferred from rapid changes in footwall elevations accompanied by increased 
.; 

stratigraphic thickness and marked facies variation. The location and relationship of 

growth faults to VHMS orebodies and the overlying caprocks, is discussed in Chapter 5. 

4.5 p, folding 

4.5.1 Macro-scale structure 
D I  produced broad open upright folds with moderately to steeply north-dipping axial planar 

cleavage zones (S 1 ) that are variably developed. Figures 4.4a-c illustrate the typical open 

upright fold style associated with the D I  event in folded siliceous caprocks and siltstone ' 

immediately above the massive sulphides in the Battle and HW mines (Figure 4.4a-b),,.and 
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epidote fibres, no gouge 

D3b 
35 

• Shallow N-S (NE-SW) 
dipping thrust faults 

• Wavy structures with 
minor fault gouge 

• Fine steep-oblique 
quartz fibres 

D4 

60 

• Planar normal faults 

• NNE-NNW (NE-E)- 
striking structures 
and E-(SE)-striking 
structures 

• Steep fine q-fibres 

• Quartz-carbonate 
veining common 

• Minor fault gouge 

D5 

• Shallow to moderate 
N (NE)-dipping 
oblique thrusts 

• Steep E-NE (E-SE) 
sinistral strike-slip 
faults 

• Gouge- rich 

• Wavy anastomosing 
structures 

• Cleavage zones 

• Fault striations are 
fine grooves in 
fault gouge 

• Quartz veining 
common 

Myra 

• ENE (ESE) 
trending (?) 
growth faults 

• Localised shear 
zones • 
Moderate to steep 
NE-(ENE)-dipping 
cleavage zones 
overprint S 1  fabric 

• Moderately plunging 
lineations on S2  
surfaces 

• 
Table 4.2: Deformation sequence at Myra Falls. 



a 
u Poles to S 1  foliation 
• Fold axes (F1) 
• Lineations (L1) 

(long axis of clasts) 

• Poles to S2 foliation 
• Lineations (L2) 

(long axis of clasts) 

• - : I'  vi  • 
.1. 	V` 
.°,r7.4411%.  • 

• Poles to bedding in 
Myra Formation 

Figure 4.4: a) Folded chert and siltstone 
above massive sulphides, drive ST I 83A, 
Battle mine; b) Open folds  in  chert 
immediately above massive sulphides in 
HW mine, 20 level; c)  Folded  quartz-
carbonate veins in HW  mine,  drive B390; 
d) Stereonet plot of Di and  D2  structural 
data from HW and Battle  mines; 
e) Stereonet plot of bedding data 
measured in the Myra Formation from 
11W and Battle mines (see  text  for further 
discussion). 
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folded veins (Figure 4.4c). The stereonet (Figure 4.4d) shows the poles to S I  foliations with 

the average S 1  foliation plane, F 1  fold axes and L i  lineations. Stretching lineations (L 1 ) are 

predominantly horizontal to shallow WSW plunging and are generally parallel to F 1  fold 

axes. Figure 4.3e shows poles to bedding in the Myra Formation, based mainly on 

underground measurements in the Battle, Lynx, HW and Battle mines, and in surface areas 

across the property. These poles form a great circle with a beta axis near-parallel to 

measured F 1  fold axes and the long axes of stretched clasts (Li). 

The intensity of the S I  fabric varies markedly, from zones of very weak cleavage, to to 

moderately sheared zones with weak S-C fabrics forming. The cleavage is best developed 

in strongly sericite-altered lithologies. Planar fabrics are dominant, but in places, SL 

fabrics (planar dominant over linear fabrics), to LS fabrics (linear dominant over planar 

fabrics), (Flinn, 1965) develop. The linear fabrics are defined predominantly by the aligned 

long axes of stretched clasts, which are approximately parallel to the F 1  fold axes and L I  

mineral lineations on the foliation surface. 

Figures 4.5 and 4.6, illustrate typical underground wall maps of folded cherts and silt in the 

Battle and HW mine, disrupted by numerous faults. Ductile deformation predates most of 

the faulting in the area, with the exception of early syn-depositional faults. 

The map, Figure 4.7, shows the orientation of the S I  fabriC, across the property and the pre-

D3 -D 5  position of a regional antiformal structure, the Myra Anticline, which is located 

south of the Battle and HW orebodies. The hinge-zone extends through the upper Lynx-

Myra-Price orebodies, and the position may reflect a weak zone or anisotropy caused by 

strong sericite alteration around the VHMS orebodies. Abundant smaller parasitic folds, 

with similar orientations and wavelengths, approximately 1-5m, occur throughout the 

property.• 

4.5.2 Micro -scale structure 
The S I  foliation is defined predominantly by sub-parallel aligned muscovite and chlorite 

(Figures 4.8a-c), recrystallised quartz (Figure 4.8c), pyrite trails (Figure 4.8b), and wavy 

carbonaceous seams in argillaceous rocks (Figures 4.8d-f). The cleavage is weakly to 

moderately developed, and typically occurs as a spaced fabric of muscovite seams 

crosscutting weakly deformed rocks. Bedding is still visible in many rocks and cleavage is 

at a moderate to high angle to the bedding (Figures 4.8d-h). 

Small quartz tails are common in strain shadows beside pyrite grains (Figures 4.9a-b) and 

detrital quartz grains commonly display undulose extinction, and are fractured and 
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Figure 4.5: Underground wall maps illustrating typical open D I  folds, offset by numerous faults in the Battle mine. 
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displaced along narrow shear bands (Figure 4.9c). Deformation lamallae are observed in 

larger white mica grains (Figure 4.9d). In areas of more intense cleavage development, fine 

shear bands are observed throughout (e.g., Figure'4.9e) and weak S-C fabrics are 

developed, shown in Figures 4.9f-h. The S I  foliation, represented by the fine-grained 

aligned muscovite, is crosscut at a moderate angle by the C-planes. Measurement of the S-

C fabric in oriented samples indicates a consistent dextral sense of shear (e.g., Figures 4.9f-

h). The development of S-C fabrics may be related to the D2 event discussed in Section 

4.6. 

4.5.3 Strain estimate 
The distribution of strain tends to be uneven in areas of mixed lithologies and for this 

reason the strain is inhomogeneous at Myra Falls. The least competent lithologies 

accommodate the strain, resulting in a greater degree of fabric development, relative to the 

more competent units. 

A finite strain ellipse for the principal strain axes has been estimated for the Myra Falls 

area, based on the 'average trends and ratios of stretched ovoid clasts, and the orientations of 

folded, flattened and boudinaged pyrite-stringer veins (Figure 4.10a-b). This is similar to 

the method of Talbot (1970), who used dykes as strain markers, by constructing 

stereographic plots of poles to shortened and extended dykes, assuming original random 

orientation. This enabled the determination of the k value, which describes the shape of the 

strain ellipsoid, and axial ratios of the finite strain ellipsoid. Limited data in this study only 

allow an approximation of the finite strain ellipsoid. 

The poles to foliation, F 1  fold axes and L I  lineations (long axes of stretched clasts) are 

shown on the stereoplot (Figure 4.10d), with the approximate principal strain axes, XYZ. 

The XY plane is sub-parallel to the average cleavage plane. The stereoplot below (Figure 

4.10e) shows the poles to flattened, boudinaged and folded pyrite stringer veins. Stringer 

vein fold axes are near parallel to the L i  lineations, or long axes of the stretched clasts. 

The X-axis (maximum elongation direction), is estimated from the average trend of 

stretched, linear clasts, and plunges 0-2/267° (Figure 4.10c). The Z-axis (principal 

shortening direction) is perpendicular to the XY (foliation) plane, which has an average 

strike of 088/70°N. The stringer vein fold axes are parallel to the trend of stretched clasts 

and flattened and boudinaged veins are near-tparallel to the foliation. the clear separation 

of poles to fOlded veins, from poles to boudinaged and flattened veins in Figure 4.10e, 

suggests that they were deformed during the same event, assuming they were originally 
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Figure 4.8: Typical micro-scale textures in HW Horizon lithologies: a) Weak  S 1  foliation 
defmal by aligned muscovite, XPL (SJ92, drive S335A-D6, 11W mine); b) Well developed 
S 1  foliation defined by aligned muscovite, pyrite and recrystallized quartz,  XPL  (SJ319, 
drive 23-N350, HW mine); c) Close-up showing recrystallized, strongly aligned quartz and 
muscovite, XPL (SJ90, drive S335A-D6, HW mine); d) Weak S 1  foliation crosscuts the 
bedding defmed by carbonaceous-rich layers in argillite, XPL (SJ47, drillhole 23-493, 17.6m); 
e) Sandy layer in laminated argillite crosscut by S i  foliation, PPL (SJ47, drillhole 23-493, 
17.6m); 0 Carbonaceous-rich layers defme the bedding and narrow wavy carbonaceous seams 
defme the S i  foliation, PPL (SJ47, drillhole 23-493, 17.6m); g) Bedding, defined by a 
phyllosilicate-rich layer is crosscut at a high angle by weak S i  foliation, XPL (SJ150, drillhole 
18-1086, Battle mine); h) Close-up of previous photo, showing the S i  foliation defined by fine 
aligned muscovite, XPL (S.1150, drillhole 18-1086, Battle mine). 
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randomly oriented. The plot also indicates that the strain was irrotational at the outcrop 

scale, with no resolvable rotation of principal strain axes during the deformation event. 

Irrotational strain is also suggested by the consistent E-W strike of the S 1  foliation, with 

little or no swing in trend across the property and by the lack of refolded folds or 

boudinaged folds. 

The predominance of SL to LS fabrics suggests a prolate ellipsoid with the LS fabric 

resulting from NNE-SSW shortening and WNW-ESE extension. The amount of strain was 

estimated from X-Y-Z ratios on elliptical argillite clasts in a rhyolitic conglomerate. The 

samples chosen for the strain ratio estimates, were from moderately deformed zones, rather 

than high strain zones, and are therefore more representative of the background strain. A 

rock sample, with abundant elliptical markers (argillite clasts) was sectioned to show the 

principal strain directions, allowing the maximum and minimum length ratios for the X, Y 

and Z axes to be estimated (Figure 4.10f). The average strain ratios estimated from these 

clasts was X:Y:Z, 3.3:1.8:1, suggesting about 25-30% shortening. This amount of 

shortening is similar to that estimated from restored geological sections (see Chapter 5). 

4.5.4 Removing effects of the D I  event 

The orientation of stringer veins beneath VHMS deposits can provide information on the 

stress-state at the time of emplacement, which can then indicate the more likely orientations 

of growth structures associated with the orebodies. However, D I  folding, with an estimated 

shortening of 25-30%, has greatly affected the original geometry of the stringer veins. 

A method used by Ramsay (1967) restores planar structures back to their original 

orientations using measured strain ratios from strain markers, such as ovoid clasts. 

For the reconstruction the following strain was used: 

Principal X axis of ellipsoid plunges 1° toward 266° 

Principal Y axis of ellipsoid plunges 76° toward 356° 

Principal Z axis of ellipsoid plunges 14° toward 176° 

Principal axes of the ellipsoid have the ratio X:Y:Z = 3.3:1.8:1 

The points representing the principal axes of the strain ellipsoid, and great circles 

representing the principal were then plotted on an equal area net. A deformed plane 

(stringer vein), was then plotted and the angles between the intersections of the deformed 

plane and the three principal planes were measured: 0 1 ', 07', and 0 3 ' (Figure 4.11a). Using 

these angles, together with the estimated strain ratios, the undeformed angles (0 1 , 07, and 
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Figure 4.9: Micro-scale textures in rhyolitic volcaniclastic rocks at Myra  Falls:  a) Quartz 
tails in pressure shadows beside a pyrite grain, XPL (SJ92, drive S335A-D6, HW mine); 
b) Close-up of quartz tail growing in a pressure shadow, surrounded by strongly aligned 
muscovite, XPL (SJ90, drive S335A-D6, HW mine); c) Fractured detrital quartz grain 
showing undulose extinction, XPL (SJ90, drive S335A-D6, HW mine); d) Kink bands in 
a large detrital muscovite grain, XPL (SJ92, drive S335A-D6, HW mine); e) S 1  foliation 
defined by carbonaceous seams and fine aligned muscovite with a weak S-C fabric 
developing, (SJ90, drive S335A-D6, HW mine); 0 Weak S-C fabric developed in rhyolitic 
siltstone (oriented sample indicates a dextral sense of displacement), XPL (SJ90, drive 
S335A-D6, HW mine); g) S-C fabric is well developed in oriented siltstone sample and 
indicates dextral offset, XPL (SJ319, drive 23-N350, HW mine); h) Close-up of weak S-C 
fabric in rhyolitic siltstone, indicating a dextral sense of displacement (oriented sample), 
XPL (SJ90, drive S335A-D6, HW mine ). 
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03 ), can be read off a graph (Figure 4.11b). The new points can be plotted on the stereonet, 

and will lie on a great circle representing the undeformed stringer vein. 

The stereonets in Figure 4.12 illustrate the change in orientation of the stringer veins after 

using the method by Ramsay (1967). Stringer veins are separated into two areas, Myra 

open pit and drive 23-331XN, HW mine and in both areas, the undeformed stringer veins 

have a much wider range of orientations than the deformed stringer veins. However, two 

main trends are visible in both groups, with NE and ENE stringer veins dominant in the 

Myra area, and NNE and SE veins dominant in the HW mine. The stringer veins appear to 

form orthogonal sets, which may reflect either, normal faulting and the transfer direction, or 

equal extension in all directions. The original growth faults may have had similar 

orientations and are also likely to be rotated from their original orientations. The basinal 

structures now appear to be roughly E-W oriented, but this is most likely a result of 

shortening during D I  folding. 

4.6 D2 shear zones 

D2 produced a second foliation (S 2), which is developed in localised shear zones, and 

overprints and/or rotates (?) the S I  foliation. The S, fabric is generally steeply N-dipping to 

vertical with an ESE orientation. An underground wall map (Figure 4.13) in the HW mine 

(drive B390), illustrates the gradual change from the weakly developed S I  foliation on the 

right side of the map, to a well developed S2 foliation in the shear zone. The S I  foliation 

and F 1  fold axes appear to be rotated by about 10-15° clockwise, and a slightly steeper 

lineation on the S, foliation surface has developed. The S2 foliation is also observed in 

other shear zones throughout the HW and Battle mines and several of these zones are 

shown on the map, Figure 4.7. 

The development of localised shear zones and the steep S, fabric most likely occurred 

during the late stages of ductile deformation. 1 he shear zones may have developed by an 

increase in the strain partitioning and/or a slight rotation in the principle strain axes. The S, 

fabric is offset by the earliest brittle structures, which are the steep D3 a  faults. 

(text continued on page 71) 
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Figure 4.10a-b): Folded pyrite stringer veins in drive 23-33IXN, HW mine; c) Strain ellipse for Myra Falls; 
d) Principal strain axes, with fold axes and L 1  clast axes parallel to X (maximum elongation), and the 

foliation sub-parallel to the X-Y plane; e) Stringer veins are sub-parallel to the S 1  foliation, whereas poles to 

boudinaged stringer veins plot at the X axis and poles to folded veins plot near the Y axis; f) A strain ratio of 
X:Y:Z =3.3:1.8:1 was estimated from stretched clasts (see discussion in text). 
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of Figure 4.11a. 
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Figure 4.12: Stringer veins from the HIV and Myra orebodies. For each area the effects of 
D i  folding are removed and stringer veins are returned to their pre-D i  orientations 
(see discussion in text). 	
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Figure 4.13: A second foliation develops in strong shear zones in drive B390, HW mine. This secondary fabric is observed in localised zones throughout the HW and Battle mines. 



4.7 D3 faulting 
D3 produced a two-stage evolution of faulting formed during N-S compression. Early' 

steep, strike-slip faults are overprinted by shallow dipping thrust faults and bedding-parallel 

shears, similar to those described by Nixon et al. (1994), in northern Vancouver Island. 

Similar two-stage fault patterns are also described elsewhere. For example, Homberg et al. 

(1999), measured a large number of fault striations in the Jura Mountains in France, and 

managed to separate faults belonging to a single compressional event. These faults were 

generated in a two-stage evolution, with early steep strike-slip faults followed by shallow 

thrust faults, very similar to the patterns displayed by the D3a  and D3b faults at Myra Falls. 

4.7.1 D3a  strike-slip faults 
D 3a  faults are typically planar structures with well-developed coarse quartz-chlorite-epidote 

slickenfibres and chloritic polished surfaces (Figure 4.14). The fault striations are 

predominantly horizontal to shallow plunging and no fault gouge is associated with these 

faults. They are predominantly steeply dipping to vertical structures and have a very wide 

range of strike orientations. However, there is a consistent fault displacement pattern, with 

sinistral offsets occurring on faults striking NNE to E, and dextral offsets on faults striking 

W to NNW (Figure 4.15). There is slight variation in the dominant trends of the sinistral 

and dextral faults from area to area, but in general the fault pattern is fairly similar across 

the property. These faults are very common, and offsets are mostly minor, usually less than 

a metre. However, the large NE-oriented Myra-Price *Fault and the NW-oriented Lynx-

Phillips Fault may have formed during the D3 event, with subsequent reactivation during 

the D5 event. The timing of the large strike-slip displacements on these structures is 

unknown and could reflect both the D3 and D5 events. 

The consistent fault pattern across the property, of NW-striking dextral faults and NE-

striking sinistral faults, suggests that these faults may have formed during a single' 

deformation event. Paleostress analysis of striations on faults from the areas outlined in 

Figure 4.3, was undertaken to determine whether the faults represented a single tectonic 

phase, and if so, the orientation of the stress field. 

In an area affected by multiple deformation events, the orientation of the stress field 

predicted by striations from the oldest fault set, may not be correct if rotation occurred 

during subsequent tectonic phases. However, in the Myra Falls area, the oldest fault set, 

D3a , is remarkably consistent across the property, with dominantly hOrizOrital to shallow 
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Figure 4.14: Shallow plunging quartz-epidote fibres on a steep D 3„ fault surface. Fault measured in 
Lynx open cut. 

plunging slickensides resulting from a strike-slip regime. As these faults are steep to 

vertical, and slickensides are near-horizontal, this indicates that little or no rotation has 

occurred during subsequent tectonic phases, and paleostress analysis is appropriate. The 

HW mine area has the greatest number of measurements, and therefore, this area is 

discussed in the greatest detail for all fault groups. 

N-S directed compressional is indicated by paleostress analysis of the D3a  striations. The 

histogram (Figure 4.16a) shows that a large proportion of the measured striations, fall 

within 18° error of the calculated striations for the given stress state. This suggests that the 

movement direction on these faults could be produced by a single regional stress field. The 

Mohr circle (Figure 4.16b) also indicates that most faults are favourably oriented for 

failure, as most striations plot in the area of high differential stress. The orientation of the 

nearest exact principal stress axes are shown on the Schmidt net (Figure 4.16c), indicating 

a l  is sub-horizontal with a N-S trend. This paleostress calculation was based on 85% of the 

fault data and the 85% were chosen using an initial orientation for a l  plunging 7° toward 

168°. 
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4.7.2 D3b thrust faults 
D3b faults differ markedly from the D3 a  faults in their geometry, kinematics, and 

morphology. The D3b faults predominantly strike E-W to NE-SW and have moderate to 

shallow N and S dips (Figure 4.17). They are common throughout the area, but are less 

visible than the steep 13 3a  faults, as they often develop parallel to bedding planes. They are 

predominantly wavy, slightly anastomosing structures with minor gouge. Slickenfibres are 

common, usually comprising quartz-chlorite and minor epidote fibres. Narrow cleavage 

zones, up to 5-10cm wide, are developed adjacent to these structures. D3b faults 

consistently crosscut D3a  faults, and the displacement sense on most N-dipping D3b faults is 

top to the S-SW and on S-dipping D3b faults, top to the NE. Offsets on the D3b faults are 

generally minor, up to 1-2m, where measured. 

The D3b faults most likely developed during NNE-SSW to NE-SW directed compression, 

based on analysis of D3b striation data. Although this fault set is much smaller and less 

consistent than the D3 a  fault set (possibly due to difficulties in separating some D3b faults 

from D5 faults), the histogram (Figure 4.1 8a) suggests that a large proportion of the 

measured striations fall within 18° error of the calculated striation direction for the given 

stress field. This suggests that the faults could be related to a single tectonic phase. The 

Mohr circle (Figure 4.18b) also indicates that most faults are favourably oriented for 

failure, with striations plotting in the area of high differential stress, although many have 

higher an  than optimal. Faults with high a n  values, could represent P shears or reactivation 

of pre-existing surfaces, such as bedding. The orientation of the nearest exact principal 

stress axes are shown on the Schmidt net (Figure 4.18c), indicating GI is sub-horizontal 

with a NNE trend. This paleostress calculation was based on 75% of the fault data, chosen 

using an initial orientation for a t  plunging 4° toward 058°. 

The block diagram, (Figure 4.19) illustrates the change in stress states from D3a  to D3b 

deformation and is modified from a model by Homberg et al (1999), who described a 

similar two stage evolution of strike-slip faults, followed by shallow thrust faults in the -Jura 

Mountains in France. The fact that both the D 3a  and D3b faults have chlorite and epidote 

fibres, and little or no development of associated cleavage zones, indicates that these faults 

formed as early ductile-brittle fabrics, during N to NNE directed compression. 
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Figure 4.15: Stereonets illustrating the similar pattern of D 3a  faults across the property, with NE-trending 

sinistral strike-slip faults and NW-trending dextral strike-slip faults. 
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deviation between actual and computed striations; b) The majority of D3, faults are favourably 
oriented for failure on the Mohr plot; c) Schmidt net of the nearest exact solution for the principal 
stress axes, indicating a l  has a shallow plunge to SSE. 
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Figure 4.17: Stereonets illustrate D3b faults at Myra Falls, which are typically E to ESE trending, 
shallow N and S dipping reverse faults. 
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Mohr circle for D3b faults 
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for principal stress axes 
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Figure 4.18: Interpretation of D3b fault striations: a) Histogram of residuals, illustrating the angular 
deviation between actual and computed striations; b) Although many D3b faults are favourably 
oriented for failure on the Mohr plot, many faults plot well below the failure envelope and may 
represent reactivated surfaces (see discussion in text); c) Schmidt net of the nearest exact solution for 
the principal stress axes, indicating al  has a shallow NE plunge. 
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The interpreted D3 fault pattern at Myra Falls is illustrated in the map, Figure 4.20. D3 

faults are mostly minor structures and are too numerous to show at the property-scale, with 

the exception of the Lynx-Phillips and Myra-Price Faults. However, the anisotropic pattern 

established by D3 faulting is important, as it influences later deformation, with many D3 

structures, reactivated by the D4 and D5 events. 

Figure 4.19: Block diagrams illustrating a) NE-trending sinistral and NW-trending dextral D3a 
strike-Slip fault's, overprinted by b) E-W trending D3b thrust faults (diagrams modified from 
Homberg et al., 1999). 
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Figure 4.20: Interpreted fault pattern for the D3„ and D3b faults at Myra Falls. 



4.8 1:04 normal faults 
D4 produced steep normal faults with a wide array of orientations. D4 faults are planar 

structures, with minor gouge and fine steep quartz fibres, and are often associated with 

quartz-carbonate veining. The stereonets in Figure 4.21 illustrate the variation in D4 fault 

orientations across the property. D4 faults predominantly strike NNW to NNE and are 

usually steeply dipping to vertical. The D4 event commonly reactivates steeply dipping D3a  

faults. Coarse shallow D3 a  striations are commonly grooved and/or overgrown by the fine 

steep D4 quartz fibres :  

D4 normal faults are Common across the property, but are more abundant in localised zones, 

such as the East-Main Fault Zone on the western edge of the HW orebody, and the North 

Fault Zone, situated to the north of the Battle and HW orebodies. There is good evidence 

for the association of the East-Main Fault Zone with the D4 event, with fine steep D4 quartz 

fibres crosscutting and/or overgrowing horizontal coarse D 3a  fibres on the East-Main fault 

planes, and the normal displacment of shallow D3b faults. The steep East-Main Faults are 

then crosscut and displaced by steep NE-oriented sinistral strike-slip faults. However, no 

direct measurements were made of the North Fault Zone structures and this structure is 

interpreted as a D4 fault based on the apparent sinistral offset of the North Fault Zone along 

the large NE-oriented D5 Myra-Price Fault (Figure 4.1). 

Although the overall displacement of a large fault zone may be quite substantial (e.g., 

greater than 100m in the North Fault Zone and approximately 50m East-Main Fault Zone), 

the offset on individual D4 faults is minor, generally less than 10m. Faults are spaced 5- 

10m apart and Figure 4.22a shows an example of one of these structures in the HW mine. 

Massive sulphides of the main HW lens have been down thrown about 10m and now lie in 

fault contact with the andesitic footwall. Figure 4.22b shows abundant planar D4 faults 

offsetting laminated rnudstone of the Thelwood Formation in a Westmin Road cutting 

above Buttle Lake. D4 faults are also abundant in the 43 Block area of the HW mine 

(Figure 4.23). Normal displacements are clearly indicated by quartz-chlorite slickenfibres 

(Figure 4.23a) and by fault drag adjacent to the steep structures (Figure 4.23b). 

The consistent fault pattern seen across the property suggests that these faults formed 

during the same deformation event. E-W extension is indicated by paleostress analysis of 

the D4 striations. The histogram (Figure 4.24a) shows that a large proportion of the 

measured striations, fall within 24° error of the calculated striations for the given stress 

state. This indicates>that the movement direction on these faults can be produced by a 

single regional stress field. The Mohr circle (Figure 4.20), also indicates that many faults 
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Figure 4.21: Stereonets illustrate D4 faults at Myra Falls. 
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are favourably oriented for failure, as most striations plot in the area of high differential 

stress. However, faults, which plot well below the failure envelope may represent 

reactivated surfaces, such as bedding, or D3 fault planes. The orientation of the - nearest 

exact principal stress axes are shown on the Schmidt net (Figure 4.24c), indicating a l  is 

sub-vertical, whereas 0 3  trends E-W to ENE-WSW and is not as well constrained. This 

paleostress calculation was based on 80% of the fault selected using an initial orientation of 

oi plunging 82° toward 192°. 

The map, Figure 4.25, illustrates the inferred fault pattern for the D4 event, with measured 

faults shown in solid lines and inferred faults by dashed lines. In many places the D4 fault 

pattern is similar to the D 3a  fault pattern, reflecting the previous anisotropy established by 

the D3 event. 
(text continued page 89) 
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Westmin Road 

a 

Figure 4.22: Examples of D4 

faults; a) Eastmain fault just 
off the main access drive to 
B-sub, 1-1W mine (23-331XN). 
Massive sulphides are 
downthrown about 10m and 
are now in fault contact with 
the footwall, Price Andesite 
(for scale, rock bolts are 16cm 
wide); b)D4 normal faults 
offset laminated mudstone of 
the Thelwood Formation in a 
road cut above Buttle Lake 
(roadcut is approximately 
10m high). 
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04 normal faults 

Westmin Road 
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Figure 4.22: Examples of D4 

faults; a) Eastmain fault just 
off the main access drive to 
B-sub, FM mine (23-331XN). 
Massive sulphides are 
downthrown about 10m and 
are now in fault contact with 
the footwall, Price Andesite 
(for scale, rock  bolts  are 16cm 
wide); b) D4 normal faults 
offset laminated mudstone of 
the Thelwood Formation in a 
road cut above Buttle Lake 
(roadcut is approximately 
10m high). 

     



D4 normal faults 

a 

b 
Figure 4.23: Typical D4  normal faults in drive 23-427, 43 Block area of the HW 

mine. a) Two D4  normal faults intersect at a high angle, and are associated with 

quartz-carbonate veining. The inset shows the development of quartz-chlorite 

slickenfibres on the fault surface, indicating normal displacement; b) Fault drag 

of bedding adjacent to a D4 fault indicates normal displacement. 
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Figure 4.24: Interpretation.of D4 fault striations; a) Histogram of residuals, illustrating the angular 
deviation between actual and computed striations; b) The majority of D4 faults are favourably 
oriented for failure on ihe Mohr plot; c) Schmidt net of the nearest exact solution for the principal 
stress axes, indicating ol is close to vertical.• 	. 	. 
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4.9 D5 gouge-rich oblique thrust faults and strike-slip faults 

D5 produced N-dipping oblique thrust faults and steep NE to E- and NW-oriented strike-

slip faults. Large D5 faults at Myra Falls include the reactivated Myra-Price Fault zone and 

the Flat Fault. D5 structures differ markedly from structures formed during earlier 

deformation events. The faults are very gouge-rich, wavy, anastomosing structures, and are 

commonly associated with irregular, clear to milky quartz veins. Broad cleavage zones, up 

to several metres wide, are developed around these faults. 

D5 faults 

Displacement sense 

0  Normal 

• Reverse 

• Dextral 

o Sinistral 

HW Mine 

Battle Mine 
Price hillside and underground 

Figure 4.26: Stereonets illustrating D5 faults at Myra Falls. 
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D5 sinistral strike-slip faults most commonly strike NE to E, with moderate to steep N dips 

(Figure 4.26). D5 thrust faults predominantly have shallow to moderate N and S dips, with 

a consistent displacement sense of top to the SW on N-dipping thrust faults and top to the 

NE on S-dipping faults (Figure 4.26). Fault striations on the steep strike-slip faults are 

shallow plunging to horizontal, and are oblique on the shallow to moderately dipping thrust 

faults. Slickenfibres are rare on these faults, instead, fault striations are mostly fine grooves 

in the fault gouge on fault surfaces. For this reason, the sense of displacement on these 

faults is estimated from foliation and bedding drag. 

Major D5 faults at Myra Falls are shown as in Figure 4.27, with inferred D5 faults shown by 

dashed lines. The D5 faults commonly occur as groups of faults, spaced 1-5m apart, and 

form wide disrupted zones. Although offsets on individual structures are typically 1-5m, 

the overall displacement across a large fault zone can be several 100s of metres. The 

largest D5 fault zone is the NE-oriented Myra-Price Fault, which displays a significant 

displacement, up to 300m, making it clearly visible on the footwall contour map (Figure 

4.1). The timing of this displacement is uncertain, as this structure is most likely a 

reactivation of an earlier D3 structure. 

Gouge-rich D5 faults are ubiquitous throughout the Myra Falls area, and examples are 

shown in Figures 4.28 and 4.29. Figure 4.28a illustrates a steep anastomosing sinistral 

strike-slip fault in the Battle mine. The siliceous caprocks are displaced and fragmented by 

the steep fault, and are now in fault contact with the adjacent massive sulphides (an 

apparent down-throw). Another steep D5 fault is shown in Figure 4.28b, with coarse-

grained volcaniclastic rocks in fault contact with fine-grained andesite in drive 23-427, 43 

Block HW mine. A close-up view of this fault is shown in Figure 4.28c, with abundant 

gouge and quartz veining associated with the structure. D5 faults commonly offset D4 

normal faults and Figure 4.29a illustrates this relationship, with a steep D4 normal fault, 

sinistrally offset on a steep D4 fault. Figure 4.29b shows a gouge-rich flat fault in the HW 

mine (drive B390), with massive sulphides thrust over the rhyolitic hangingwall rocks. 

Strong foliation drag is commonly developed adjacent to these shallow to moderately 

dipping thrusts and is shown in Figure 4.29c (drive C355DD, HW mine). The foliation 

drag is consistent with an oblique thrust with a top to the west sense of displacement. 

In many places, D5 structures appear to have had the greatest effect on the sequence, and 

this is evident in the footwall contours (Figure 4.1). Underground maps also indicate the 

major effect of the D5 structures. For example, a map of drive C355DD in the HW mine, 

shows that the position of ore and rhyolitic hangingwall rocks is controlled by shallow- 
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Figure 4.27: Major gouge-rich D5 faults at Myra Falls, with steep NE-trending sinistral strike-slip faults, steep NW-trending dextral strike-slip faults, and shallow to 

moderately N-dipping gouge rich thrust faults (e.g., Flat Fault). 



dipping oblique D5 thrust faults, with a top to the west sense of displacement (Figure 4.30). 

These structures are the most recent in this area, offsetting many D3 and D4 faults. 

The steep strike-slip faults appear to be coeval with the shallow thrusts as the structures 

commonly display mutually crosscutting relations. Paleostress analysis of D5 striations also 

indicates that these structures could have formed during a single NE-SW compressional 

event. The histogram (Figure 4.31a) Shows that the majority of measured striations fall 

within 300  error of the calculated striations for the given stress state, suggesting that they 

may be related to a single tectonic phase. The Mohr circle (Figure 4.31b) also indicates 

that many faults are favourably oriented for failure, as most striations plot in the area of 

high differential stress. The orientation of the nearest exact principal stress axes are shown 

on the Schmidt net (Figure 4.31c), indicating a l  is sub-horizontal with a NE-SW trend. 

This paleostress calculation was based on 85% of the fault data selected using an initial a l  

plunging 4° toward 041°. 

D5 faults display a much greater degree of scatter on the Schmidt net of the nearest exam 

solutions for the stress tensor (Figure 4.31c) than previous events, and many faults plot well 

below the failure envelope on the Mohr circle (Figure 4.31b). However, the distinct 

morphology of D5 faults and their consistent timing relations suggest that they are related to 

a single tectonic phase, even though the striation data is difficult to model. The largest 

faults at Myra Falls (Myra-Price and Lynx-Phillips Faults), belong to the D5 event. These 

faults have displacements up to 300m, which are clearly evident on the footwall contours 

(Figure 4.1). In large fault systems it,is difficult to get a good fit for the striation data 

because of rotation of local stress fields and local stress effects. The remarkably good fit of 

striation data for the D3 and D4 events indicates that theD 5  event did not rotate the earlier 

structures outside localised zones immediately adjacent to the D5 structures. Care was 

taken when measuring faults, to avoid areas of obvious fault drag, which may account for 

the lack of evidence of rotation of the D3 and D4 faults in the database. 

(text continued on page 96) 
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Figure 4.28: Typical gouge-
rich D5 faults in the Battle 
and HW mines. a) Sinistral 
strike-slip D5 fault offsets a 
coarse-grained rhyolitic 
volcaniclastic unit in drive 
23-427, 43 Block, HW 
mine; b) Fault gouge and 
quartz veining in a D5 fault, 
veining indicates a sinistral 
sense of displacement; 
c) Steep anastomosing 
D5 fault in drive ST183, 
Battle mine. The strike-slip 
fault offsets laminated chert, 
which is now in fault 
contact with the massive 
sulphides. 

D5 sinistral strike-slip fault 
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Figure 4.29: Typical D5 faults 
in the HW mine. a) Gouge-rich 
wavy NE-striking D5 fault offsets 
a steep D4 normal fault, with a 
sinistral sense of displacement 
in the 43 Block area, HW mine; 
b) Gouge-rich 'flat-faulf with 
oblique top to the west 
displacement indicated by 
grooves on the fault surface and 
foliation drag (in drive B390, 
HW mine); c) Several gouge-
rich D5 faults with strong 
foliation drag adjacent to the 
structures indicating a top to the 
west sense of displacement 
(oblique thrust) in drive B390, 
HW mine. 
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Figure 4.30: Underground wall map of drive C355DD, HW mine, illustrating, the 
dominance of oblique D5 thrust faults in this area. 
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Figure 4.31: Interpretation of D 5  fault striations; a) Histogram of residuals, illustrating the angular 
deviation between actual and computed striations; b) many Di faults plot well below the failure 
envelope on the Mohr plot (see discussion in text); c) Schmidt net of the nearest exact solution for 
the principal stress axes, indicating a l  has a shallow plunge to the NE, although there is a lot more 
scatter in this diagram compared with the other deformation events. 
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4.10 Effects of deformation on stratigraphic sequence 

The multiple deformation events have had a significant effect on the volcano-sedimentary 

sequence. However, it is still possible to reconstruct the geology in many places, with 

many units displaying good lateral continuity. Cross-sections 1420E, in the Battle mine 

(Figure 4.32), section 2530E in the Extension Zone (Figure 4.33), and oblique section 23- 

428XN, trending 020, in the 43 Block area of the HW mine (Figure 4.34), illustrate the 

effects of deformation on the sequence. Although these sections contain numerous faults, it 

is clear that the geology is relatively intact and individual units can still be traced. 

Structures, which have the greatest effect on the sequence, include the D I  folds, gouge-rich 

shallow-dipping D5 thrust faults and steep D3 strike-slip faults. However, in places, D4 

normal faults also have a significant effect on the sequence, such as the 43 Block area 

(Figure 4.34). The effect of the D4 normal faults is best shown by underground wall maps 

(Figure 4.35) of the area adjacent to the oblique section shown in Figure 4.34, and an 

interpreted plan view of the area (Figure 4.36). 

The underground map illustrates the abundant faulting with marked lithological changes 

across the faults (Figure 4.35). Faulting is dominated by steep D4 normal faults, steep D5 

sinistral strike-slip faults and moderately north dipping D5 thrust faults. The geological 

interpretation in Figure 4.36, indicates that the complex nature of the geology is most likely 

a result of D4 normal faulting. The sequence is only shallow to moderately SW dipping and 

small normal displacements result in large apparent lateral offsets. Subsequent 

displacement on steep sinistral D5 strike-slip faults appears to have been minor, but the 

moderately NW-dipping D5 thusts (top to the south sense of displacement) had a major 

effect on the sequence, as shown in the oblique section in Figure 4.34. 

A structural summary map, Figure 4.37, provides an interpretation of the major structures, 

which affect the sequence, and is based on offsets shown by the footwall contours (Figure 

4.1). The relative importance and timing of the deformation events is indicated by the 

footwall contours, and this deformation history is used in the following chapter for the 

reconstruction of the paleoseafloor. 

(text continued on page 103) 
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Figure 4.32: Detailed  geology of  HW Horizon, section 1420E, Battle Mine. The siliceous caprocks and  associated  facies are folded and  dissected  by  D I  to D5 events, but at a broad scale the stratigraphy is preserved  (see discussion in tex 
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Figure  4.34:  Oblique  cross-section  through the  HW  Horizon  in  the  43 Block area,  illustrating  the  effects  of Dl  folding  and D3-D5 faulting  (see  discussion  in  text).  
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4.11 Regional and tectonic correlation of Myra Falls deformation history 
The structure of the Myra Falls VHMS camp reflects the complex tectonic history of 

Vancouver Island, described in. Chapter 2 and 3.. Five deformational events were 

recognised in the Myra Falls area. The large number of deformation events observed in this 

area is mainly a result of good underground exposure on the mine property. 

D I  and D2 clearly predate most of the faulting in the area, with the exception of early syn.  - 

depositional structures. D I  fabrics are present in the 'Thelwood Formation and poles to . 

bedding give a very similar pattern to those from the Myra Formation. However', it is 

unclear whether this deformation event affected younger rocks of the Buttle Lake Group. 

Bedding measurements were collected from the Buttle - Lake Limestone, and indicate broad 

open folding (Figure 4.38). This data matches the orientation of folding in the Sicker 

Group but the folding in the limestone appears tO - be more open.- However, not enough 

measurements were made to reach a formal conclusion. Muller (1980) suggests that Buttle 

Lake Group rocks are affectedby this fold phase, because in several locations the Buttle 

Lake Group 'rocks are infolded with the underlying SiCker Group rocks. Other authors, 

such as Massey (1992) and Yorath et al. (1999), suggest that the ductile deformation 

occurred pre-Karmutsen Formation (i.e., Pre-Triassic) as only, one phase of folding is 

recognised in the Karmutsen Formation, while two fold phases are present in the older 

Sicker Group rocks (Table 2.1). Although the timing of D I  folding is still unclear, the 

deformation is the result of N-S (NE-SW true north) directed compression, which occurred 

within the Wrangellia.terrane, prior to collision of Wrangellia and the ancient margin of 

North America. 

D3 faulting resulted from later N-S (NE-SW true north) directed compression. Nixon et al. 
5 	, 

(1994), describes a similar two-stage evolution of strike-slip faults and thrust faults during 

post-Mid to (?) pre-Late Cretaceous time; in northern Vancouver Island (Table 2.1). At 

Myra Falls, the D3 faults display a similar displacement pattern and could be correlated 

with these faults. The lack of any significant cleavage zone development around D3 faints, 

and the presence of epidote-chlorite slickenfibres-suggests that these structures represent 

early ductile-brittle faults, associated with relatively hot fluids, as epidote is thought to 

grow at or above 240-260°C (Browne, 1978). The N-S compressional direction estimated 

for the D3 faults is similar to that estimated for the D I  and D2 events., However, D 3a  faults 

with epidote fibres, crosscut igneous rocks of the Island Intrusive Suite (Berry, 2000). This 

suggests that they do not representa'final brittle phase of the'N-S ductile deformation 

event, instead, D3 faulting represents a much later N-S compressional event. The relatively 

103 



D faults 

HW Mine iv 

o 

0 	 43 Block ,,-- 	 v 
o> 	 s  4 	K4  24A - 	Drive 23-27 and  0) 

0 	,i),: 
(t.-9 	(elevation 2855m) 	 0 	(z) a, 

i. 
a) o 
o.$.:0  

D 
Bedding 	 0 

D faults 

20-30 

D faults 	 D4  faults 

20-30 23
-4

28
XN

 

3910N 

0 

3940N 

Bedding 

Figure 4.35: Underground wall maps of drives 23-427 and K424ACC, illustrating the effects of D I  folding and D 3 -D5  faulting. An interpretation of the 
geology (and legend) is provided in the next map (Figure 4.36). 



A 

A A 	A 
A 

Interpreted Geology 
43 Block area 

Stratigraphic 
sequence 

Hangingwall 
Andesitic 
volcaniclastics 

3940N 
Massive Hangingwall 
Andesite 
Fine sandstone 
Siltstone 
Fine to medium-
grained sandstone 
Coarse-grained 
rhyolitic volcaniclastic 

Massive sulphides 
Mixed volcaniclastics 

Price Andesite 

■yEdding 

A 
A A  

A A 

4 
A •: ,(4 

A 	A 

A 	A A 
A 

A 
A A  AA 

A A  

D5  reactivation 

of D4 fault 

A A  A  
A 	A 	A  

A A A  

A 20-30 
A A  A 

A A 
tt. A A  A A AA  

o A 	 A 	A A A  

A  

p 0 A 

0.. olb  

° 

° 

Minor o t 
05 faults,' :F.° 

A 
.. 	• 

A 
A 

A 	A 
A 

Fault numbers refer to relative 
ages of the main D4 faults 

fault 1 = oldest 
fault 4 = youngest 

A 3910N 
0 

20-30 
A A 

Bedding 

A 
A1' 

A A 
A A  

A A  
A 

A  A
A 

A A 

A 

A A  

DEMO. 

Figure 4.36: Interpreted geology from underground wall maps (Figure 4.35) and oblique cross sections from drive 23-428XN (section 020 shown in Figure 4.35). The interpreted 
geology illustrates how D4  normal faulting affects the shallow SE-dipping sequence, with large offsets resulting from relatively small dip-slip movements on normal faults. 



hot fluids associated with the D3 faults may indicate formation during or just after 

emplacement of the Island Intrusive Suite. 

Underground mapping and fault striation data indicate that the D4 normal faults postdate D3 

faults and are consistently offset by D5 faults. Although the D4 faults are common in the 

Myra Falls area, they are not described on regional maps. With the exception of the D4 

North Fault Zone, displacement on the D4 structures is relatively minor and this may 

account for their absence on regional maps. However, Muller (1980) does report a set of 

NW to N (N to NE) striking faults that appear to predate the large NW trending thrust 

faults (D5 ?). These struetures could correlate with the Myra Falls D4 faults. 

The shallow N (NE)-dipping gouge-rich D5 thrusts and coeval NE (ENE-WSW) trending 

D5 strike-slip faults have a major effect on the stratigraphy of the Myra Falls area. These 

large faults can be correlated with major north-dipping thrust faults described in the 

Cowichan Uplift by England and Calon (1991), Massey, (1992), Yorath et al., (1999). 

These structures dominate the structural fabric of southern Vancouver Island and are 

probably of Cretaceous to late Eocene age (England and Calon, 1991; Massey, 1992). The 

faults most likely developed during crustal shortening caused by the collision and accretion 

of Wrangellia and subsequent Pacific Rim and Cresent terranes, onto North America. The 

strike-slip component of these large faults is a result of NW movement of the Pacific Plate 

relative to the North American plate. 

4.12 Summary and conclusions 

• The deformation history for Myra Falls VHMS camp includes: 

Syn-depositional growth faults 

D I  folding 

D2 shear zones 

D3 strike-slip faults and shallow thrust faults 

D4 normal faults 

D5 strike-slip and thrust faults 

• Syn-depositional growth faults are not directly measured, instead they are recognised 

by rapid changes in footwall elevation, thickness changes on isopach maps, and facies 

variation. 

• D I  produced broad open upright folds with moderately to steeply N-dipping axial 
• _ 

planar cleavage zones (S 1 ) that are variably developed. Stretching lineations (L 1 ) are 
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Figure 4.38: Regional bedding measurements hi Thelwood Formation and Buttle Lake Limestone. 
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horizontal to shallow WSW plunging and are generally parallel to F 1  fold axes. D I  

folds developed during N-S compression. 

• D2 produced a second foliation (S 2), which is developed in localised shear zones, and 

overprints and/or rotates (?) the S I  foliation. The S2 fabric is generally steeply N-

dipping to vertical with an ESE orientation. The development of the steep S2 fabric 

most likely occurred during the late stages of ductile deformation. The shear zones 

may have developed by an increase in strain partitioning and/or a slight rotation in the 

principle strain axes. The S2 fabric is offset by the earliest brittle structures, which are 

the steep D3a  faults. 

• D3 produced a two-stage evolution of faulting during N-S compression. Early steep 

strike-slip faults (D3a) are overprinted by shallow N and S dipping thrust faults and 

bedding-parallel shears (D 3b). 

• D3a  faults are typically steep planar structures with well-developed coarse quartz-

chlorite-epidote slickenfibres and chloritic polished surfaces. Fault striations are 

predominantly horizontal to shallow plunging and fault gouge is not present. Sinistral 

strike-slip offsets occur on NNE to NE oriented faults, whileAextral offset is observed 

on W to NNW oriented faults. 

• D3b faults strike E-W to NE-SW and have moderate to shallow N and S dips. They are 

wavy anastomosing faults, with minor gouge. Fine quartz slickenfibres are common 

and indicate oblique top to the west displacement on shallow N-dipping faults, and top 

to the NE displacement on shallow S-dipping faults. 

• D4 produced steep normal faults, which are planar structures with minor gouge and fine 

steep quartz fibres. They are commonly associated with quartz-carbonate veining and 

predominantly strike NNW to NNE. The D4 event commonly reactivates D 3a  faults, 

with coarse D3a  striations commonly grooved and/or overgrown by the fine steep D4 

quartz fibres. 

• D5 produced N-dipping oblique thrust faults and steep NE to E-oriented strike-slip 

faults. D5 faults are gouge-rich, wavy anastomosing structures, commonly associated 

• with irregular quartz veins. Broad cleavage zones, up to several metres wide, are 

commonly developed around D5 faults. The NE to E-oriented steep strike-slip faults 
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display sinistral offset, with top to the west displacement on shallow N-dipping thrust 

faults. 

• Multiple deformation events have had a significant effect on the volcano-sedimentary 

sequence at Myra Falls. However, it is still possible to reconstruct the geology in 

places, with many units displaying good lateral continuity. 

• The deformation history of the Myra Falls area can be related to regional structural 

mapping on Vancouver Island. The D I  fold event has been mapped in Sicker Group 

rocks throughout Vancouver Island, while a two-stage brittle event, similar to the D3 

event has been recognised in northern Vancouver Island. The large gouge-rich D5 

faults at Myra Falls are most likely related to the large NW-oriented (true north 

orientation) thrust faults, which dominate the structural fabric of Vancouver Island. 
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Chapter 5 

HW Horizon facies variation 

and paleoseafloor reconstruction 

5.1 Introduction 
The HW Horizon occurs at the base of the Myra Formation and hosts both the Battle and 

HW orebodies. The horizon is mainly composed of rhyolitic volcaniclastic rocks and 

marks an abrupt change from andesitic volcanism to rhyolite dominated volcanism. The 

VHMS orebodies occur on or very close to the contact with the underlying Price Andesite 

and this contact is thought to represent the paleoseafloor surface at or near the time of ore 

formation. 

The aims of this chapter are as follows: 

1. Describe the facies variation within the HW Horizon, with particular emphasis on 

facies associated with the siliceous caprocks 

2. Remove the effects of deformation to reconstruct the paleoseafloor and identify early vs 

late structures, using isopach maps, footwall contours, facies maps and the deformation 

history (from Chapter 4) 

Describe the depositional and structural setting of the VHMS orebodies at Myra Falls 

and compare with modern analogues. 

Juras (1987) and McKinley et al. (1997) suggest that the shape of the present orebodies is 

"governed by the configuration of the hosting extensional depressions (trough structures)". 

However, in many cases the extensional depressions are controlled by late structures (e.g., 

D4 and D5 faults) which overprint and obscure the original growth faults. Early vs late 

structures are identified in this thesis, by a combination of footwall contouring, isopach 

maps, facies maps and the deformation history. In order to gain an accurate picture of the 

depositional and structural setting of the VHMS orebodies at Myra Falls, the effects of the 
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D 1 -D5  events were removed. All orientations in this chapter are in local mine grid (mine N 

is 48° east of true N). 

5.2 Methods 
To describe the facies variation and changing stratigraphic thickness of the HW Horizon 

and Myra Formation various maps and sections were constructed, including: 

1. Footwall contours (top surface of Price Andesite). The major structures have 

been included to allow representative contours to reflect the fault pattern; 

2. Contour map of the top surface of the HW Horizon; 

3. HW Horizon isopach map; 

4. Basal contour map of the Thelwood Formation; 

5. Myra Formation isopach map; 

6. Facies maps — (fine-grained facies and porphyry bodies); and 

7. Cross sections through the HW and Battle orebodies. 

The data used to construct the maps was collected from exploration and mine sections. 

Contour maps were constructed from drillhole pierce points and plotted on maps with 

drillhole traces for greater accuracy. The thickness of units on facies maps and sections is 

based on the true thickness measured from sections, rather than from drillhole intersections. 

Footwall, isopach maps and facies maps were initially contoured by hand, as computer 

modelling was not possible, due to lithological naming inconsistencies in the exploration 

and mine databases. The data was then gridded and contoured using the minimum 

curvature method with Golden Software Surfer 7.0. Isopach maps were produced using the 

grid-math function, with additional points added to footwall and hangingwall contour maps 

to eliminate zones of negative values. Map areas without drillhole information were 

blanked out. 

5.3 HW Horizon fades variation 
Marked facies variation occurs throughout the HW Horizon and is shown in a series of N-S 

sections in Figure 5.1. There is a noticeable facies change from north to south with the 

northern part of the property dominated by coarse-grained, proximal rhyolitic volcaniclastic 

rocks and massive porphyry intrusives and flows. In the south, the horizon is dominated by 

finer grained lithologies such as, mudstone, siltstone and fine sandstone. The massive 

intrusives and flows mainly occur at the top of the HW Horizon with quartz-feldspar 

porphyry common in the western part of the property, and feldspar-porphyry and dacite 

more common in the east. Figure 5.2 illustrates the distribution and isopachs of the quartz- 

112 



Altr 

■OrP" a a co 

	11   
Almw 

Fi
gu

re
  5

.1
:  F

ac
ie

s  
va

ria
tio

n  
in

  th
e  1

1W
 H

or
izo

n  
ac

ro
ss

  th
e  

M
y r

a  
Fa

lls
  p

ro
pe

rty
  

wassou".....1411  

5 a a 

a a 

R
as

%
 %\

%\
l 'a

m
 ra

M
T

c\
 "e•,

  

N%
x\-

\v
&

 w
kre

&1
9 %

va
ziw

-  
rL

k 



Quartz-feldspar porphyry isopachs (m) 

05-10 10-20 20-30 30-40 40-50 >50 

Feldspar-quartz porphyry isopachs (m) 

05-10 10-20 20-30 30-40 40-50 >50 

5000 E 	6000 4000 E 

Mine North 
Magnetic 
North 48 

Zone 

■■I ■ • 

5000 N 

Ridge Zone 
West 

WWI/ VIBE 

4000 N 

Thel •od 
Valley 

3000 N 

3000 E 

Marshall 
Zone 

Figure 5.2: Location of quartz-feldspar porphyry bodies in Myra Falls VHMS camp. The porphyry bodies are located above the VHMS orebodies, at the top 
of the HW Horizon. 
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feldspar and feldspar porphyry bodies. The massive porphyry bodies become thicker to the 

north, and are absent in the south. This distribution most likely reflects the presence of a 

volcanic centre to the north (see further discussion in Section 5.7). 

The distribution and isopachs of fine-grained facies, which occur near the base of the HW 

Horizon is illustrated in Figure 5.3a. Argillite is the dominant lithology across the property, 

and is commonly interbedded with siltstone, and fine sandstone. The siliceous caprocks, or 

chert, are well developed above the Battle orebody, an'd in the Ridge and Extension zones, 

with minor patches above the HW orebody. Argillite and siltstone are also common in the 

Battle and Ridge zones, and form thick deposits, up to 25m thick, above the HW orebody. 

However;the thickest argillite deposits are located in the southern part of the property, in 

• the South Flank area, with argillite and interbedded siltstone deposits greater than 100m 

thick in places. Fine-grained facies are rare or absent in the northern part of the property. 

The map below, Figure 5.3b, shows the present day footwall geometry, represented by the 

contoured top surface of Price Andesite. A 3-d view of the footwall geometry is also 

shown in Figure 5.4. The presence of scoriaceous breccias and pillowed flows in the 

andesite suggest that this surface represents the deformed paleoseafloor, at the time of HW 

Horizon deposition (Juras, 1987; Juras and Pearson, 1990). This contact is therefore a 

Mine North 

Figure 5.4: Present day top surface contours of Price Andesite (or paleoseafloor) showing the effects 
of deformation. The large topographic high in the centre of the block diagram is largely a result of 
D I  folding (Myra Anticline), and the large topographic low to the north is due to !ante down throw 
on the North Fault. Uplift and lateral displacements also occur along the Myra-Price and Lynx-
Phillips Faults. 
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feldspar and feldspar porphyry bodies. The massive porphyry bodies become thicker to the 

north, and are absent in the south. This distribution most likely reflects the presence of a 

volcanic centre to the north (see further discussion in Section 5.7). 

The distribution and isopachs of fine-grained facies, which occur near the base of the HW 

Horizon is illustrated in Figure 5.3a. 'Argillite is the dominant lithology across the property, 

and is commonly interbedded with siltstone, and fine sandstone. The siliceous caprocks, or 

chert, are well developed above the Battle orebody, an'd in the Ridge and Extension zones, 

with minor patches above the HW orebody. Argillite and siltstone are also common in the 

Battle and Ridge zones, and form thick deposits, up to 25m thick, above the HW orebody. 

However,.the thickest argillite deposits are located in the southern part of the property, in 

the South Flank area, with argillite and interbedded siltstone deposits greater than 100m 

thick in places. Fine-grained facies are rare or absent in the northern part of the property. 

The map below, Figure 5.3b, shows the present day footwall geometry, represented by the 

contoured top surface of Price Andesite. A 3-d view of the footwall geometry is also 

shown in Figure 5.4. The presence of scoriaceous breccias and pillowed flows in the 

andesite suggest that this surface represents the deformed paleoseafloor, at the time of HW 

Horizon deposition (Juras, 1987; Juras and Pearson, 1990). This contact is therefore a 
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Figure 5.4: Present day top surface contours of Price Andesite (or paleoseafloor) showing the effects 
of deformation. The large topographic high in the centre of the block diagram is largely a result of 
D I  folding (Myra Anticline), and the large topographic low to the north is due to large down throw 
on the North Fault. Uplift and lateral displacements also occur along the Myra-Price and Lynx-
Phillips Faults. 
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useful marker to illustrate the paleoseafloor topography and the likely position of early 

growth structures. However, much of the topographic variation present in the map (Figure 

5.3b and 5.4), is the result of late deformation. For example, the large topographic high in 

the centre of the map, reflects the hinge zone of the Myra anticline, whereas the 

topographic low in the north, is the result of a large down throw on the North Fault (see 

previous chapter for detailed discussion on fault displacements). Although deformation has 

significantly disrupted the sequence, there are some areas where the original seafloor 

topography appears to be preserved. Several distinct basinal structures occur, such as the 

one beneath the HW orebody and another immediately south and west of the Battle 

orebody. 

A number of topographic lows in the deformed paleoseafloor, Figure 5.3b, appear to 

coincide with the distribution of fine-grained fades shown in Figure 5.3a. This coincidence 

suggests that some features of the paleoseafloor topography may be preserved, and that 

mudstone-rich areas may represent original topographic lows. Potter (1999) suggests that 

"mud and shale-rich deposits ranging from a few to 100s metres thick, whether restricted in 

size or widespread, represent topographic lows, some shallow, some deep, that had minimal 

bottom currents or waves". Other areas of the facies map, which are devoid of fine-grained 

facies, may have originally been topographic highs, where fine-grained sediments were 

eroded or never accumulated. 

The isopach map, Figure 5.5a illustrates variation in total stratigraphic thickness of the HW 

Horizon, which ranges from 1-300m thick. The map below, Figure 5.5b, shows variation in 

thickness of the Myra Formation, which includes the entire mine sequence. This formation 

ranges in thickness from about 100m to greater than 900m. Thin linear zones adjacent to 

large faults, such as the Myra-Price Fault, indicate fault thinning and are not representative 

of the true thickness. In general, the HW Horizon and Myra Formation increase in 

thickness to the south, and both units thicken slightly above the HW deposit and south of 

the Battle deposit. A detailed examination of the stratigraphic variation and footwall 

geometry around the orebodies, is discussed in later sections. 

The isopach maps indicate that although the sequence at Myra Falls is strongly deformed, at 

a broad scale, original features of the VHMS environment appear to be preserved. 

Variations in facies, footwall contours, and stratigraphic thickness, reflect changes in the 

depositional environment and proximity to volcanic centres. 
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5.4 Paleoseafloor reconstruction 

5.4.1 Structural domains 
The sequence is strongly deformed with ubiquitous faults at all scales. However, 

displacements on many faults are relatively minor (<1-2m) and at a property scale have 

little effect on the overall sequence. For this reason, the property is divided up into a 

number of structural domains, separated by major structures (Figure 5.6). Within each of 

these domains the geology is relatively coherent and the major effects of deformation can 

be removed from each block or domain. In general, only faults or fault zones with total 

displacements greater than about 50m are recognized in the reconstruction process. 

Individual faults (with displacements <10-15m) do not show up on the footwall contours, 

and most likely do not have a dramatic effect on the sequence. 

Figure 5.6: Structural domains in the Myra Falls area. Domains are separated by major structures 
and deformation is relatively minor within each domain. 

5.4.2 Removing the effects of late deformation (D 1 -D5) 
A planar marker horizon is used to remove vertical displacements across the property, by 

restoring the marker to a consistent elevation. The basal contact of the Thelwood 

Formation with the underlying Myra Formation is used as the marker horizon, and the 

contoured basal contact is shown in Figure 5.7a. The Thelwood Formation is mainly 

composed of horizontal, laminated mudstone, with interbeds of massive fine to medium-

grained sandstone and mafic sills. The dominance of laminated mudstone, the very planar 

nature of the bedding and the lateral extent of this unit, suggests that it was deposited 

during a time of subdued relief (Figure 5.7b-c). 
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Figute 5.7: a) The basal contact of the Thelwood Formation, shown by the contour map, provides an important marker 
for the paleoseafloor reconstruction. The very planar nature of the bedding and lateral extent of this unit, suggests that the 
Thelwood Formation was deposited during a time of subdued relief. Marked topographic variation in the basal surface 
indicates that this formation is also affected by deformation. The topographic highs represent the hinge zone of the large 
Di fold (Myra Anticline), with significant lateral shifts along Ds structures, including the Myra-Price and Lynx-Phillips Faults, 
and large down throw in the northern part of the property along the Da North Fault system. Although the unit is moderately 
deformed, the elevation of the basal contact is relatively level above the Battle and HW orebodies, even though the underlying 
there is marked topographic variation in the underlying Price Andesite in these areas (orebodies shown in red outline). 
b) Thelwood Formation in a roadcut on the Westmin Mine Road, illustrating the planar nature of the bedding. 
c) Photo of Thelwood Formation at the same road cutting, illustrating the laminated mudstone which dominates the unit. 



The contour map, Figure 5.7a, indicates that the basal contact of the Thelwood Formation 

has significant relief across the property. Much of this relief is due to late deformation, 

with topographic highs in the centre of the map reflecting the hinge zone of the Myra • 

Anticline, and the deep low in the north, representing down throw on the North Fault. 

However, the basal contact appears to have a similar and consistent elevation of 3200m, 

above both the FIW and Battle-Ridge zones. In both of these areas the underlying footwall, 

or paleoseafloor, shows marked relief. This suggests that the structures responsible for 

rapid changes in the paleoseafloor elevation, did not affect the Thelwood Formation, and 

may represent growth faults. 

Vertical and lateral displacements of the paleoseafloor were removed by a series of steps 

using the grid-math function in Golden Software Surfer 7.0. These steps involved: 

1. Separating the data into the major structural blocks and removing the lateral 

displacements for each block. The strike-slip component of fault displacement was 

estimated from offset markers, such as the hinge zone of the Myra Anticline, and offset 

porphyry bodies and footwall contours; 

2. Subtracting the present day Thelwood Formation basal contact contours from a 'plane at 

3200m elevation to create a residuals file; and 

3. Addition of residuals to the footwall contours to restore the paleoseafloor topography. 

Paleoseafloor reconstruction was first undertaken at a deposit scale for the HW and Battle-

Ridge zones to identify the possible location and orientation of growth structures. These 

structures were then added to a paleoseafloor reconstruction for the entire property. This 

reconstruction gives an overview of the depositional and structural setting for the VHMS • 

orebodies at Myra Falls. 

5.5 HW mine area reconstruction 
The footwall contours in the HW mine area are shown in Figure 5.8a. Major structures, 

which affect the footwall elevation are also shown. The West Main Fault is a zone of steep 

normal faults, which dissect and uplift the western side of the orebody. The total 

displacement across this zone is approximately 50m, however, individual normal faults in 

this zone generally show only 5-10m displacement. The faults are spaced 10-20m apart and 

for this exercise, the zone is represented by only 2-3 faults. Other major structures in the 

area are the North Fault and the Myra Anticline, which result in the deep topographic low 

in the north and the ridge to the south respectively. The Myra-Price Fault displays sinistral 

movement, offsetting the Myra Anticline axis to the north. Although these structures 

dominate the footwall topography of this area, a distinct basinal feature is still visible 

beneath the HW orebody. 
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Figure 5.8: a) HW mine contour map of the top surface of Price Andesite (footwall to VHMS ore). 
The effects of the major structures are shown by marked changes in footwall elevation 
(see discussion in text). 
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Figure 5.8: b) Facies map of the HW mine area illustrating the distribution of fine-grained facies in the 
basal part of the HW Horizon. Argillite, interbedded with fine sandstone is the dominant fine-grained 
facies in this area, and appears  to  coincide with the topographic lows in the southern part of the area 
and beneath the HW orebody. 
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Figure 5.9: a) HW mine isopach map of the HW Horizon illustrating the variation in thickness 
above the orebody and the surrounding area. The thickest zones are generally in the south, which 
is dominated by thick mudstone sequences. The Myra-Price Fault displaces this thicker part of the 
H'W Horizon to the north. A slight thickening in the HW Horizon is observed above the orebody, 
with thinner zones to the north and south. These changes in stratigraphic thickness may be related 
to syn-depositional growth faults. 

Figure 5.9: b) HW mine isopach map of the Myra Formation. A marked decrease in the thickness 
of the Myra Formation immediately north of the orebody is most likely a result of a syn-depositional 
growth fault (see text for discussion). Other thin zones reflect fault thinning along major structures 
such as the Myra-Price Fault and the West-Main Fault Zone. 
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The basinal feature coincides with a moderately thick zone of argillite, shown in the 

isopach map below (Figure 5.8b). The presence of argillite indicates that this zone was a 

topographic depression or depo-centre. Thick argillite deposits are also common in the 

south, and have been displaced northwards on the eastern side of the Myra-Price Fault. 

The isopach map of the HW Horizon, Figure 5.9a, indicates that the HW Horizon becomes 

slightly thicker into the basinal structure, with thinner zones on the periphery of the 

structure. Myra Formation isopachs also indicate an increase in stratigraphic thickness into 

this basinal structure (Figure 5.9b). The formation thins rapidly to the north of the HW 

orebody, with the thickness varying from 400m over the orebody to less than 200m in the 

northern area. Thinner zones are also associated with the large faults, such as the Myra-

Price Fault, and reflect fault thinning. 

5.5.1 Location of growth structures 
Figure 5.10a is an isopach map of coarse-grained mixed rhyolitic and andesitic material, 

which occurs beneath the HW orebody: The dark green areas, with no contours, are zones 

where the orebody is in direct contact with the underlying Price Andesite. The northern 

part of the orebody and the southwestern edge, have rhyolitic material beneath the ore, up 

to 50m thick in places. Early growth structures are shown on this map, and their position 
— 

and orientations are based on a number of criteria, including the location of thick rhyolitic 

deposits beneath the ore, marked changes in footwall elevation and the thickness of the HW 

Horizon and Myra Formation. Footwall contours and isopach maps suggest that the basal 

coarse-grained mixed volcaniclastic deposits may represent early basin infill adjacent to 

growth faults, prior to ore formation. Figure 5.10b illustrates the reconstructed 

paleoseafloor in the HW mine area, with the growth faults from Figure 5.10a. 

The most obvious growth structure is growth fault 1, which has an ENE trend and is located 

at the northern margin of the HW orebody (Figure 5.10a). There is a relatively sharp drop 

in footwall elevation into the HW basin, with a rapid drop of about 100m. For example, on 

section 3400E the footwall elevation changes from 2900 down to 2800 between W129 and 

W127, and on section 3800E, from about 2890m down to 2800m between drillholes P13- 
, 

307 and P13-306 (Figure 5.10b). The thickest zone of rhyolitic-andesitic debris beneath the 

orebody is located adjacent to this structure (Figure 5.10a), and a marked increase in 

stratigraphic thickness of the HW Horizon and the Myra Formation also indicates the 

presence of an early growth structure (Figure 5.10a). For example, on section 3400E, the 

thickness of the HW Horizon increases southward, from 35 to 80m, and the Myra 

Formation increases from about 100 to 300m thick, between drillholes W129 and W127. 

On section 3800E, the HW Horizon increases southward, from 20 to 100m thick, and the 
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Figure 5.10: a) Isopachs of coarse-grained mixed rhyolitic-andesitic material beneath  the 
HW orebody and inferred position of early growth faults (see text for further discussion). 
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Figure 5.10: b) Restored paleoseafloor with the estimated location and orientation of growth faults 
from the diagram above. The location of growth faults is based on: 1) rapid changes in footwall 
elevation; 2) marked facies variation in the coarse-grained rhyolitic units beneath the orebody; 
3) marked increases in the thickness of the HW Horizon and Myra Formation (see text for further 
discussion). 
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Myra Formation increases from 100 to 300m thick, between drillholes W129 and W127 

(Figure 5.9a and 5.9b). 

The second structure (fault 2) has a similar orientation, and,its position is indicated by 

variation in footwall elevation, stratigraphic thickness, and by the change in the position of 

the ore horizon, relative to the underlying Price Andesite (Figure 5.10a). South of this 

structure, the ore horizon lies in direct contact with Price Andesite, whereas to the north, 

the orebody is located above a thick pile of coarse-grained mixed rhyolitic and andesitic .  

detritus. A much broader zone of argillite occurs in the southern area, suggesting a larger, 

deeper depo-centre. A smaller change in the footwall elevation is seen across growth fault 

2, generally, less than 30m. On section 3400E the footwall elevation decreases southward 

from 2820 to 2795m between drillholes W103 and W112 (Figure 5.10b). The thickness of 

the HW Horizon increases southward across the structure, by about 30m (Figure 5.9). 

Faults 3 and 4 were not as obvious as faults 1 and 2, as they do not show up clearly on the 

footwall contours.. This suggests that the total offset on these structures may have been less 

than 50m. The faults also occur in an area disrupted by the West Main Fault zone, making 

interpretation more difficult. Although footwall contours do not indicate the position of 

fault 3, the orientation of the.structure is estimated to be an extension of the.WNW trend:of.  , , 

the Extension Zone orebodies (Figure 5.3). This is based mainly on the presence of coarse-

grained mixed rhyolitic-andesitic material beneath the orebody (Figure 5.10a), and HW 

Horizon isopachs (Figure 5.9a). There is a marked increase in the thickness of the HW 

Horizon to the south, from 20 to 100m, between drillholes W128 and W105, on section 

3100E (Figure 5.9a) suggests the presence of a growth structure. The position of fault 4 is 

estimated from the rapid increase in footwall elevation to the south (Figure 5.10b) 

accompanied by a slight decrease in stratigraphic thickness of the HW Horizon and Myra 

Formation (Figure 5.9). 

The growth faults and associated changes in stratigraphic thickness and footwall elevation 

are best illustrated by N-S oriented sections. Figure 5.11a, shows section 3500mE, which 

extends through the centre of the HW orebody. The 'section shows the present day geology 

with the major structures, which affect the sequence. The large uplifted zone on the 

southern side of the section is the result of D I  folding (Myra Anticline) and D4 normal 

faulting in the West Main Fault zone. A deep topographic low in the north is the result of 

large down throw on the North Fault. Displacement on the Flat Fault is relatively minor at 

this scale. The section below, Figure 5.11b, illustrates the restored geology, with the base 

of the Thelwood Formation returned to 3200m elevation. The most noticeable effect of the 

reconstruction is that the footwall topography is greatly reduced. However, there is still a 
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distinct basinal structure beneath the orebody and the HW Horizon and Myra Formation 

show a marked increase in thickness. The growth faults from Figure 5.10 are located at the 

northern edge of the HW basin. 

The present-day geology of the western edge of the HW orebody is shown on N-S oriented 

section, 3050mE (Figure 5.12a). Similar structural features, to the previous section are 

seen, with major uplift resulting from D I  folding and at normal faulting. The large down 

throw on the North Fault can also be seen on the northern side of the section. The section 

below, Figure 5.12b, illustrates the restored geology, with the base of the Thelwood 

Formation returned to 3200m. Growth faults 3 and 4, from Figure 5.10, are located 

adjacent to the thick zone of rhyolitic material beneath the orebody. These structures were 

most likely active well before ore formation, with rhyolitic debris infilling the early fault 

depression, as it did adjacent to fault 1. The restored cross section, (reconstructed 

manually) shows a rapid drop in footwall elevations across the growth structures 3 and 4. 

However, these marked changes in footwall elevation are not observed in the footwall 

contour map. This is most likely due to the structural complexity of the area (West Main 

Fault zone), resulting in slight inaccuracies of the paleoseafloor model. 

The WNW trend of faults 3 and 4 is similar to the trend of the Extension Zone orebodies 

and the eastern edge of the Battle orebody (Figure 5.3). This alignment may represent a 

major fault trend for the area. In contrast, growth faults 1 and 2 (Figure 5.10) appear to 

splay off the WNW trending faults, and these splays may represent a bend in the main fault 

trend. If so, this zone would form an ideal locus for fluids, and ore formation. 

(text continued on page 132) 
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Figure 5.12: a) Section 3030E, at the western edge of the HW orebody 
illustrates the dramatic effect of late deformation on the sequence. 
A possible growth structure from Figure 5.10 is shown adjacent to the 
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5.6 Battle-Ridge Zone reconstruction 
Reconstruction of the paleoseafloor and identification of growth structures in the Battle-

Ridge Zone was more difficult, mainly due to a greater degree of deformation. Figure 

5.13a illustrates the present day footwall contours of the Battle-Ridge area and the major 

structures, which affect the sequence. The deep topographic low in the north is a result of 

down throw on the North Fault, and the topographic high on the south edge of the map is 

close to the hinge zone of the Myra Anticline. A series of NE oriented D5 faults displace 

the western edge of . the Battle orebody. The Flat Fault extends throughout the orebody with 

top to the west displacement. The footwall contours suggest that a broad topographic low 

or basinal feature occurs immediately south and west of the Battle orebody. The 

topographic low coincides with a relatively thick zone of argillite and chert in the isopach 

Map below (Figure 5.13b). The fine-grained facies appear to lie in several NE oriented 

deposits and this trend may reflect the orientation of original basin controlling structures. 

The isopach map of the HW Horizon (Figure 5.14a) shows a slight increase in stratigraphic 

thickness into the basinal feature. A more marked increase in stratigraphic thickness is 

shown by the Myra Formation isopachs (Figure 5.14b), with the formaticin increasing from 

just over 100m to greater than 300m thickness within the basinal structure. 

5.6.1 Location of growth faults 
A reconstruction of the paleoseafloor and growth structures in the Battle-Ridge zone is 

illustrated in Figure 5.15. The position and orientation of these early structures is based on 

the restored paleoseafloor contours, isopach maps of the HW Horizon and Myra Formation, 

and facies maps. However, the interpretation of early growth structures here, is not as 

reliable as those mapped around the HW orebody, mainly due to a greater degree of 

deformation in the Battle area. The Battle structures may also have had smaller total 

displacements, therefore, not showing up as well on footwall contours and isopach ,  maps. 

Growth fault 1 is the most readily recognised structure, and is located adjacent to a NE 
_ 

trending zone of argillite (Figure 5.13b), and a sharp drop in footwall contours (Figure . 

5.15). On section 1000E, footwall elevation decreases rapidly from 3000 to 2960m, and the 

thickness of Myra Formation increases from 240 to 310m; between drillholes L15-346 and 

L15-342. 

The interpretation of growth fault 2 is the least reliable of the faults and is based mainly on 

a rapid increase in footwall elevation and decreasing stratigraphic thickness on restored 

composite section 1260-1420E, illustrated in the following chapter (Figure 6.5). The fault 

is located at about 4280E and may have acted as a ore-fluid conduit for the Gap orebody. 

132 



Elevation 
(m) 

3100 

3000 

2900 

2800 

2700 

2600 

800E 	1000E 1200E 1400E 1600E 1800E 2000E 2200E 

4600N 

4400N 

4200N 

4000N 

3800N 

3600N 
600E 

Battle mine - footwall contours (top surface of Price Andesite) 

Figure 5.13: a) Footwall contours (top surface of Price Andesite) in the Battle mine area.  A  large basinal 
structure occurs southwest of the orebody and coincides with thick argillite deposits (see facies map below). 
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Figure 5.13: b) Facies map of the Battle mine area, showing the distribution of fine-grained  facies  which occur 
at the base of the HW Horizon. Siliceous caprocks (or chert) are best developed in this area,  and  appears to be 
spatially associated with the orebody. 
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Growth fault 3 is clearly indicated : by a sharp drop of about 60m in.footwall elevations on 

section 1260E; between drillholes L14-753, L14-707 and L14- 1683 (Figure 5:15): The 

thickness of the Myra Formation also increases southward, across this structure, from.250 

to 320m (Figure 5.14b). The isopach map (Figure 5.13b) also indicates that a thick zone of 

argillite displays a NE trend, adjacent to this structure. 

Growth faults 1, 2 and 3 have an ENE orientation and appear to splay off the WNW 

trending structure, which extends through the Extension Zone and up to Battle orebody., 

Sinclair (2000) examined metal zonation throughout the Battle orebody and found linear 

trends of high Cu and Fe at the base of the orebody and suggested that they represent feeder 

zones. These linear trends have ENE to NE orientations and line up approximately with 

growth faults 1, 2 and possibly 3. 

The paleoseafloor reconstruction and the effects of growth faults are best illustrated by N-S 

oriented sections. Figure 5.16a, shows the present day geology of the western side of the 

Battle orebody on section 1300E. The sequence is strongly deformed by D I  folding (Myra 

Anticline), at normal faulting (North Fault) and D5 shallow oblique thrusts (Flat Fault). 

Figure 5.16b, below, illustrates the reconstructed geology, with the base of the Thelwood 

Formation returned to 3200m elevation. The fooiwall (or paldoeafloor) . topography is 	' 

greatly reduced and the basinal feature, immediately south of theBattle'depo'sit is more

visible. The position of growth faults 2 and 3 is based largely on marked increases in the 

thickness of the Myra Formation from north to south. Only slight changes in the thickness; . 

of the HW Horizon are visible and the majority of movement on these growth faults may 

have postdated deposition of the HW Horizon. A more detailed view of the HW Horizon in, 

this area, is shown in restored composite section 1260-1420E in the following Chapter 

(Figure 6.5). In this section, there is a marked change in stratigraphic thickness and 

footwall elevation at about 4350N, which coincides with growth fault 1. However the 

horizon shows only a gradual decrease in thickness to the south, accompanied by a slight 

rise in the footwall topography. Deposition of the HW Horizon and Battle ore formation 

most likely predates movement on growth faults 2 and 3. 

The present-day geology of the western edge of the Battle orebody and the Ridge Zone is 

shown on section 1000E (Figure 5.17a). The effects of late - deformation are similar to the 

previous section, with major vertical displacements resulting from D I  folding and D4 

normal faulting. The section below (Figure 5.17b) shows the restored geology with the 

base of the Thelwood Formation returned to 3200m elevation. The Ridge Zone orebodies 

are still located on a steep slope at the northern margin of a large basin. The marked 

increase in thickness of the Myra Formation coincides with the drop in the footwall 
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Figure 5.14: a) Isopach map of the HW Horizon in the Battle mine area. Although there is not a lot of variation 
in the thickness of the HW Horizon across the area, the unit does appears to thicken slightly to the south and 
west of the orebody and this area coincides with a topographic low on the footwall contours and the thickest 
zone of argillite/chert on the facies map. The stratigraphic thickening to the south most likely reflects the 
paleoseafloor topography. 

Figure 5.14: b) Isopach map of the Myra Formation in the Battle mine area. The unit thickens to the south 
and west of the Battle orebody, most likely reflecting the lower topography of the underlying footwall 
Price Andesite. The marked thinning to the north of the orebody also coincides with elevated footwall 
topography. 
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elevation, indicating that growth faults were active during deposition of the Myra 

Formation. However, the HW Horizon maintains a similar thickness throughout this zone 

and movement on the major growth faults controlling basin formation, most likely 

postdates deposition of the HW rhyolitic fades and ore formation (?). 

In general, the reliability of the paleoseafloor reconstruction and the interpreted growth 

faults depends on drillhole density, the intensity of late deformation, and the total 

displacement on each structure. In most places, marked changes in the elevation of the 

reconstructed paleoseafloor indicate the position of the growth faults. However, in zones of 

strong deformation, such as the western edge of the HW orebody in the West Main fault 

zone, the accuracy of the reconstruction is diminished, making the interpretation of growth 

faults difficult. In this case, manual construction of restored cross sections was necessary 

to locate the growth structures. The assumption about the planar nature of the basal contact 

of the Thelwood Formation also has a major effect on the accuracy of the reconstruction. 

Ideally the top contact of this formation should be used, however, a large proportion of the 

drillholes were collared within the Thelwood Formation and the upper contact is therefore 

poorly constrained. 

(text continued page 143) 

Restored paleoseafloor of the Battle-Ridge area 
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Figure 5.15: Restored paleoseafloor of the Battle-Ridge area with  growth  structures.  The 
orientation and position of growth faults is estimated from footwall contours, isopach  maps  of the 
HW Horizon and Myra Formation and fades maps. 
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restored section below (MZ = orebody). 
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Figure 5.16: b) Restored geology of the Battle deposit (Section 1300E). This section also shows a 
marked increase in the thickness of the Myra Formation, coinciding with a drop in the elevation of 
the underlying Price Andesite. The HW Horizon thins slightly adjacent to growth fault 2 and this 
may be the first active growth structure. The thickness of the HW Horizon does not change over 
fault 2, suggesting that this fault was active after deposition of the HW Horizon, and ore formation 
(MZ = orebody). 
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Figure 5.17: a) Section 1000E is located just west of the main Battle orebody and was  chosen  to 
illustrate the geological reconstruction because of the number of drillhole pierce points  through 
the Thelwood Formation. Major structures are shown and include the Myra Anticline,  which  has 
a major effect on footwall topography, the Lynx-Phillips Fault and the North Fault zone. 
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Figure 5.17: b) Restored geology of Battle (Ridge Zone) section 1000E. A marked increase  in  thickness of 
theMyra Formation coincides with a significant drop in the elevation of the footwall, Price Andesite, which 
suggests growth faults were active during deposition of the Myra Formation. However, the  HW  Horizon 
maintains a similar thickness throughout this zone, and the major growth faults controlling the basin 
formation most likely postdate deposition of the HW rhyolitic facies and ore formation (?).  MZ  = orebody. 
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5.7 Property scale paleoseafloor reconstruction 
The present day deformed paleoseafloor of the Myra Falls property is shown in Figure 

5.18a. In comparison, the reconstructed paleoseafloor is shown below in Figure 5.I8b. The 

most noticeable change in the reconstructed paleoseafloor is the removal of the deep 

topographic low in the north. Instead, this is now an area of elevated topography. The 

large topographic high associated with the Myra Anticline, and the eastern side of the 

Myra-Price Fault is also removed. Two distinct basinal structures are present beneath the 

HW orebody and south and west of the Battle orebody and are referred to as the HW and 

Battle basins. Growth faults are spatially associated with the orebodies and their positions 

and orientations are based on the detailed mine-scale paleoseafloor reconstructions. 

A 3-d view of the effect of the paleoseafloor reconstruction is also shown in the wire-frame 

diagrams, Figures 5.19a and 5.19b. Large faults and the D I  Myra Anticline are clearly 

visible in Figure 5.19a, whereas the topography is much more subdued in the restored 

paleoseafloor, Figure 5.196. The orebodies appear to occupy small sub-basins along a 

WNW-trending ridge. The topography appears to drop away rapidly to the south and 

increases slightly to the north. 

The distribution of the fine-grained facies, which reflects depressions or depo-centres is 

shown in Figure 5.20a. The fine-grained facies coincides With topographic lows in the 

restored paleoseafloor (Figure 5.186). Fine-grained facies are absent from areas of elevated 

topography, such as the northern part of the property. Instead, this area is dominated by 

coarse-grained volcaniclastic rocks, which are more typical of zones, proximal to volcanic 

centres. The block diagram, Figure 5.20b, illustrates the paleoseafloor topography and the 

position of the HW and Battle basins. The HW and Battle basins appear to be small, 

restricted basin's, quite separate from the broad deep basin in the south. A volcanic centre is 

interpreted to be located in the north, due to the rising elevation of the paleoseafloor, the 

marked increase in coarse-grained volcaniclastic rocks andmassive porphyry flows and 

intrusives, and the absence of fine-grained facies. 	 ,s. • 

The coincidence of fine-grained facies and topographic lows, indicates , that at.a broad 

property-scale, the footwall reconstruction is a good approximation for the paleoseafloor 

topography during deposition of the HW Horizon. 

5.8 Comparison to modern VHMS systems 
Bathymetric maps of several modem hydrothermal fields in back-arc basins are shown in 

Figure 5.2 I, with examples from the North Fiji Basin (Bendel et al., 1993), eastern Manus 
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Figure 5.18: b) Restored paleoseafloor (top surface of Price Andesite), with major growth faults 
shown at the margins of the HW and Battle Basins. The paleotopographic reconstruction 
suggests that the Battle and HW orebodies formed within  small  basins on the edge of an area of 
elevated topography, with the seafloor elevation rapidly decreasing into the south flank area. 
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deformation. The large topographic high in the centre of the block diagram is largely a result of D i  
folding (Myra Anticline), and the large topographic low to the north is due to large down throw on the 
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Figure 5.19: b) Restored paleoseafloor (at time of deposition of the Thelwood Formation) showing the 
location of growth faults and VHMS orebodies. The orebodies are spatially associated with the growth 
faults and these structures most likely acted as ore fluid conduits. The HW orebody is located within a 
small basin, separated from the large topographic low to the south. The Battle orebody is also associated 
with a small basin, but appears to be located on the steep northern edge of the basin. Isopach maps indicate 
that the location of the orebody, (on a slope) is most likely a result of subsequent uplift on younger growth 
faults at the edge of the basin. 
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Basin and the Central Okinawa Trough (Halbach and Pracejus, 1993). These examples 

illustrate some of the wide variation in structural and depositional settings of modern 

hydrothermal fields, with deposits forming along linear troughs, e.g., White Lady 

hydrothermal field (Bendel et al., 1993), along linear ridges, e.g., Pual Ridge in the Manus 

Basin (B inns et al., 1995) or on the margins of deep caldera structures such as the Central 

Okinawa Trough (Halbach and Pracejus, 1993). 

The Pacmanus hydrothermal field, Eastern Manus Basin (Binns et al., 1995) is particularly 

interesting as a modern analogue for Myra Falls VHMS orebodies. The paleoseafloor 

reconstructions indicate that the Myra Falls orebodies formed in small basins along a ridge, 

similar to the Pacmanus hydrothermal field. These small basins are quite separate from the 

larger basin to the south, where the depth progressively increases. This suggests that the 

deepest basins in this area, are not necessarily prospective for VHMS ore, instead, smaller 

sub-basins which occur along the WNW-trending ridge are more likely sites of VHMS ore 

deposition. 

5.9 Summary and conclusions 
The results of facies mapping and paleoseafloor reconstruction can be summarised as 

follows: 

• The sequence is strongly disrupted by D I  folding, D4 normal faulting and D5 oblique 

thrusts and strike-slip faults; 

• Marked north-south facies variation occurs within the HW Horizon, with coarse-

grained felsic volcaniclastics dominating in the north and thick mudstone and siltstone 

deposits in the south. Quartz-feldspar porphyry bodies are common in the west, 

feldspar porphyry and dacite are more common in the east; 

• The footwall contours, or deformed paleoseafloor, clearly shows the effects of late 

deformation, but two basinal features associated with the HW and Battle deposits 

appear to be preserved. The distribution of fine-grained facies, dominantly composed 

of argillite, coincides with many of the topographic lows in the footwall contours. As 

mudstone deposits commonly represent depressions or depo-centres, this indicates the 

preservation of at least part of the original seafloor topography; 

• Stratigraphic thickness of the MW Horizon varies from 2 to 300m, while the thickness 

of the Myra Formation varies from 100 to 1000m; 
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Figure 5.20: a) Distribution map of the fine-grained facies which occur at the base of the HW 
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Figure 5.20: b) Interpreted paleogeography of the Myra Falls area, based on the paleoseafloor 
reconstruction and facies mapping. 
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• The paleoseafloor reconstruction indicate that the VHMS orebodies occur within or at 

the edges of small basins, which occur along a NW oriented ridge. The depositional 

and structural setting of the orebodies at Myra Falls appears to be similar to the 

Pacmanus hydrothermal system; and 

• Although early growth faults are obscured by late deformation, paleoseafloor 

reconstructions, isopach maps and facies. maps can be used to locate possible growth 

structures. The growth faults identified appear to have a slightly different trend to the 

main NW oriented ridge and may represent splays off the main trend. If so, these zones' 

would form an ideal locus for fluids and may be the controlling factor for the position 

of the two largest orebodies in the area. 

• . 	• 

In conclusion, the reconstruction of the paleoseafloor is possible, at least at a broad • 

property scale. However, the reliability of the reconstruction will vary across the property 

with changing drillhole density and intensity of late deformation. At this scale, only large 

fault displacements are recognised by footwall contouring. The effects of individual faults, 

with offsets less than about 30-40m, are not observed in the footwall contours. The 

assumption about the planar nature of the basal contact of the Thelwood Formation also has 

a major effect on the accuracy of the reconstruction. Ideally, the top contact of this 

formation should be used.. However, a large proportion of the drillholes, were collared 

within the Thelwood Formation and the upper contact was therefore poorly constrained. 

Although there will always be some inaccuracies with any reconstruction, the combined use 

of facies mapping,. isopach maps and an understanding of the deformation history, add to 

the reliability of this reconstruction. The coincidence of the fine-grained facies with the - 

topographic lows, suggest that the reconstruction provides a good approximation for the 

original paleoseafloor, and aids the comparison with modern analogues such as the 

Pacmanus hydrothermal system, Eastern Manus Basin. The depositional and_struttural 

setting of thebrebodies at Myra Falls has important implications for the chemistry of the 

fine-grained facies -and/or caprocks, which occur immediately above the VHMS orebodies, 

and a detailed. discussion will be.given in Chapter 8. 
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Chapter 6 

Chert and argillite `caprocks' 

6.1 Introduction and Taprocks' definition 
The VHMS orebodies at Myra Falls are in many places 'capped' by a fine-grained 

sequence of chert and argillite. For instance, in the Battle mine, siliceous facies dominate 

above the ore and are referred to as the siliceous `caprocks' or chert. In this study the term 

"chere is defined non-genetically, as any rock containing greater than 75% thicrocrystalline 

quartz (Folk and Weaver, 1952). 

One of the main aims of this study is to determine the distribution, nature and origin of the 

'cap rocks'. Detailed analysis of geological sections,.drillcore and underground Mapping: . 	. 	. 
has shown that the 'cap rocks' form a distinct fine-grained horizon acibss the property.. - 

This horizon commonly occurs immediately above, or within 1-2m above the ore horizons, 

and close to the contact with the Price Andesite in areas distal to ore. Although the fine-

grained rocks form a distinct horizon, substantial lithological variation is presenf.within the 

horizon. Pale grey chert is common above the Battle orebody, and grades into black chert 

at the edge of.the siliceous zone. Elsewhere, the caprock horizon consists predominantly Of 
• 

finely laminated black 'argillite with siltstone interbeds. 

The caprocks.are divided into three main facies: 1) Chert; 2) Black chert; and 3) Argillite., 

Other facies associated with the fine-grained caprocks are siltstone, fine to medium grained 

rhyolitic sandstone and conglomerates, rhyolite, mixed andesite-dacite-rhyolite 

volcaniclastic racks and massive to semi-massive ore horizons. The facies map (Figure 

6.1) illustrates.the 'distribution of the caprock facies, and the stratigraphic position of the 

caprock horizon is shown in the fence diagrams (Figures 6.2 and 6.3). 
_ 
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6.2 Chert 

6.2.1 Distribution 
The pale grey chert is best developed above the Battle orebody, where it appears to form a 

thick 'cap' (3-5m thick) above the massive sulphides. Chert horizons are also located 

above the Ridge and Extension ore zones, with minor chert zones above the HW mine 

(Figure 6.1). Instead, the HW orebody is overlain by a thick argillite sequence, up to 35m 

thick. 

Although the pale grey chert is spatially associated with massive sulphides, the chert 

extends over a much broader area than the ore horizons. The distribution of the Battle chert 

is illustrated in Figure 6.4, and shows that the chert extends up to 250m south of the Battle 

orebody. In other places, such as the Extension Zone or the HW orebody, the chert has a 

more limited distribution and is generally located immediately above the massive sulphides. 

6.2.2 Macro-scale description 
The chert is usually very fine-grained and pale, to medium grey. Pale brown, green and 

pink varieties are also present but are much less common. The white to pale grey-pink chert 

is located immediately above the Battle ore, whereas the green chert predominantly occurs 

on the southern and eastern periphery of the Battle orebody (Figures 6.4 and 6.5). The 

white to pale grey chert commonly has a smooth glassy appearance with a conchoidal 

fracture, but with increasing clay content the chert or porcellanite (clay content >25-50%) 

• has a dull or matte lustre, similar to unglazed porcelain (Bramlette, 1946; Hesse, 1990a, 

1990b). With a slight increase in grain-size, this material develops a grainy appearance. 

The chert occurs in massive centimetre to metre scale beds, or in strongly laminated 

horizons with mm to 0.5cm scale parallel laminations. The chert horizons can be I-5m 

thick and are commonly interbedded with coarser sandstone, silt and volcaniclastic units. 

The basal contact of the chert is commonly very sharp against the underlying ore or coarse-

grained volcaniclastic rocks (e.g., Figure 6.7b). The upper contact is less defined, and. 

consists of an interlayered zone of chert, rhyolitic sandstone and volcaniclastics. Individual 

chert layers, mm-cm wide, also occur within coarser-grained sandstone units. A typical 

sequence of pale grey to pink chert is shown in Figure 6.7, from drive ST183A in the Battle 

Mine. A .sequence,  of green chert from drive G171XS in the southern edge of the Battle 

deposit is shown in Figure 6.8, while Figure 6.9 illustrates a chert sequence from one of the 

few cheri localities in drive S335C, in the HW mine. In the overlying mass flow units and 

coarse-grained rhyolitic volcaniclastic rocks, chert clasts (up to 10-20cm) and large blocks 
- 

of laminated chert (up to 1-2m) are present in places (e.g., Figure 6.10). 
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6.2.3 Mineralogy and textures 
The chert consists of 75-90% microcrystalline quartz and 10-25% sericite with variable 

contents of fine impurities (including clays and carbonaceous material), scattered fine 

sulphides (up to 1-5%), and carbonate (calcite and dolomite), up to 5% in some cherts. the 

majoritY.of chert is white to pale grey, but a few Battle chert samples have a faint pink hue 

and this could be due to a fine dusting of haematite (?) on microquartz boundaries (the 

extremely fine grain-size of the mineral prevented identification, even with SEM). Other 

fine impurities, such as clay and goethite, most likely account for the pale brown colour of 

some cherts, and the green cherts generally have a greater proportion of sericite. 

Typical chert textures consist of an inequigranular micro-mosaic of interlocking anhedral to 

subhedral quartz grains and sericite plates, with a grainsize of 2-1011m. The quartz and 

'sericite con -in-Only display a 'felted' texture (Figure 6.12a) but in more deformed rocks the 
. 	. 

sericite becomes aligned to the S 1  foliation ,(Figure 6.12b). Bedding and laminations (mm- 

cm scale) are recognisable in thin section, and are defined by: subtle variations in grainsize; 

changes in the phyllosilicate content; increases in the abundance of carbonaceous material 

and other impurities; or the presence/absence of sulphides (Figures 6.12c-g). Bedding-

parallel micro-stylolites are also common, and enhance the laminated appearance of many 

cherts . (Figures 6.12d, g, h). 

Three types of quartz are recognised in the chert; microcrystalline quartz, megaquartz 

(defined by Folk, 1950), and chalcedony. . 

Microcrystalline quartz is the dominant form of quartz (80-90%), and occurs as a fine 

dense micro-mosaic of interlocking grains. The grain-size ranges from 1 to 50 gm, but 

the average grain-size is generally 8 to 101..tm, (Figure 6.12a). Individual microquartz 

grains mainly show random extinction, although domain extinction also occurs in 

places, where clusters of quartz crystals exhibit a diffuse sweeping extinction as 

defined in Simonson (1985). 

Megaquartz, refers to quartz crystals with well defined crystal shapes and terminations,, 

which usually display unit extinction. Megaquartz makes up about 5-10% of the chert 

and is present as larger grains (up to 507100 pm diameter), which are commonly 

present in irregular, rectangular or spherical patches (20 to 400 Jim diameter) scattered 

throughout the fine microcrystalline groundmass (Figures 6.13a-c, 6.13i-j). The 

elongate, rectangular megaquartz patches (e.g., Figure 6.13d-f) are rare,'but in one 

sample (from drillhole, 18-480, about 2m above the Battle main lens), fOrms a dense 

layer of elongate megaquartz grains, generally oriented parallel to bedding: In detail, 
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Battle Mine - green chert/silt caprock sequence 
drive G171XS 

10 

SJ758 e 

5 

5 cm 

SJ757 0 
Figure 6.8: Green chert-silt sequence above massive sulphides from drive G171XS in the Gopher Zone, 
Battle mine. Sample a is from the overlying sandstone, while sample b shows fine chert layers within a 
sandstone-siltstone horizon. Note the changing colour down sequence from green (a-h) to pale grey (i-j) 
as the silica content increases and the sericite content decreases. 
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the grains have sharp terminations. Spherical megaqua' rtz patches, typically 50 to 

2001.1m diameter and inclusion-rich, are common in very fine-grained layers 

throughout the chert (e.g., 6.13a and 6.13i-j). In layers with abundant spherical 

megaquartz patches the chert has a distinct finely mottled or spotted appearance in 

hand specimen. Megaquartz textures are interpreted in the discussion in Section 6.6.2. 

Detrital quartz grains, up to 0.1 to 0.6mm also occur, some with resorbed and embayed 

margins. The size and density of detrital quartz grains increases markedly in silty 

. horizons within the chert (Figure 6.12e). 

Chalcedony is the fibrous variety of quartz, and is only a minor component of the chert (<1- 

2%). Chalcedony grains vary from 10 to 2001.1m in length and occurs, 1) in a radial 

habit within circular patches in the microcrystalline groundmass (Figures 6.13g-h), and 

2) in a radial habit forming wedge shaped mammillated growth structures and 

spherulites within phosphate nodules (Figures 6.14a-f). The chalcedonic spherulites are 

best seen in crossed polars (e.g., 6.14d, f), where they form spherulitic figures, as 

defined by Simonson (1985). Rare patches within the microcrystalline quartz 

groundmass of some cherts contain 'ghostly' spherulitic forms similar to those 

described above (Figures 6.14g-h). All chalcedony observed in the chert was length 

fast. 

The sericite in chert forms a felted interlocking texture with the microcrystalline quartz and 

sericite grains are generally very fine, with an average grainsize of 2 to 101.1m. With 

increasing sericite and clay content, the S I  foliation commonly becomes visible, defined by . 

an alignment of sericite blades, whjah are commonly at a high angle to bedding (Figures. 

6.12f). Sericite also occurs as fine granular masses replacing larger feldspar grains (Figure 

6.15a); and as larger detrital grains up to 30t.tm long. Late crosscutting quartz-sericite veins 

are common throughout the chert (Figure 6.15b), and sulphides in the chert commonly have 

a sericite overprint (Figure 6.15c). 

Carbonate rhombs and irregular blebs or patches (0.5-2mm) are common in the chert 

immediately above the Battle orebody (Figure 6.15d). The carbonate is commonly zoned,. 

with calcite overgrowing dolomite (Sinclair, 2000). Where there is abundant carbon .a' ie, the 

chert develops a slightly speckled appearance. 

Fine euhedral rutile grains (10 to 100 jim) are common within the spherical .megaquartz 

patches, and display good open space growth textures, with the crystals growing.inwards 

&mil the outer walls of the spherical megaquartz patches (Figure 6.15e-i). Minor sUbhedral 
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HW Mine - drive S335C 
Ore-chert contact 
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Figure 6.9: Chert-mudstone sequence overlying massive sulphides in the HW mine, drive S335C 
(see Figure 6.6 for legend). Sample i and j show the overlying sandstone unit. 
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rutile grains (10 to 100 1.1m) are also observed in the microcrystalline quartz groundmass 

around the spherical megaquartz patches. 

Minor apatite is observed in the Battle chert, but is not found throughout, instead it occurs 

in distinct apatite-rich layers. Two types of apatite are observ.  ed, 1) fine euhedral apatite 

grains(2-15 1.tm) form the groundmass of phosphate nodules and replace radiolarian tests 

within the nodules (Figures 6.16a-d). These fine apatite grains are referred to as type-1 

apatite,- and ,2);coarser-grained euhedral apatite (10-600 kn), is Observed in spherical 

megaquartz patches with rutile, and in the surrounding microcrystalline quartz groundmass 

of minor apatite-rich horizons in the chert. Coarser-grained euhedral apatite is also found 

on the chalcedony: pherules within the phosphate .,nodules (Figure 6.14e-f). This coarser-

grained apatite (referred to as type-2) displays open space growth textures, and some grains 

contain fine pyrite ± chalcopyrite inclusions. • 

Microprobe analyses of type-1 apatite grains in a number of phosphate nodules, and type-2* 

apatites from phosphate nodules and numerous spherical megaquartz patches are shown in 
. 	, 

scatter plots in Figure 6.17, and indicate thatthe.type-1 arid type-2 apatites are very similar: 

Both typesare fluorapatites, Ca 5(PO4) 3F, with only negligible Cl (see data in Appendix 

6.1). HoweNier, the' scatter diagrams (Figure 6.17) do indicate slight differences between 

the two varieties, with the type-1 apatites forming a much tighter cluster than the data for 

type-2 apatites._ . The type-2 apatites also appear tO have slightly greater S, Na, Sr, Y and Ba 

contents than 	.apatites:. Zoning was not observed in either variety of apatite. 

6.2.4 Sulphide .  
Pyrite, sphalerite, chalcopyrite and galena are the dominant sulphides in the white to pale 

grey chert. Minor bornite, chalcocite and electrum are also present, predominantly as fine • 

inclusions in sphalerite and chalcopyrite. The sulphide content in the chert varies from' 1 to 

10%. Fine'(-4O pm) anhedral to subhedral sulphides, including pyrite, sphalerite,, 

chalcopyrite and galena, are generally finely disseminated through the microcrystalline 

quartz matrix (Figures 6.18a-g). Coarser sulphides commonly occur throughout the chert in 

crosscutting and bedding parallel quartz-Sericite veins and patches (Figure 6.1 .8h). Late 

cross-cutting quartz veins also contain tetrahedrite associated with chalcopyrite and pyrite: :  

Pyrite occurs in three main habits: 1) as fine framboids (Figures 6.18a-b); 2) equant,.almost 

circular grains in places, with relict framboidal textures (Figures 6.18b-c); and 3) as isolated 

euhedral cubes, or clusters of cubic grains (Figures 6.18d). 
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a 

b 

C 

Figure 6.10: Laminated chert clasts in coarse-grained volcaniclastic rocks above the HW orebody; 
a) large chert clast in drive C355DD, HW mine; b) smaller laminated chert clasts in drive B390, 
HW mine; and c) large block of laminated chert in drive 23-427,43 Block area, HW mine (for scale, 
bolt plate is approximately 24cm wide). 

165 



In most chert horizons the sulphide mineralogy is relatively consistent. However, variation 

is observed in the green chert in the southern part of the Battle Mine, G171XS in the 

Gopher Zone, —1700E, 4220N (Figure 6.4). Figure 6.8 illustrates the green chert sequence. 

Sphalerite, chalcopyrite and minor to rare pyrite are the dominant sulphide species in the 

upper green and brown part of this sequence. However, pyrite increases down sequence, 

and in the basal 1-1.5m immediately above the ore it is the dominant sulphide species 

present, with only minor sphalerite and chalcopyrite. This zone is a pale to medium grey, a 

colour which reflects the increasing silica and decreasing sericite content of the chert. 

6.2.5 Interpretation of micro -textures in the chert 
This section provides an interpretation of the micro-scale textures observed in the chert. 

Megaquartz is relatively common throughout the chert and occurs in irregular, rectangular 

and spherical patches. Spherical megaquartz patches, which are often inclusion-rich and 

typically 50-2001.tm, most likely represent quartz replacement of radiolarian tests, (e.g., 

Kneller, et al., 1968; Adachi et al., 1986; Pollock, 1987). They could also be a replacement 

or infilling of algal cysts, e.g„ Tasmanites (Schieber, 1996; 1998), which have similar 

scales. The microfossils are not randomly distributed throughout the chert, instead, they 

occur within distinct horizons, usually the finest grained horizons, with little or no detrital 

quartz grains. The chert in these horizons has a distinct finely mottled or spotted 

appearance in hand specimen. 

Elongate, rectangular megaquartz patches (e.g., Figure 6.13d-f) are rare, but can form a 

dense layer, with grains generally oriented parallel to bedding. In detail, the grains have 

sharp terminations. These rectangular megaquartz patches occur in distinct horizons and 

may represent quartz pseudomorphs after feldspar or anhydrite (?). 

(text continued on page 181) 
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11= 9 

a 

3.5cm 

Figure 6.11: a) Typical fine parallel laminations in chert above the massive sulphides, Ridge Zone (sample 
SJ287, 15-431, 252.2m); b) interbedded chert and silt with relatively sharp contacts (sample SJ287, 15-431, 
252.2m); c) white-cream and tan laminations in chert above the Battle orebody (SJ399, 18-1003, 77m); 
d) soft-sediment deformation preserved in chert layers interbedded with siltstone (sample SJ440, 18-1004, 
70.6m); e) bedding-parallel and crosscutting pyrite veins in chert immediately above massive sulphides, 
Ridge Zone (sample SJ285, 15-431, 251.2m); f) ovoid phosphate concretions lie parallel to bedding in chert 
above the Battle orebody (sample SJ441b, 18-1004, 73.8m); g) weakly laminated to massive chert in sharp 
contact with dark green sericite-rich siltstone, immediately above the Battle orebody (sample SJ403, 
18-1003, 83.35m); h) diffuse parallel laminations in chert above the Battle orebody  with  a small phosphate 
concretion near the base, and a steep crosscutting sulphide vein (sample SJ434, 18-1004, 49.5m). 
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Figure 6.13: Micro-scale textures of quartz in Battle chert; a) inclusion-rich megaquartz (mgq) 
forms a spherical patch, after radiolarian test, PPL (SJ327, 14-633, 293.4m); b) megaquartz (mgq) 
replaces a square grain, possibly feldspar? XPL (S1158, 18-1127, 38m); c) megaquartz (mgq) 
replaces a rhomb, after carbonate? XPL (SJ608, 10-2024, 845m); d) megaquartz replaces elongate 
grains, which are generally oriented parallel to bedding, defined by the thin carbonaceous seams, 
PPL (SJ 129, 18-480, 37m); e) close up of previous photomicrograph illustrating the regular form of 
the grains, PPL (Si 129, 18-480, 37m); 0 megaquartz replaces elongate rectangular grains, after 
anhydrite? XPL (SJ129, 18-480, 37m); g) spherical inclusion-rich quartz, replacing a radiolarian test, 
PPL, (SJ753, G171XS); h) same view as previous photomicrograph but in XPL, which illustrates 
that the radiolarian test is replaced by chalcedony with a radial habit (length fast), (SJ753, G171XS); 
and i-j) spherical megaquartz (mgq) patches in chert, XPL-, (SJ723, L14-682, 350.8m, Battle south). 
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a 

Figure 6.14: a) Chalcedony spherules infill a rectangular void, after anhydrite or 
carbonate(?) within a phosphate concretion in chert, PPL (SJ446, 18-1004, 82m); 
b) fine euhedral apatite (a) grains occur on the chalcedony spherules, PPL (SJ446, 
18-1004, 82m); c) tightly packed chalcedony spherules, form the groundmass of the 
concretion, PPL (S.1446, 18-1004, 82m); d) same view as previous photomicrograph 
but in XPL to illustrate the spherulitic figures (SJ446, 18-1004, 82m); e) fme euhedral 
apatite (a) grains on chalcedony spherules, PPL (SJ446, 18-1004, 82m); 1) same view 
as previous photomicrograph but in XPL (SJ446, 18-1004, 82m); g) rare ghostly forms 
of possible chalcedony spherules (replaced by microcrystalline quartz) with fme pyrite 
in chert, PPL (SJ151, 18-1126, 59.5m); h) close up of the previous photomicrograph, 
PPL (SJ151, 18-1126, 59.5m). 
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Figure 6.15: a) Feldspar grain replaced by a fine granular mass of sericite (se), XPL (SJ24, 18-1032, 
92.7m); b) sericite veins crosscut faint laminations (So) in chert, XPL (SJ161, 18-1127, 39.5m); 
c) sericite partially replacing pyrite (py) grain, XPL (5J760, G171XS); d) carbonate (cc) rhomb in 
microcrystalline quartz groundmass of chert, XPL (SJ776, L14-683, 400.2); e) spherical megaquartz 
(mgq) patches after radiolarians. Note opaques infilling radiolarian test near base of 
photomicrograph, PPL (SJ754, G171XS); f) euhedral rutile (ru) grows into primary pore space 
(radiolarian test) in green silt-chert PPL-RL (SJ754, G171XS); g) euhedral rutile (ru) displaying 
good open space growth textures, PPL (SJ754, G171XS); h) reflected light shows rutile (ru) that 
grew within a radiolarian test in green chert, RL (SJ158, 18-1127, 38m); i) euhedral rutile (ru) and 
meeaquartz (mgq) within a radiolarian test in pale grey-white chert, PPL (Si 158, 18-1127, 38m); 
j) pyrite (py) and sericite (se) have replaced a radiolarian test in pale grey chert above the Battle 
deposit, PPL (SJ160, 18-1127, 38.5m). 
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Figure 6.16: a) Ovoid concretion (phosphate nodule?) in chert above the Battle deposit, 
note the small radiolarian (r) in bottom right hand side, PPL (SJ441b, 18-1004, 73.8m); 
b) edge of 6.17a concretion, with radiolarian, PPL (SJ441b, 18-1004, 73.8m);  c)  close up 
of radiolarian test, replaced by fme euhedral apatite (a) grains (type-1), PPL (SJ44 1 b, 
18-1004, 73.8m); d) fine euhedral apatites (type-1) form most of the groundmass of the 
concretion, PPL (SJ44 1 b, 18-1004, 73.8m); e) coarser-grained euhedral apatite grains 
(type-2) growing in primary voids in chert, PPL (SJ161a, 18-1127, 39m); f) close up of 
type-2 apatite, displaying good open space crystal habit, PPL (S.1161a, 18-1127, 39m); 
g) type-2 apatite and megaquartz (mgq) within a primary pore (after radiolarian?), XPL 
(SJ16 1 a, 18-1127, 39m); h) fine chakopyrite (ccp) within euhedral type-2 apatite (a), 
PPL (SJ161a, 18-1127, 39m). 
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Figure 6.18: a) Fine pyrite (py) in chert above the Battle deposit displaying relict 
framboidal textures and euhedral crystal forms, RL (SJ327, L14-633, 293.4m); b) fme 
pyrite (py) framboids in chert, RL (SJ327, L14-633, 293.4m); c) relict pyrite (py) 
framboids and euhedral crystal forms are commonly scattered throughout the 
microcrystalline quartz groundmass of chert above the Battle deposit, RL (SJ434, 
18-1004, 49.5m); d) possible relict pyrite framboids and cubic pyrite (py) in SEM image, 
(SJ34, 18-1101, 40m); e) SEM image showing chalcopyrite (ccp) overgrowing relict 
pyrite (py) framboids in chert, (SJ17c, 18-1032, 76.1m); 1) fine anhedral sphalerite (sph) 
in microcrystalline quartz groundmass in chert above the Battle deposit, RL(SJ434, 
18-1004, 49.5m); g) typical fine anhedral to subhedral sphalerite in microcrystalline 
quartz groundmass, RL (SJ441, 18-1004, 73m); h) sphalerite (sph) -chalcopyrite (ccp)- 
pyrite (py) vein crosscutting chert, RL (SJ434, 18-1004, 49.5m). 
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6.3 Black Chert • 

6.3.1 Distribution 
Black chert occurs in an area south and west of the Battle Deposit (Figure 6.4). There is a 

gradational transition from the pale grey chert above the Battle orebody, to the black chert, 

approximately 200m from the orebody. In the contact zone between the pale .-grey chert and 

the black chert, the cherts are interlayered with very diffuse boundaries. 

The basal contact of the black chert is commonly very, sharp against the underlying coarse-

grained volcaniclastics. The upper contact is less well defined, consisting of an interlayered 

zone of black chert, rhyolitic sandstone and coarser volcaniclastics. 

6.3.2 Macro -scale description 
Black chert is a dark grey to black, very fine-grained argillaceous chert or ludite, as defined 

by Hesse (1990a). The chert predominantly has a glassy appearance and conchoidal 

fracture and occurs in massive metre-scale beds or as strongly laminated horizons (Figure 

6.19a-c). The laminations are much fainter than those in the pale grey chert, due to a lack 

of colour contrast, but sedimentary structures such as scours and graded beds are still 

visible. Coarser rhyolitic sandstone and silt interbeds occur throughout the black chert 

sequence, with relatively sharp contacts. 

6.3.3 Mineralogy and textures 
The black chert consists of quartz, up to 80-90%, with 10-20% sericite, abundant 

carbonaceous material, minor sulphides (usually <1-2%), accessory apatite, monazite and 

rutile. The black nature of this chert is attributed to the carbon content of the rock. Total 

organic carbon in the black chert was measured, using the `ashing' method of Krom and 

Berner (1980), and ranged from 0.07 to 0.38 wt,:% (see Appendix 5.1 foi results). 

In thin section, the black chert has a distinctive texture.of Wispy black Carbonaceous seams 

and fine sericite blades (up to 10-15 p.m long), .wrappingaround abundant spherical to 

slightly flattened quartz filled radiolarian tests and scattered detrital quartz and feldspar 

grains (Figure 6.20a-b). Massive beds versus fine laminations are distinguished by, 

variations in the carbonaceous content, subtle grainsize variations and changes in the 

phyllosilicate content. 

In places, a weak to moderate S I  fabric, defined by sericite and carbonaceous seams is 

developed, commonly at a high angle w bedding. Bedding-parallel mieto-Aylolites are 

common, defined by fine wavy carbonaceous-rich layers 
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Figure 6.19:  Black chert in the Battle 
mine; a) folded black chert in the 
Gopher Zone (G158DD, 1600E, 
4050N, Battle mine); b-c) diffusely 
laminated black chat and interlayered 
medium grey chert (SJ788, L14-681, 
365.2m and 366.5m). 

I 3.5cm 
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Figure 6.20: a) Typical micro-scale texture of black chert with carbonaceous seams 
wrapping around spherical megaquartz patches, which are after radiolarian  tests,  PPL 
(SJ788, LI4-681, 365.2m); b) similar texture with a greater amount of carbonaceous 
material preserved. Carbonaceous seams defme the bedding and the crosscutting S i  
foliation, PPL (SJ788, L14-681, 365.2m); c) pyrite (py) commonly occurs in black 
chert as fine framboids, RL-PPL (SJ317, L14-680, 352m); d) SEM image of fine 
pyrite (py) framboids in black chert, (SJ317, L14-680, 352m); e) SEM image 
showing a cluster of fine pyrite (py) framboids, with intergrown galena (gn) (SJ317, 
L14-680, 352m); f) SEM image of pyrite framboids, overgrown or replaced by 
galena (gn) (SJ317, L14-680, 352m). 
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Quartz predominantly occurs as, 1) fine anhedral to subhedral grains in the microcrystalline 

groundmass; 2) as coarser detrital grains; and 3) as spherical megaquartz patches. Fine 

sericite grains (2 to 10 p.m long) occur throughout the microcrystalline groundmass and also 

as larger detrital grains (up to 50 pm grain-size) and fine granular masses after feldspar 

grains. 

6.3.4 Sulphides 
Pyrite is the dominant sulphide in black chert, with very minor fine anhedral to subhedral 

sphalerite, chalcopyrite and galena finely disseminated throughout the microcrystalline 

groundmass. The pyrite mainly occurs as fine framboids and minor cubes scattered 

throughout the chert (Figures 6.20c-d). Galena commonly occurs as an overgrowth on the 

framboids (Figures 6.20e-f). 

6.4 Argillite 

6.4.1 Distribution 
Argillite occurs in large deposits, up to 100m thick, in the southern and eastern parts of the 

mine property, in the South Flank and Thelwood Valley areas (Figure 6.1). Thinner 

argillite sequences also occurabove the HW deposit and to the sbuth and west of the Battle 

deposit. The argillite has a similar stratigraphic position to the chert, occurring • 
immediately above, or 1-3m above the HW orebody, and close to the contact with the 

underlying Price Andesite in areas distal to the orebodies. In the Battle basin, the argillite $.?• 
has a gradational contact with black chert, and is interlayered with:the black chert with very 

• • ‘: diffuse contacts. 

Throughout the property, the basal contact of the argillite is consistently very sharp against 

the underlying coarse-grained volcaniclastics and ore horizons. The upper contact, 

although sharp in places, is a less well defined, interlayered zone of argillite, rhyolitic 

siltstone and sandstone and coarser volcaniclastic rocks. 

6.4.2 Macro -scale description 
, 

The argillite is dark grey to black, very fine-grained and occurs as massive metre-scale 

beds, to strongly laminated horizons (Figure 6.21a). Pale rhyolitic siltstone and sandstone 

interbeds (mm to cm scale) are common throughout (Figures 6.21b-c). The argillite is 

variably silicified and is strongly graphitic in places. Sedimentary structures such as 

scOurs, graded beds, flames, convolute laminations and soft sediment deformation are 

present (Figures 6.2 id-f). Small round to ovoid phosphate nodules and concretions (0.5- 
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Figure 6.21: a) Laminated argillite in sharp contact with the underlying massive sulphides in the HW 
mine (23 shop); b) laminated argillite with interbedded rhyolitic sandstone layer with a sharp, scoured 
basal contact (sample SJ716, L14-641, 773.5m, South Flank area); c) fine (mm scale) rhyolitic 
sandstone layers in argillite (sample SJ719, LI4-641, 782.2m) d) fmely interbedded argillite and 
sandstone disrupted by small normal faults (probably D4); e) argillite rip up clasts in coarse-grained 
rhyolitic conglomerate-sandstone above massive sulphides in HW mine (sample SJ26I, 23-503, 135m); 
f) strongly laminated argillite with a small concretion (phosphatic?) with diffuse margins, near the top 
of the sample (sample SJ824, 16-43, 481.6m, South Flank area); g) spherical concretion in strongly 
laminated argillite/siltstone (sample SJ566, 20-675, 28m). 
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3cm long) occur in scattered horizons throughout the argillite sequence (Figures 6.21f-g). 

The argillite is interbedded with coarser rhyolitic sandstones, conglomerates and 

volcaniclastic rocks, and is commonly found as rip-up clasts in the overlying coarser-

grained units. 

6.4.3 Mineralogy and textures 
The argillite consists of fine quartz (30-50%), sericite (30-40%), abundant carbonaceous 

material, detrital feldspar and carbonate, and minor sulphides, predominantly 1-2%. 

Accessory detrital apatite, monazite and rutile grains are also observed. 

The argillite has a texture of abundant detrital quartz and feldspar grains, lithic clasts and 

radiolarian tests, scattered in a dark carbonaceous-clay rich matrix (Figures 6.22a-b). 

Bedding is defined by variations in the carbonaceous content, grainsize and phyllosilicate 

content. In places, a strong S I  fabric is developed, defined by sericite and carbonaceous 

seams and is commonly at a high angle to bedding. This fabric can give the rock a false 

mylonitic appearance (Figure 6.22b). 

Quartz is present as, 1) scattered detrital grains, up to 0.5-2mm diameter; 2) fine grains in 

the granular matrix; and 3) spherical megaquartz patches, which most likely represent 

quartz pseudomorphs after radiolarian tests. The internal structure of the radiolarians is 

variably preserved, although they are much better preserved thaiilhose in the chert (Figures 

6.22c-h). Late silica-carbonate veining is common throughout the argillite, and commonly 

forms a fine network of veins through the rock. 

6.4.4 Sulphides 
Pyrite is the dominant sulphide in argillite, and is most commonly present as, 1) fine 

framboids (10-100 jim) scattered thoughout the fine granular matrix; and 2) as isolated 

cubes and clusters. The pyrite content is most argillite samples is only 1-2%, but increases 

up to 10-15% in argillite samples above the HW orebody. In the HW argillite, the pyrite 

occurs as framboids and euhedral cubic grains, and many pyrite framboids appear to have 

grown inside radiolarian tests, along with length-fast chalcedony (Figures 6.23a-h). Minor 

fine anhedral sphalerite and chalcopyite are also observed in the argillite above the HW 

orebody, as fine disseminated grains in the carbonaceous matrix. 

6.5 Fades associated with the caprocks ' 
Variation in facies associated with the caprocks reflect changing depositional environments, 

proximity to ore, and the timing of ore formation relative to the deposition of the caprocks. 
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h 

Figure 6.22: a)Typical micro-scale texture of argillite with fme detrital quartz grains scattered 
in a carbonaceous-clay matrix. Carbonaceous seams defme bedding (So) and  the  S i  foliation, 
PPL (SJ260, HW23-503, 140m) b) bedding (S.) is defmed by carbonaceous-rich laminations, 
which are crosscut by the SI foliation defmed by wavy carbonaceous seams,  PPL  (SJ47, 23-493, 
17.6m); c-h) radiolarians in argillite above the HW deposit, infilled by megaquartz and length-fast 
chalcedony, with internal structure variably preserved,PPL (SJ260, HW23-503, 140m). 
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Facies associated with the caprocks include rhyolitic siltstone, sandstone and conglomerate, 

rhyolitic volcaniclastic rocks; mixed andesitic/dacitic/rhyolitic volcaniclastic rocks; ore-

clast breccias; and the massive to semi-massive ore horizons (Figures 6.24a-k). Facies 

variation of the HW Horizon above the Battle and HW orebodies, is illustrated in a series of 

N-S oriented sections in Figures 6.2 and 6.3. Section 1420E (Figure 6.25) provides a 

detailed illustration of the facies associated with a thick zone of chert above the Battle 

orebody. The facies associated with the caprocks are divided into three sections based on 

stratigraphic position relative to the caprocks. 

6.5.1 Basal fades and ore contacts 
The basal contact of the fine-grained `caprocks' is predominantly very sharp against either 

coarse-grained rhyolitic volcaniclastic rocks and/or massive to semi-massive sulphides. 

This boundary is largely a depositional contact, although, where chert lies immediately 

above the massive sulphides in the Battle mine, there is evidence of replacement of the 

chert by the underlying sulphides. This indicates that at least some ore was emplaced after 

chert formation (Figure 6.26a-b,f). 

The coarse-grained volcaniclastic rocks below the caprocks hosts the Battle orebody and 

parts of the HW orebody, and contains good ore replacement textures of the coarse-grained 

rhyolitic volcaniclastic rocks (Figure 6.26c-e). This unit was deposited on the Price 

Andesite and indicates a rapid change from andesitic volcanism into dominantly rhyolitic 

volcanism. The unit consists of subang,ular to subrounded rhyolitic clasts in a finer 

granular matrix. The unit is commonly very poorly sorted and predominantly matrix 

supported. In places, the unit is composed of 10 to 20% angular andesitic clasts (2-10cm 

diameter). In many places this coarse-grained unit becomes very thin, and the fine-grained 

facies (or caprock) is deposited close to, or directly on the Price Andesite. 

In the Battle mine, the siliceous caprocks predominantly lie immediately on the orebody 

with a very sharp contact (Figures 6.27b-v). Massive sulphidealso crosscut the chert : in 

places (e.g., 6.26a-b and f). The top contact of the massive sulk- hides is commonly irregular 

and the sulphides appear to die out within the coarse volcaniclastic unit, up to 1-2m below 

the sharp basal contact of the caprocks, and a depositional contact is preserved (Figure 

6.27a). 

The nature of the ore-caprocks contact is markedly different in the HW mine. Here, the 

caprocks consist of argillite with only minor chert, and the argilltte is commonly in sharp 

contact with the underlying massive sulphides. The ore-hangingwall contact in the HW 

mine, is commonly an erosive one, with ore clasts entrained in the overlying coarse 
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Figure 6.23: a) Pyrite (py) framboid in argillite above the HW orebody, RL (SJ670, 23 Shop); 
b) pyrite framboids often form clusters in argillite, RL (SJ670, 23 Shop, HW mine); c) unusual 
circular pyrite, possibly replacing a radiolarian test, RL-PPL (SJ670, 23 Shop); d) pyrite (py) 
appears to incompletely replace a radiolarian test. The random orientation of  the  pyrite infill 
indicate that they are not geopetal structures, PPL (SJ670, 23 Shop); e) circular pyrite replacing 
a radiolarian test, RL-PPL (SJ670, 23 Shop); 0 pyrite framboid with an irregular margin 
incompletely replaces a radiolarian test, PPL (SJ670, 23 Shop); g) length-fast chalcedony (c) 
with a radial habit forms a rim around circular pyrite (py), XPL (with gypsum plate), (SJ670, 
23 Shop); h) close-up of the circular pyrite (py), in detail, the edges are irregular and most 
likely represent framboidal growth within a radiolarian test, RL (SJ670, 23 Shop). 
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rhyolitic detritus (Figures 6.28a). The top contact of the massive sulphides is commonly 

brecciated and in many areas, the argillite is in sharp contact with the underlying ore 

(Figure 6.28c). Laminated chert and siltstone overlies the massive sulphides in a few 

locations in the HW mine (Figure 6.28b). The presence of rip-up mud clasts and laminated 

chert clasts in coarse-grained mass flow units above the HW orebody (e.g„ Figure 6.10), 

indicate erosion of the caprock horizon. The caprock horizon above the HW orebody may 

have been much more extensive, prior to the influx of mass flows. 

6.5.2 Intercalated fades within the caprock horizon 
The main facies intercalated with the caprocks are fine rhyolitic siltstones, sandstones and 

minor conglomerates. Basal contacts of these coarser grained units are commonly sharp, 

with scour structures and occasional rip-up clasts visible. The sandstones are commonly 

graded, with fine tops grading sequentially into silt-sized grains, mudstone and then chert. 

Above the ore deposits, these sandstone beds commonly contain a greater sulphide content 

(up to 10-15%) than the surrounding fine-grained caprocks (1-5%). 

In the Battle mine, a turbidite bed, with a Sharp scoured base, overlies sulphide-rich 

siltstone and miidstone at the edge of the chert horizon in the Smith Trough zone (drive 

ST 183, Figure 6.29). In detail, the nature of the basal contact zone of the turbidite, 

indicates that the mudstone was most likely semi-consolidated prior to turbidite deposition. 

The underlying mudstone forms clasts near the contact, and also occurs as matrix in the 

overlying sandstone. Sulphides only occur in the mud clasts near the contact and in the 

mud matrix, and are totally absent from the silicilastic grains. The siliciclastic grains in the 

overlying sandstone turbidite, contain relatively fresh feldspar grains. In the adjacent chert, 

feldspar is commonly overprinted or in places totally replaced, by quartz and/or sericite. 

6.5.3 Overlying facies 
The upper contacts of the caprock are more poorly constrained than the sharp basal 

contacts. The upper boundary is generally an interlayered zone of rhyolitic siltstone, ;.. 

sandstones and coarser grained rhyolitic and minor mixed volcaniclastic rocks with the 

finer chert and argillite. In the coarser volcaniclastic units, clasts are mainly 1 to 40cm 

diameter, subangular to subrounded and are matrix supported. Pale to dark red jasper 

clasts, are common throughout this unit, above both the Battle and HW orebodies, although 

they are more common above the HW orebody (Figure 6.30). Subsequent silica alteration 

commonly overprints the jasper clasts, leaving relics. 
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volcaniclastics 
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feldspar porphyry 

Silicified quartz-feldspar porphyry 

ldspar-quartz porphyry 
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Figure 6.24: a) Contact between Price Andesite and HW Horizon rhyolitic volcaniclastic 
rocks in the South Flank area (SJ601, 16-33, 9.6); b) weakly altered Price Andesite (5J545, 
20-845, 11.3m); c) mixed rhyolite-andesite-dacite volaniclastic rocks (SJ50, W202, 1009.9m); 
d) coarse-grained rhyolitic volcaniclastic rocks with jasper clasts (SJ782, L14-681, 317m); 
e) quartz-sericite altered coarse-grained rhyolitic volcaniclastic rocks (5J782, LI4-681, 
317.5m); f) medium-grained rhyolitic sandstone/volcaniclastic rocks (SJ782, L14-681, 318m); 
g) graded beds in rhyolitic-dacitic sandstone (SJ48, W202, 999.5m); h) feldspar porphyry 
above the HW orebody (SJ796, P13-304, 407m); i) quartz-feldspar porphyry above the Battle 
deposit (SJ696, 18-976, 24m); j) feldspar-quartz porphyry in the Marshall Zone (5J588, 
L15-501, 365m); k) ore-clast breccia above the HW orebody (SJ477, HW23-514, 10.2m). 
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6.6 Discussion: Origin of siliceous caprocks 
This section examines the origin of the siliceous caprocks at Myra Falls to determine 

whether they represent exhalative deposits or silicification of pre-existing fine-grained 

sediments. An exhalative origin has important implications for exploration models, as 

exhalites can provide very useful marker horizons, with trace element variations providing 

good vectors to ore (e.g., Kalogeropoulos and Scott, 1989). 

6.6.1 Mechanisms of chert formation 
There are a number of ways in which chert can form. These include: 1) maturation of a 

primary inorganic siliceous ooze; 2) maturation of a biogenic siliceous ooze; 3) post-

depositional silica replacement of sediments; 4) or a combination of these. The source of 

silica can be, 1) biogenic (e.g., radiolarian tests, diatoms, or spicules); or 2) inorganic, such 

as modified silica-rich pore water, high temperature hydrothermal fluids or the 

devitrification of volcanic glass (Simonson, 1985; Adachi et al., 1986; Pollock, 1990). 

High temperatures are not necessary (Knauth, 1994), as illustrated by the observation of 

low temperature (20°C) modem silica precipitation (Mackenzie and Gees, 1971). 

The most widely known mechanism for chert formation is the transformation sequence 

from opal-A (xray-amorphous silica) to opal-CT (low ordered cristobalite-trydimite) to 

microquartz (well ordered a-quartz) (Williams et al., 1985). Opal-A is precipitated at low 

temperatures to form a siliceous ooze. With progressive burial opal-A transforms to less 

soluble opal-CT. The opal-CT recrystallizes to lower solubility microquartz. The 

crystallinity of such quartz progressively increases with burial and metamorphism 

(Williams et al., 1985). As a result of this transformation, opal-A is normally not present in 

sediments older than about 20 My, although it has been found in sediments as old as 85 Ma 

(late Cretaceous), but only at shallow subsurface depths (Hesse, 1990a). In comparison, 

opal-CT can persist in sediments 100-120 my old, but no opal-CT has been found in pre-

Cretaceous sediments older than 144 Ma (Hesse, 1990a). 

Although the transformation process from opaline silica to quartz is a well known 

phenomenon of chert formation, Knauth (1994) suggests that it is likely that many of the 

common cherts in the ancient record formed by direct diagenetic precipitation of 

microquartz without any precursor opaline phases. As Mackenzie and Gees (1971) showed 

in experiments, quartz can precipitate directly without the precursor opaline phases. 

However, it is commonly very difficult to texturally differentiate between sedimentary 

fabrics of opal-CT cherts and quartz cherts (Williams etal., 1985). However, some quartz 
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Figure 6.26: a) Chert-ore contact with 
sphalerite-rich ore crosscutting 
laminations in chert (SJ129, 1818-480, 
37m); b) pink chert-ore contact in the 
Battle mine (SJ151, 18-1126, 59.5m); 
c-d) progressive replace-ment of coarse 
grained rhyolitic volcaniclastics by 
massive sulphides in the Ridge Zone 
(photos courtesy of B. Gemmell); 
0 photomicrograph showing a sulphide 
stringer vein crosscutting laminated 
chert above the Battle orebody, PPL 
(SJ158, 18-1127, 38m). 
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cherts do have distinctive pore-filling opal-CT lepisphere pseudomorphs indicating early 

opaline precursors (e.g., Duhig et al., 1992). 

Finely bedded siliceous deposits are relatively common above many VHMS systems. An 

inorganic source for such silica is most likely, from hydrothermal emanations and the 

breakdown of volcanic glass. Petrological features of such silica deposits are important in 

determining whether the silica was deposited as a primary amorphous silica accumulation, 

or whether it represented silicification of pre-existing sediments. Silicification could occur 

from syn-depositional silicification through low-temperature sediment-water interactions 

on the seafloor and/or post-depositional recirculating hydrothermal fluids. 

6.6.2 Origin of siliceous caprocks at Myra Falls 
The abundance of radiolarians in the chert at Myra Falls requires that they be considered as 

a possible silica source. However, as concentrations of radiolarians are generally less than 

10% the cherts cannot be classified as radiolarites (Pollock, 1987; Hesse, 1990a). Although 

they may contribute silica, the dominant source of silica is more likely to be from volcanic 

emanations and the breakdown of volcanic glass, due to the proximity of volcanic vents. 

The sequence at Myra Falls has undergone significant burial and metamorphism (lower to 

mid-greenschist facies) over a long period of time, and therefore, less ordered forms of 

silica, such as opal-CT are not observed. Instead, only a-quartz occurs, as microquartz, 

megaquartz and chalcedony (see section 6.2.3 for detailed descriptions). 

In the Battle chert, many features suggest that the chert formed as a replacement of the pre-

existing sediments rather than as a primary accumulation of amorphous silica, such as a 

hydrothermal exhalative deposit. These features include: 

• The chert has many sedimentological and petrological similarities to the adjacent 

argillite, such as fine laminations, soft-sediment deformation, convolute bedding, 

interbedded turbidites, the presence of radiolarians and phosphate nodules (Figure 

6.31a-e); 

• As radiolaria are pelagic organisms, a similar density of radiolaria in the chert and 

adjacent argillite, indicates similar pelagic sedimentation rates in both units. 

• Argillite and chert occur at the same stratigraphic level, see section 1260E (Figure 6.5); 

• Diffuse contacts between the argillite, black chert and pale-grey chert; 
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Figure 6.27: Typical ore contacts in the Battle mine: a) sharp, fo ded contact of laminated silt and the 
underlying coarse-grained rhyolitic volcaniclastic unit, which hosts the massive sulphides, drive 
ST183A, Battle mine; b) strongly laminated green silt-chert overlies massive sulphides with a sharp, 
irregular contact in drive G171XS, Gopher Zone, Battle mine; c) laminated chert overlies massive 
sulphides with a sharp relatively planar contact, drive M 150DD, Battle mine (photo courtesy of 
B. Gemmell); 
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• Relict pyrite framboids are still visible in the chert, although most appear to be 	. 

recrystalliSed•to equant forms. Framboids are the dominant form of pyrite growth in 

the adjacent argillite; 

• Progressive destruction of carbonaceous material from:•,the argillite into the more • 

siliceous units (Figure 6.32). In the argillite, dark carbonaceous seams wrap around 

spherical radiolarian tests. This texture becomes increa- singly faint, almost ghostly,:in• 

the adjacent chert units and is only visible in crossed polars. A marked decrease_ in the 

total organic carbon from the argillite . to  the chert, also indicates that the organic matter 

is destroyed by silicification; 

• The presence of convolute laminations in the chert, this texture mainly develops in silty 

to sandy clastic sediments (Sugitani et al., 1996); 

• The microcrystalline groundmass overprints earlier lithological variation, such as 

increases in grainsize of detrital elements. Contacts are diffuse with no discrete 

siliceous layers; 

• A silicic alteration front is seen on the periphery of the chert, with chert grading out 

into muds. In these areas, e.g., southern margin of the chert (Figure 6.32) and G171XS 

(Figure 6.33a), bedding parallel to slightly discordant microquartz veins, 0.5-2cm wide, 

are common. ,Microcrystalline quartz veins or stringers also crosscut massive sulphides 

beneath the chert sequence in location S335C, in the HW mine (Figure 6.33b); 

• In some chert layers, silt and occasional sand-sized detrital grains float in a chert 

matrix, Sugatani (1996) suggests this is evidence for silicification of a pre-existing 

sediment; and 

• Quartz replaces detrital feldspars, possible anhydrite and larger detrital quartz grains 

often have resorbed and embayed margins. 

Although these features suggest that silicification was the dominant process of chert 

formation at Myra Falls, there is some evidence that surface precipitation of amorphous 

silica may have also occurred. Unusual silica textures preserved in radiolarian tests, in 

phosphate nodules, and in rare patches within the microcrystalline groundmass, suggest that 

an earlier phase of amorphous silica deposition may have occurred prior to silicification. 

Relict silica textures include: 

• Spherical radiolarian tests are infilled with microcrystalline quartz and length-fast 

chalcedony with a radial habit in chert above the Battle mine (Figure 6.13g-h). Other 

minerals that infilled radiolarian tests include rutile, apatite and pyrite (Figures 6.15 and 

6.16e-h); 
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Figure 6.28: Typical ore 
contacts in the HW mine. 
a) erosional ore contact 
with oreclasts common in 
the overlying coarse-grained 
rhyolitic volcaniclastic unit 
(drive 23-427, 43 Block 
area, HW mine); b) sharp 
relatively planar contact 
between chert and bleached 
argillite and the underlying 
massive sulphides (drive 
S335C, HW mine); 
c) laminated black argillite 
directly overlies the 
massive sulphides with a 
sharp, irregular contact. 
The upper part of the 
massive sulphides appears 
to be brecciated (23 Shop, 
HW mine). 

Massive 
sulphides 



• Inclusion-rich, very fine-grained chalcedony occurs in a radial arrangement, forming 

wedge shaped mammillated and spherulitic growth structures within phosphate nodules 

(Figures 6.14a-f); and 

• Rare quartz pseudomorphs of spherulitic growth structures occur within the 

microcrystalline groundmass of the chert (Figures 6.14g-h). 

The spatial association of the chert horizons with the underlying VHMS orebodies 

suggests, but does not prove, that the source of the silica was from hydrothermal fluids 

circulating through the sediments. The distribution of chert also appears to coincide with 

the location of growth faults shown on paleoseafloor reconstructions in Chapter 5 (Figure 

5.19). These early faults most likely acted as hydrothermal fluid conduits, and silicification 

was best developed proximal to these zones. The degree of silicification dies out markedly 

away from these structures. For example, this is well illustrated by the progressive 

destruction of carbonaceous material in the pale-grey chert to black chert and argillite in 

section 1260E on the southern margin of the Battle deposit. 

Radiolarian tests, infilled by microcrystalline quartz and length-fast chalcedony, are 

typically interpreted as an early in situ diagenetic feature (Folk and McBride, 1978; 

Pollock, 1990). Spherical uncompacted tests are evidence that resistant quartz infills 

developed prior to significant compaction. These quartz-filled tests are a common feature 

in many layers of Myra Falls chert, and indicate that the early diagenetic history of the chert 

involved the selective early replacement of amorphous biogenic silica by microcrystalline 

quartz and/or chalcedony. The partial to total infill of radiolarian tests by rutile, apatite and 

pyrite are also interpreted to be an early syn-depositional precipitate (Adachi et al., 1986; 

Schieber, 1996). 

The regular, circular form of the spherulitic figure's in the phosphate nodules (Figure 6.14a-

f), are typical of spherulites formed by competitive growth during void-filling precipitation 

of fibrous crystals in radiating aggregates (Simonson, 1985; Roedder, 1968). Although 

silica spherulites can form as a replacement of other material, their forms are generally 

more irregular, as the radial-fibrous aggregates do not tend to nucleate solely on pore edges. 

As a . result, their mutual boundaries and extinction patterns are more irregular (Simonson, 

1985). Weaver and Wise (1972) suggest that very regular spherulitic figures can form by 

neomorphism of opaline silica. During diagenesis, voids in microfossil molds and 

microcavities are commonly filled with bladed spherules of silica about 5-12 gm in 

diameter. Bulk x-ray analyses indicate that these lepispheres appear to consist of opal-CT 

(Weaver & Wise, 1972). 
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Figure 6.29:  A  semi-lithified sulphide-rich mud layer entrained  into  the overlying sandstone turbidite, in drive ST183A, 
Battle mine; a) graded base  of  the sandstone turbidite overlying strongly laminated muds. Small box in centre represents the 
sample location (SJ535, ST183A); b) schematic drawing of entrained sulphide-rich  mud  and quartz-feldspar sandstone; 
c) sulphide-rich mud is entrained by the turbidite and  now  forms  the  matrix (PPL); d) semi-lithified sulphide rich mud layer 
is brecciated during deposition of the turbidite (PPL);  e)  sulphide-rich mud matrix and felsic clasts (PPL); f) same view but 
reflected light illustrates that the sulphides are only present in the matrix, none are observed in  the  felsic clasts (RL); 
g-h) feldspar (0 grains are  well  preserved in the felsic clasts (PPL, XPL);  D  close-up of fresh feldspar grain with very weak 
sericite alteration along the cleavage planes (XPL). 
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Figure 6.30: Jasper clasts 
in the coarse-grained 
volcaniclastic unit above the 
caprock horizon; a) Jasper 
clasts, (about 5-10cm long) 
with large chert clasts in a 
poorly sorted mass flow 
unit above the HW orebody, 
drive B390, HW mine; 
b-d) close-up of jasper clasts 
variably replaced by silica, 
leaving jasper relics (samples 
from drive S335A, HW mine). 



The ghostly forms seen in rare patches in the microcrystalline quartz groundmass (Figures 

6.14g-h) also appear to have a spherulitic habit and similar dimensions to those shown in 

Figure 6.14a-f). Microcrystalline quartz in the ghostly spherical forms (Figures 6.14g-h), 

are full of fine inclusions, very similar to the spherulites in the phosphate nodules (Figures 

6.14a-f). These spherical forms could also represent microcrystalline quartz pseudomorphs 

after early diagenetic opal-CT infill of microcavities. 

Although chalcedony is a relatively stable form of silica, its presence only in rare patches in 

the microcrystalline quartz groundmass and in phosphate nodules suggests that these early 

diagenetic features were overprinted by later silicification. The fact that microcrystalline 

quartz clearly pseudomorphs early diagenetic features (e.g., 'ghostly' spherulitic forms 

replaced by microcrystalline quartz, Figure 6.14g-h), and overprints compaction features, 

such as the carbonaceous seams wrapping around spherical radiolarian tests, suggests that 

most silicification was post-depositional. At least some compaction had occurred prior to 

this event, to account for the minor compaction features preserved in the chert. 

Although silicification is interpreted as post-depositional, the ubiquitous presence of 

bedding-parallel microstylolites throughout the chert indicates that silicification occurred 

prior to substantial compaction. Chert rip-up clasts in overlying coarse-grained 

volcaniclastic layers support this view. Erosion of chert was not extensive, as chert clasts 

are only a minor component of the overlying coarse-grained units. 

Silicification mainly affected the finer-grained units. However, silicic alteration of jasper 

clasts in the coarse-grained volcaniclastics, which overlie the chert, indicate that siliceous 

fluids also percolated through this unit. The observed grain-size control on silicification 

may have been due to differences in permeability and grain surface area between the muds 

and overlying coarse-grained volcaniclastics (Lowe, 1999). In the highly permeable 

coarser units, hydrolysis would have been slower than in the muds, because of the low 

surface area of larger grains, and the rapid flushing by pore fluids would have inhibited the 

development of silica-supersaturated pore fluids. In the adjacent muds, the higher surface 

area of the finer grains and the lower permeability, would have enhanced the development 

of silica-supersaturated pore waters and silica precipitation, 

The presence of crosscutting, quartz-sulphide-sericite veins throughout the chert indicate 

that siliceous fluids continued to flow through the sedimentary sequence, well after chert 

had consolidated by maturation. 
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Figure 6.31: Comparison of sedimentary 
features common to argillite and chert. 
a) soft-sediment deformation (microfaults) 

in argillite (SJ260, HW23-503, 148m); 
b) soft-sediment deformation (microfaults) 
in chert (SJ150, 18-1086, 40m); c) fme 
parallel laminations in argillite and chert 
(samples from the Ridge Zone area, photos 
courtesy of B. Gemmell); d) phosphate 
nodules in chert (SJ441b, 18-1004, 73.8m); 
e) argillite 'jellybeans' or phosphate nodules 
in argillite (L10-2032, Marshall Zone). e 

Chert Argillite 
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6.7 Depositional environment and origin of caprocks 

6.7.1 Depositional environment 
Sedimentary features within the argillite and chert, such as the fine parallel laminations 

indicate that deposition occurred in response to reduced current energy. The clay- to silt-

size of the siliclastic detritus in the laminated chert (e.g., detrital quartz in Figure 6.12e) 

indicates, via hydraulic equivalence, that the chert was originally deposited as mud 

(Simonson, 1985). Interbedded sandstone turbidites and radiolarians in the argillite and 

chert also suggests a relatively deep, quiet depositional environment, at least below storm 

wave base, >80-100m (e.g., Jones and Desrochers, 1992; Einsele, 2000). 

Mud and shale rich deposits, ranging from a few to 100s of metres thick, whether restricted 

in size or widespread, represent topographic lows. Some of these would be shallow and 

some deep, with minimal bottom currents or waves (Potter, 1998). The paleoseafloor 

reconstruction in Chapter 5, identified growth faults and associated paleo-topographic lows 

which coincide well with the argillite and chert locations. The fine-grained deposits are 

absent in areas of elevated topography, suggesting that the argillite ponded in topographic 

lows such as the Battle and HW basins and the south flank area. 

The lack of bioturbation, with good preservation of fine laminations, indicates an absence 

of benthic fauna. The only fauna present were planktic radiolarians which give few clues to 

the nature of the benthic environment. However, the abundance of radiolarians in some 

layers of the argillite and chert indicate very low sedimentation rates. If sedimentation rates 

were high, the concentration of radiolarians would have been much lower, being diluted by 

detrital material. 

The presence of phosphate nodules in some horizons of the argillite and chert also suggests 

that low sedimentation rates prevailed. Phosphate accumulations are commonly associated 

with condensed section or sediment-starved shales in modern sediments, because the slow 

rate of sedimentation allows completion of chemical reactions (Schutter, 1998). O'Brien et 

al., (1990) suggest that phosphate nodules form within the anoxic zone in the sediments at 

depths of approximately 10-18cm below the sediment-seawater interface, based on studies 

of phosphate deposits on the East Australian continental margin. 

The low sedimentation rates indicated for the argillite-chert caprock horizon, suggest that 

its deposition corresponded to a hiatus in the volcanic activity of the area. The chert 

horizon is similar in many ways to thin finely bedded siliceous sediment that are present 

above many VHMS systems. Examples include, the Main Contact Tuff in the Noranda 
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district (Kalgeropoulos & Scott, 1989); tetsusukei in the HOroku system (Kalgeropoulous 

and Scott, 1983); and siliceous deposits around white smokers, (Hannington et al., 1998). 

These sedimentary deposits are thought to represent primary accumulation from siliceous 

exhalites, which could only form during times of slow sedimentation. However, not all 

global siliceous caprocks represent siliceous exhalites, instead, many are likely to be 

silicified sediments, which may or may not have an exhalative component. A detailed 

examination of petrological and geochemical features of the local caprocks is necessary to 

determine the nature of the siliceous sediments above VHMS deposits. 

6.7.2 Battle deposit caProcks 
The close spatial association between the chert and the underlying VHMS orebodies 

suggests a genetic link between the mineralising event and silicification in the Battle 

deposit. In the Battle basin, galena, sphalerite and chalcopyrite are mainly present in the 

silicified zones, proximal to ore and are not observed in the non-silicified Battle basin 

argillite. 

Although the massive sulphides appear to crosscut the chert in places in the Battle mine, 

there is evidence that some ore deposition predated chert formation. Euhedral rutile and 

apatite, with fine sulphide inclusions, partially infill radiolarian tests, and occur within 

cavities of closely packed chalcedony spherules in phosphate nodules. These most likely 

represent early syn-depositional mineral growth in voids, prior to compaction. Rutile 

growth is thought to be indicative of temperatures greater than 180°C in geothermal 

systems (Reyes, 1990). Microprobe analyses indicate that the large euhedral apatites (type-

2) occurring within radiolarian tests have higher S, Ba, Na and Sr contents than the fine 

apatites (type-1) which form the groundmass of the phosphate nodules (Appendix 6.1). 

This suggests that although they are similar in composition, the type-2 apatite, with the 

greater S and Ba contents, may have had a hydrothermal input, compared to the diagenetic 

apatite in the phosphate nodules. Apatite is also present in quartz-sulphide veins within the 

Battle orebody. Reyes, (1990) suggests that apatite growing in veins and vugs in 

geothermal systems, formed at temperatures ranging from 80 to 220°C. Adachi et al (1986) 

describes similar infilling of radiolarian tests, with barite, in fine siliceous metalliferous 

sediments in areas of hydrothermal activity in the northern Pacific. At Myra Falls, the syn-

depositional minerals, some with sulphide inclusions, indicate that early moderately hot 

fluids percolated through the semi-consolidated sediments. 

Radiolarian tests with rutile, apatite and sulphide infills are only found in fine sediments 

immediately above the Battle orebody. This includes the mudstone on the periphery of the 
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Figure 633: a) Microcrystalline quartz 
veins crosscutting laminated mud and 
siltstone (sample SJ758, drive G171XS, 
Battle mine); b) steep wavy microcrystalline 
quartz veins crosscut massive sulphides 
(chalcopyrite and pyrite) immediately 
below the ore-chert contact in drive 
S335C, HW mine; c-d) microcrystalline 
quartz veins in thin section, from 
adjacent sample, 6.34b (XPL). 
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chert, and throughout the chert overlying the ore horizon. Quartz is the only mineral present 

in radiolarian tests in fine-grained sediments away from the orebody. The silicification 

event, resulting in the formation of the chert horizon, may have post-dated early syn-

depositional ore fluids, which were much more localised, or represented later silicification 

by cooler, more widespread fluids. Further evidence that at least some ore deposition 

predated silicification, is provided by primary textures in sulphide-rich muds overlain by a 

turbidite deposit, in the Battle mine, drive ST183A (Figure 6.29). The overlying sandstone 

turbidite scoured out a semi-consolidated sulphide-rich mudstone, which became entrained 

into the overlying clastic unit. These primary textures are well preserved because the area 

is located on the periphery of the chert, and was not greatly affected by silicification 

(evidenced by fresh feldspar grains). These features indicate that at least some deposition 

of sulphides occurred on the seafloor, possibly as an exhalative deposit (?). The:occurrence 

of minor.ore-clast breccias, near the base of the HW horizon, to the south of the Battle 

deposit provides evidence that at least parts of the Battle orebody were exposed on the 

seafloor. 

Ore deposition continued after chert formation, with quartz-sulphide veins commonly 

crosscutting the chert. In many places, massive sulphides overprint the sharp basal 

depositional contact of the chert. 

6.7.3 HW deposit caprocks 
Only minor chert occurs above the HW orebody. Instead, the caprocks are dominated by 

strongly laminated argillite. Pyrite is the dominant sulphide in the argillitè and there is a 

marked increase in the pyrite content immediately above the HW deposit. Framboidal 

pyrite has commonly grown within radiolarian tests, as an early diagenetic mineral, similar 

to pyrite infills described by Schieber (1998). Minor sphalerite, chalcopyrite and galena 

also occur in the argillite immediately above the ore horizon. 

Chert formation is much more localised above the HW deposit, compared with the Battle 

chert, with only minor occurrences on the western and northern margins of the orebody. 

These locations coincide well with the position of growth structures identified in the 

paleoseafloor reconstruction in Chapter 5. As these zones of silicification, overprint the 

massive sulphides and argillite, they may represent the last stages of hydrothermal activity 

in the system. 

The varying degree of silicification of the caprocks above the HW and Battle deposits, 

could reflect the timing of ore formation and the deposition of the caprocks. Markedly 

different mineral assemblages infill and replace radiolarian tests in the fine sediments above 
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the two deposits (quartz and pyrite in radiolarians above the HW orebody; quartz-rutile-

apatite-sulphides in radiolarians above the Battle orebody). 

In the HW mine there is good evidence for the deposition of argillite directly upon a 

sulphide mound. The orebody has an eroded top surface in many places, indicating that the 

ore was forming on or very close to the seafloor. These contact relationships imply that the 

argillite was deposited well after most of the sulphide mound had formed. The very 

localised nature of silicified argillite-chert horizons in the HW mine, and coincidence with 

growth structures, suggests that these may represent the last outflow zones of the 

hydrothermal system. The predominance of primary void-filling quartz and pyrite, 

compared with the syn-depositional minerals seen above the Battle deposit, could have 

reflected the lower temperatures of percolating fluids from a dying hydrothermal system. 

In comparison, the fine sediments above the Battle deposit were much more strongly 

affected by hydrothermal fluids, with widespread silicification, and the presence of early 

void-filling minerals such as rutile and apatite with sulphide inclusions. These minerals 

were clearly deposited from syn-depositional hydrothermal fluids, indicating that formation 

of the Battle orebody was occurring during deposition of the fine-grained caprocks. The 

extensive silicification, overprinting these early textures, indicates that silica-rich 

hydrothermal fluids percolated through the sediments after deposition of the caprocks. 

However, silicification occurred early in the depositional history, evidenced by the presence 

of chert rip-up clasts in the overlying coarse-grained units and ubiquitous microstylolites 

throughout the chert. Ore formation clearly continued long after chert formation, as 

massive sulphides crosscut the chert, and stacked ore lenses are present above the chert (see 

section 1420E, Figure 6.5). 

6.8 Summary and conclusions 
The following points summarise the results of Chapter 6: 

• The caprocks at Myra Falls can be separated into three types, chert, black chert and 

argillite. The chert is most commonly developed above the Battle mine with only 

localised occurrences above the HW mine. Instead, the HW orebody is overlain by, 

thick argillite deposits. Black chert occurs to the south of the Battle orebody, with a 

gradual transition into the white-pale grey chert above the orebody; 

• The chert consists of three types of quartz, microquartz, megaquartz and chalcedony 

with no low-ordered forms of silica, such as opal-CT observed; 
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• Petrological features indicate that the chert above the Battle deposit formed mainly 

from the silicification of pre-existing fine-grained sediments; 

• The dominant source of silica was most likely hydrothermal emanations from volcanic 

vents and the breakdown of volcanic glass, with a minor contribution from the 

dissolution of radiolarian tests; 

• The silicification event above the Battle orebody overprints early syn-depositional 

features, such as primary pore-space infills of silica, rutile, apatite and minor sulphides. 

The syn-depositional infills, and the presence of minor ore-clast breccias above the 

orebody indicate that although the Battle deposit formed largely by sub-seafloor 

replacement, at least parts of the orebody were very close to, or exposed on the 

seafloor; 

• The chert, which occurs in small localised zones above the HW orebody, represents 

post-depositional silicification of argillite, probably during the waning stages of 

hydrothermal activity. The erosional top contact of the HW orebody and the 

occurrence of argillite immediately overlying the orebody, are consistent with the HW 

orebody forming on the seafloor; and 

• A deep, quiet depositional environment, at least below storm wave base, is estimated 

for the caprocks, based on sedimentological features such as fine parallel laminations, 

interbedded sandstone turbidites, and the presence of radiolarian fossils. 
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Chapter 7 

SWIR spectral characteristics 

of the HW Horizon 

7.1 Introduction 
The alteration mineral assemblage at Myra Falls is relatively simple, consisting of white 

mica, quartz, pyrite, carbonate and minor chlorite in felsic lithologies, with white mica, 

chlorite, pyrite, carbonate, epidote and minor quartz in the mafic lithologies. The mineral 

assemblages reflect the regional metamorphism (lower to mid greenschist facies) and local 

hydrothermal alteration associated with VHMS orebodies. Alteration textures and 

mineralogy have been described in detail by Juras (1987) and Sinclair (2000). This study, 

provides a brief summary of the alteration mineralogy and emphasises the construction of 

property-scale alteration maps of the HW Horizon. 

The simplicity of the alteration suite and the dominance of white mica, has made alteration 

mapping at Myra Falls very difficult, as mineral isograds are absent or only weakly 

developed. However, SWIR (Short-Wavelength Infrared) spectral analysis can be used to 

measure subtle compositional variations within individual hydrous mineral species, such as 

chlorite and white mica. Recent studies, based on SWIR analyses in VHMS districts, show 

•that the composition of these minerals can vary systematically with proximity to ore (e.g., 

Pontual et al., 1997b; Huston et al., 1999; Thompson et al., 1999; Herrmann et al., 2001). 

Alteration maps, based on subtle compositional variations, can then be constructed, even in 

fine-grained rocks. However, metamorphic and structural effects must also be considered 

to properly understand the alteration system. 

This study presents property-scale alteration maps, based on subtle compositional variations 

in white mica and chlorite, from SWIR analyses, in combination with probe analyses, 

detailed drillcore logging and mapping. The main aims of this study are: 

1. Determine SWIR spectral characteristics and variations of white mica and chlorite in 

background and proximal areas and in different lithologies, to identify the controls on 

white mica and chlorite compositions. 
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2. Use microprobe analyses to test compositional variation indicated by SWIR analyses. 

3. Locate and determine the size and intensity of alteration halos associated with VHMS 

orebodies. 

4. Identify any systematic trends in mineral compositions, and if present, establish 

whether they can be used as vectors to target VHMS ore horizons. 

7.2 Methods 

In this study, the majority of samples were collected from the HW Horizon, with only a few 

selected from Price Andesite and the overlying Mixed Volcaniclastic unit. Rock samples 

were analysed by the PIMA-H spectrometer (Portable Infrared Mineral Analyser), and 

PIMA VIEW 3.1 software, which measured the infrared (1300-2500nm wavelengths) 

radiation reflected from illuminated samples. Hydrous minerals such as clays, white mica, 

chlorite and epidote have characteristic absorption features. Spectral parameters such as the 

wavelength and depth of absorption features, were calculated from hull quotient-corrected 

spectra by 'the Spectral Geologist 2.0' software and The Spectral Assistant (TSA) (Pontual 

et al., 1997a; Merry and Pontual, 1998). This software also identified the minerals present, 

by comparing the wavelengths of absorption features (absorbed from the reflected light), to 

a reference library. Minerals identified by SWIR, were generally consistent with the 

mineral assemblage observed by detailed petrographic studies, microprobe and XRD 

analyses. 

Sample preparation for the PIMA-II spectrometer was minimal, with SWIR readings taken 

on clean, flat (sawn) surfaces of dry rock or drillcore. Rock samples were predominantly 

pale, with few opaque minerals, such as magnetite, to suppress spectral features. However, 

dark-grey to black argillite samples were too dark to give reasonable spectra. The relatively 

simple mineralogy and absence of clays, such as kaolinite, aided the identification of 

minerals, and absorbtion features in the AlOH band were clean and clearly visible. 

White micas and chlorite from selected samples were analysed by the author on the Cameca 

SX-50 electron microprobe at the Central Science Laboratory, University of Tasmania. 

Mineral formulae were calculated on the basis of 22 oxygens for white mica and 28 

oxygens for chlorite and microprobe analyses are listed in Appendix 6.2. 
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2.5cm 

Figure 7.1: Typical alteration textures in rhyolitic and andesitic rocks at Myra Falls; a) chlorite-
epidote altered Hangingwall Andesite (SJ740, drillhole 21-2072, 105.6m); b) chlorite altered 
Hangingwall Andesite (SJ545, drillhole 20-845, 11.3m); c) sericite-pyrite altered Price Andesite 
(SJ409, &Whole 18-1003, 103m); d) chlorite-sericite-pyrite altered Price Andesite (SJ447, 
drillhole 18-1004, 95.6m); e) quartz-pyrite-sericite altered Price Andesite (SJ778, drillhole 
L14-683, 427.6m); f) weakly sericite-quartz altered HW rhyolitic volcaniclastic rock (SJ782, 
drillhole L14-681, 345.2m); g) strongly sericite altered HW rhyolite volcaniclastic rock (SJ113, 
drillhole 18-1033, 56.5m); h) sericite-rich green chert/siltstone (SJ754, G171XS, Battle mine); 
i) weak sericite altered conglomerate and argillite (SJ261, drillhole PR 124, 135m). 
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7.3 Alteration mineralogy 
The alteration mineral assemblage for the volcano-sedimentary sequence at Myra Falls is 

shown in Table 3.2 from (Juras, 1987). The alteration mineral assemblages vary with 

changes in the bulk rock composition (i.e.„ mafic or felsic) and the intensity of 

hydrothermal alteration, reflecting fluid/rock ratios. A detailed description of alteration 

minerals and textures, is given by Juras (1987) and Sinclair (2000), and a brief summary of 

these studies is outlined below. 

The most common alteration minerals are white mica, quartz, pyrite, chlorite, epidote and 

carbonate. Chlorite is common in mafic rocks of the volcano-sedimentary sequence, but is 

rare in rhyolitic units, such as the HW horizon (Figure 7.1a-b). White mica (or sericite) is 

present in all rock types across the property, but dominates over chlorite in felsic rocks and 

in the strongly quartz-sericite and quartz-sericite-pyrite altered zones around the Battle and 

HW deposits. In these areas, white mica, quartz and pyrite often overprint and obscure 

original features of the rock such as bedding and clast boundaries (Figures 7.1c-g). Figure 

7.1h shows silt-chert layers immediately above the ore, which commonly have a distinct 

green appearance resulting from abundant white mica with higher Fe and/or V contents (see 

Table 7.2, and Appendix 6.2). Microprobe analyses indicate that Fe and V contents not 

high enough to be celadonite or roscoelite respectively, as maximum Fe and V values are 

significantly lower than 1 wt.% (Wells and Brannock, 1946; Ernst, 1963; Velde, 1965; 

Miyashiro and Shido, 1985). 

In areas not affected by the strong sericite alteration, clast boundaries are distinct in 

volcaniclastic rocks (Figures 7.1a-b, i), and crystal boundaries are sharp in quartz and 

feldspar porphyries (Figures 7.2a, d). Epidote is only present in the mafic units of the 

sequence and is absent in the strongly altered zones proximal to ore. Figure 7.2e, shows 

strong epidote-chlorite alteration of dacite in the 43 Block area of the HW mine. Carbonate 

has a very sporadic distribution but appears to be most common in the strongly altered zone 

around the Battle deposit, with dolomite-calcite rhombs commonly up to 1-2mm, giving the 

rocks a slightly spotted appearance (Sinclair, 2000). Calcite is common in background 

samples, predominantly occurring in fine veins, and is also common as irregular patches in 

the groundmass of andesitic units. 

Typical petrologic features of the strongly quartz-sericite-pyrite altered rocks in zones near 

to . the Battle and HW orebodies are shown in Figures 7.3a-f. 'Sericite dominates and the 

rocks are often moderately to strongly foliated, with sheared and fragmented lithic clasts 
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Figure 7.2: Typical alteration textures in quartz-feldspar and feldspar porphyry rocks at 
Myra Falls; a) weakly quartz-sericite altered feldspar-quartz porphyry (SJ588, drillhole 
L15-501, 365m, Marshall Zone); b) strongly silicified quartz-feldspar porphyry (SJ696, 
drillhole 18-976, 24m, Battle mine); c) sphalerite-chalcopyrite stringer veins  in  sericite-
altered quartz-feldspar porphyry (SJ427, drillhole 18-1004, 14.6m, Battle mine);  d) weakly 
sericite altered feldspar porphyry (SJ796, drillhole P13-304, 407m, HW mine);  e) strongly 
chlorite-epidote altered dacite (SJ550, drillhole 20-845, 43 Block). 
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scattered in a strongly aligned matrix of sericite and quartz (Figure 7c-f). Fine pyrite is 

ubiquitous and feldspar grains are rare, usually occurring as relict feldspar cores in a 

sericite pseudomorph (Figure 7a-b). In comparison, weakly altered rocks in Figures 7.4a-h, 

from areas distal to ore, have a markedly different appearance. Feldspar grains are albitised 

and only weakly sericite altered, and original textures, such as igneous quartz crystals with 

lobate margins, and tube pumice clasts are clearly visible (Figures 7.c-d). These features 

are completely obscured or destroyed in strongly quartz-sericite altered zones, proximal to 

ore. 

7.4 White mica and chlorite compositional and spectral characteristics 

7.4.1 White mica compositional variation . 
White micas are a very common alteration mineral in VHMS systems and their complex 

chemical structure allows for a wide range of compositions. White micas can be expressed 

as: 

(K, Na) 11 2(Al, Fe, Mg)" 4(Si, Al)"8020(OH)4  

where it, iv and vi represent the interlayer, tetrahedral and octahedral sites respectively 

(Yang, 1998). 

Na-rich micas, or paragonite, result from Na substitution for K in the interlayer site. Minor 

Ca can also occur in the interlayer site. In low to moderate temperature hydrothermal 

systems (<600°C), K-rich micas dominate because of the limited substitution between K 

and Na at relatively low temperatures. The limited substitution results in a wide miscibility 

gap between the Na and K-rich white micas (Eugster & Yoder, 1955; Guidotti et al., 1994). 

Although not as common as K-white micas, paragonite is reported in VHMS districts and 

geothermal systems, and is often present in zones proximal to ore (Pontual et al., 1997b; 

Herrmann et al., 2001). 

Compositional variation in white micas is predominantly a result of the Tschermak 

substitution, a coupled substitution of Mg and/or Fe for Al in the octahedral site and Si for 

Al in the tetrahedral site: 

Si lv(Mg,Fe)' = Al l" Al'. 

The Tschermak substitution results in phengite, with a Si:Al ratio >3:1 and elevated Fe 

and/or Mg contents. The substitution results in a range of phengitic mica compositions 

from endmember muscovite, K2A1 4(Si6Al2)020(OH)4 to endmember celadonite, 

K(Mg,Fe 2+) 2(A1,Fe 3+) 2Si8070(OH) 4 . However, complete solid solutions do not form 

between all endmembers, instead there are miscibility gaps (Velde, 1965). 
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Figure 7.3: Typical strong alteration textures in samples proximal to ore at Myra Falls; 
a) strongly sericite altered feldspar in a sericite-rich groundmass, XPL (SJ92, S335A-D6, 
HW mine); b) relict feldspar with strong sericite alteration, XPL (SJ55, S335A-D6, HW 
mine); c) strong sericite altered and foliated matrix with detrital quartz grain, XPL (SJ90, 
S335A-D6, HW mine); d) sericite altered pyrite grain, XPL (SJ760, G171XS, Battle mine); 
e) strongly sericite altered matrix in rhyolitic volcaniclastic rock, XPL (SJ90, S335A-D6, 
HW mine); 0 strong sericite alteration in rhyolitic volcaniclastic rock, XPL (SJ92, 
S335A-D6, HW mine). 
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Phengites are always K-rich micas, due to the reluctance of natural Na-white micas to 

accommodate a greater amount of Si than the ideal 6 atoms per formula unit (Yang, 1998). 

For this reason, there is an inverse correlation between the Na and Tschermak content 

(Mg,Fe2+)Silv . Other elements, which commonly substitute for Mg-Fe in the octahedral site, 

include V, Mn, Cr and Ti. 

Another important variation in K-white micas, especially at low temperatures, is the 

formation of illite, by the substitution of Si"' " for Al l"Kil , where 	represents an interlayer 

cation vacancy (Cathelineau, 1988; Yang, 1998). The illite substitution resultS in the 

interlayer cation number becoming < 2 p.f.u. With increasing temperature this substitution 

becomes less important and is thought to cease at about 300°C (Cathelineau, 1988). 

7.4.2 White mica spectral characteristics 
White micas have a number of absorption features, with a deep, sharp AlOH absorption 

feature occurring between 2180-2228nm, and moderate secondary AlOH features near 

2344nm and 2440nm. The main AlOH peak (2180-2228nm) is commonly evident even in 

noisy spectra, making it a useful feature for mineral identification. 

The shifts in the wavelengths of the AlOH feature, have been shown to be related to subtle 

changes in white mica compositions, with varying proportions of octahedral Al in the 

mineral structure, resulting in AlOH wavelength shifts. For example, AlOH wavelengths 

<2195nm result from high proportions of octahedral Al (and a low Fe-Mg content), while 

AlOH wavelengths >2216nm reflect low proportions of octahedral Al (and higher Fe-Mg 

content). Generally, paragonite has AlOH wavelengths 2180-2195nm; phengite has AlOH 

wavelengths 2216-2228nm; and muscovite/illite (normal potassic micas) have AlOH 

wavelengths between 2200-2208nm (Post & Noble, 1993; Hermann et al., 2001). Samples 

with more than one white mica phase, or intermediate white mica compositions, result in 

intermediate AlOH wavelengths. 

7.4.3 Chlorite compositional variation 
Chlorite is a very common mineral in VHMS systems, and in low to moderate grade 

metamorphic rocks formed at temperatures up to about 400°C and a few kilobars pressure 

(Deer et al., 1996). Chlorite often replaces primary mafic minerals in hydrothermal 

systems 
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Figure 7.4: Typical weak alteration textures in background mafic and felsic rocks at Myra 
Falls; a) weak sericite alteration with relatively fresh feldspars in quartz-feldspar porhphry, 
XPL (SJ792, drillhole L14-683, 329.5m); b) fresh plagioclase in dacite, Price-Thelwood 

area, XPL (SJ620, drillhole PR13-68, 30.4m); c) well preserved primary volcanic texture, 
with embayed quartz, QFP, XPL (SJ792, drillhole L14-683, 329.5m); d) well preserved 
flow banded rhyolite clast in Thelwood Valley area, PPL (SJ629, drillhole CR884, 551.7m); 
e-h) chlorite (chl)-epidote (ep) rich Hangingwall Andesite, 43 Block area, XPL (SJ558A, 
drillhole 20-675, 5.9m). 
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Figure 7.5: Typical SWIR spectra, illustrating the range of AIOH wavelength values of white mica 
in regional samples and samples proximal to ore, Myra Falls VHMS camp. 
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Figure 7.6: Typical SWIR spectra, illustrating the range of Fe0H wavelength values of chlorite in 
regional samples and samples proximal to ore, Myra Falls VHMS camp. 
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and a wide variety of chlorite compositions can occur due to the large number of 

substitutions. Chlorite can be expressed as: 

(Mg,Fe2+ ,Fe3+ ,Mn Al) r(si Ai) o i(oH) __,12„__,_ __,8 _ 20„ _ 

The main varieties of chlorite include, clinochlore, chamosite and pennantite as the names 

for Mg-rich, Fe-rich and Mn-rich chlorites respectively (Deer, et al., 1996). The structure 

of the common chlorites consists of regularly alternating negatively charged talc-like layers 

comprising tetrahedral-octahedral-tetrahedral, 2:1, layers with Y64020(OH)4 ; and 

positively charged interlayer brucite-like layers with composition Y 6(OH) 12 , (Y and Z 

represent octahedral and tetrahedral sites respectively). 

The Mg<-->Fe substitution results in a very wide range of compositions and most chlorites 

can be approximately expressed as combinations of the chlinochlore 

(MgioAl2)(Si6Al2°20)(O11 )16 ,  and chamosite (Fe2+ 10Al2)(Si6Al2020(011)16 end-members. 

Other types of chlorite include Mn, Cr, Ni, Li and Zn-rich varieties. 

7.4.4 Chlorite spectral characteristics 
The two main diagnostic spectral features of chlorite occur between 2235-2255nm, 

associated with Fe0H absorption, and 2320-2360nm, associated Mg0H absorption. The 

wavelengths of these absorption features vary with chlorite composition, with the shortest 

wavelengths occurring in the most Mg-rich chlorites and the longest wavelengths occuring 

in more Fe-rich chlorites (Pontual et al., 1997b). 

Systematic variations in chlorite compositions with proximity to ore have been reported in a 

number of studies (e.g., Pontual et al., 1997b; Herrmann et al., 2001). In these cases, the 

chlorite became more Mg .-rich towards the ore, and these subtle compositional changes 

were shown by distinct shifts in the Fe0H and Mg0H wavelengths. These absorption 

features can also be used to discriminate metamorphic/regional chlorite from hydrothermal 

chlorite, as the regional chlorites are often relatively more Fe-rich than hydrothermal 

chlorites. 

Although chlorite absorption features are easily recognisable, in many samples where white 

mica dominates over chlorite, the chlorite Mg0H peak is often masked by a white mica 

absorption feature at 2340nm. For this reason, estimates of chlorite compositions in this 

study are predominantly based on the Fe0H wavelengths. 
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7.5 Previous work (SWIR analysis) 
Sinclair (2000) used SWIR analysis to identify the dominant alteration minerals and 

compositional variation in white mica and chlorite in rocks from the Battle deposit. The 

mineral assemblages identified by SWIR in felsic rocks, comprised white mica and minor 

chlorite and carbonate. Strongly sericite-quartz altered mafic rocks, comprised white mica, 

chlorite and carbonate; and weakly altered mafic rocks contained chlorite, white mica, 

epidote, and carbonate. 

White mica A1OH wavelengths were between 2196 to 2215nm, with interpreted 

compositions ranging from muscovite to phengite. Chlorite compositions were interpreted 

to range from Mg-rich chlorite, intermediate chlorite, to Fe-rich chlorite. Fe0H 

wavelengths were measured between 2244 to 2255nm and Mg0H wavelengths between 

2339 to 2352nm. 

White mica and chlorite spectral characteristics from strongly altered rocks in the Battle 

mine were compared with several regional samples to determine the presence of any 

systematic variation with proximity to ore. A shift in the chlorite and white mica absortion 

wavelengths was detected, which suggested phengitic white mica and Fe-chlorite occurring 

in the background samples, and muscovite and Mg-rich chlorite in proximal samples. 

7.6 Results of SWIR analysis 
This study extends the alteration study carried out by Sinclair (2000), by providing analyses 

of over 1000 samples across the property, and characterising the alteration mineralogy 

associated with the Battle and HW orebodies. Initially, the bulk rock control on alteration 

mineralogy is examined. The background white mica and chlorite spectral features are then 

defined and compared to spectral characteristics of minerals in zones, proximal to ore. In 

general, SWIR spectra were of good quality and the relatively simple mineralogy, 

dominated by white mica and chlorite, resulted in easily recognisable absorption features. 

7.6.1 White mica and chlorite spectral variation 
Typical SWIR spectra collected for white mica and chlorite are shown in Figures 7.5 and 

7.6, and illustrate the shifting AlOH and Fe0H wavelengths with subtle changes in mineral 

composition. A wide range of compositions were recorded for white mica and chlorite, 

with the AlOH feature for white mica, ranging from 2194-2218nm, suggesting a range in 

compositions from paragonite, muscovite to phengitic micas. The chloriteTe0H 

absorption feature also displayed a range of wavelengths, from 2238-2255nm, indicating 

compositions from Mg-rich, intermediate to Fe-rich chlorites (Table 7.1). 
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Formation 
and location 

Mineral assemblage White mica 
AlOH wavelengths 

Chlorite 
Fe0H wavelengths 

Price Andesite 
(proximal to ore) 

Quartz, muscovite, Mg-It 
chlorite, pyrite, carbonate 2196-2218nm 

average: 2201m 
2238-2254nm 

average: 2246nm 

Price Andesite 
(regional samples) 

Int-Fe chlorite, epidote, 
muscovite-phengite, minor 
carbonate, sericite, quartz 

2198-2218nm 
average: 2204nm 

2236-2252nm 
average 2246nm 

HW horizon 
rhyolite 
(Battle orebody) 

Quartz, paragonite-muscovite, 
pyrite, minor Mg-Int chlorite 
and carbonate 

2194-2204nm 
average: 2I98nm 

2238-2252nm 
average: 2241m 

HW horizon 
rhyolite 
(HW orebody) 

Quartz, muscovite, pyrite, 
minor Mg-Int chlorite and 
carbonate 

2196-2214nm 
average: 2201m 

2238-2254nm 
average: 2246nm 

HW horizon 
rhyolite 
(regional samples) 

Quartz, muscovite-phengite, 
pyrite, minor Mg-Int chlorite 
and carbonate 

2194-2218nm 
average: 2206nm 

2238-2255nm 
average: 2247nm 

Hangingwall 
andesitic rocks 
(Battle orebody) 

It-Fe chlorite, epidote, 
muscovite-phengite and 
carbonate 

2204-2218nm 
average: 2207nm 

2242-2253nm 
average 2250nm 

Hangingwall 
andesitic rocks 
(regional samples) 

It-Fe Chlorite, epidote, 
muscovite-phengite and 
carbonate 

2203-2217nm 
average: 2210nm 

2238-2253nm 
average: 2250nm 

Table 7.1: White mica and chlorite AlOH and Fe0H wavelength variations. Mg-It = Intermediate 
to Mg-rich chlorite, Fe-It = Intermediate to Fe-rich chlorite. 

The histograms in Figures 7.7 and 7.8, show the full range of A1OH and Fe0H wavelengths 

measured, and illustrate the differences in AlOH and Fe0H wavelengths for white mica and 

chlorite in felsic and mafic samples. In general, white mica A1OH and chlorite Fe0H 

wavelengths appear to be longer in the more mafic lithologies. The histograms also 

illustrate the marked difference in AlOH and Fe0H wavelengths in samples from areas 

proximal to ore, to distal or background samples. For example, AlOH wavelengths 

measured in HW horizon rhyolite samples from the Battle mine, have an extremely narrow 

range of values (most within 2196-2200nm). In comparison, background samples, have a 

much broader range of AlOH wavelengths, with the majority between 2198-2216nm. 

The histograms suggest that white mica and chlorite compositions are influenced by, the 

bulk rock composition and/or the proximity to ore. Changes in mineral compositions 

probably reflect varying water/rock ratios. Background samples are rock buffered (low 

fluid/rock ratios, while samples, proximal to ore, are fluid buffered (high fluid/rock ratios). 
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Figure 7.7: Histograms illustrating the variation in AIOH wavelengths of white micas in proximal 
and background samples in the HW Horizon rhyolitic units, Price Andesite and Hangingwall 
Andesite. 
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7.6.2 Bulk rock control on white mica-chlorite spectral characteristics 
The bulk rock control on white mica-chlorite spectral features appears to be greatest in 

distal or background samples. Figure 7.9 shows two graphic logs, one from a zone of weak 

sericite-quartz alteration (drillhole HW20-675 from the 43 Block area of the HW mine), the 

other from the Battle mine (composite log 18-1002-1003), in a very strongly quartz-sericite 

altered zone. 

In the first log (HW20-675), the white mica AlOH wavelengths show marked variation 

with changes in the bulk rock composition, which are indicated by shifts in the Ti/Zr ratios. 

In the dacitic and andesitic lithologies, AlOH wavelengths are generally between 2207- 

2214nm, except for the strongly altered zone immediately beneath the massive sulphides 

(A1OH = 

2197-2202nm). The andesite and dacite A1OH wavelengths are distinctly higher than those 

measured in the adjacent rhyolitic units (predominantly 2198-2200nm, excluding the high 

zone over the ore horizon, which is discussed below). Chlorite and epidote are common in 

the dacite and andesite, but are rare in the rhyolite. In comparison, the adjacent log (Battle 

18-1002-1003) shows little change in AIOH wavelengths throughout the andesite and 

rhyolite sequence, apart from minor highs over the mineralised zones. AIOH wavelengths 

consistently lie between 2194-2200nm. These plots suggest that the bulk rock composition 

is an important first order control on white mica compositions in weakly altered zones or 

regional areas, but is less important in strongly hydrothermally altered zones. 

Within the rhyolitic HW horizon, A1OH wavelengths are usually highest within and 

immediately above ore horizons. In log HW20-675 (Figure 7.9), A1OH values increase to 

2207nm, far higher than the surrounding rhyolite. This increase in AlOH values in samples 

associated with ore, is also shown in Figure 7.10, with two graphic logs illustrating 

measured sections from HW drive S335C and Battle drive G171XS. In both sections there 

is a marked increase in AIOH wavelengths toward the massive sulphides. In S335C, AlOH 

wavelengths increase from 2198nm to 2204nm, and in G171XS, AIOH values increase 

from 2197 to 2203nm. This shift in the white mica AlOH feature appears to be a very 

localised phenomenon (metre-scale), and has little effect on the regional alteration maps. 

Other studies also show similar shifts in white mica compositions with changing host 

lithologies. For example, in the Los Azufres geothermal field in Mexico, illites in andesite 

are reported to be systematically more Fe-Mg rich than those from rhyolites (Cathelineau & 

Izquierodo, 1988). McLeod and Stanton (1984) also report that the Mg/(Mg+Fe+Mn) 

content of white micas changed in sympathy with that of coexisting phyllosilicates, based 

on studies from several volcanogenic stratiform deposits, including Captain flat, Colo 
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Creek, Que River, Roseberry and Woodlawn in southeastern Australia. In larger, district 

scale studies, using imaging spectroscopy, the octahedral aluminium content of white micas 

was also shown to vary with changing host lithologies (Clark et al., 1998). 

Clearly, in rocks not strongly affected by hydrothermal alteration, the bulk rock 

composition is an important first order control on white mica compositions, and must be 

carefully considered when constructing alteration maps. 

7.6.3 White mica -chlorite spectral variation with increasing sericite alteration 
Composite section 1260-1420E, from the Battle mine, illustrates the shifts in white mica 

A1OH wavelengths with proximity to strong sericite-quartz alteration associated with 

VHMS ore (Figure 7.11). White mica A1OH wavelengths are predominantly between 

2194-2199nm in the strongly altered zone, close to ore, but rapidly increase to values 

>2205nm over a distance of about 100m away from ore. The anomalously low A1OH 

values at the southern edge of the section may represent part of the feeder zone for the Lynx 

orebody. 

The systematic variation in white mica A1OH wavelengths provides a useful exploration 

vector in alteration zones, and can be used to construct alteration maps for the property. 

The sequence at Myra Falls is relatively flat-lying and is ideal for showing hangingwall 

alteration. However, in order to reduce or eliminate the effects of changing bulk rock 

compositions, alteration maps are best constructed from spectral data from HW horizon 

rhyolitic samples only. 

Figure 7.12 illustrates the changing AlOH wavelengths in the HW Horizon, with distance 

from ore and decreasing seficitic alteration. Drillhole L14-680 is located on the edge of the 

sericite alteration halo outlined in Figure 7.11, while drillholes 18-1002-1003, are located 

within the strongly altered zone in the Battle mine. Ti/Zr ratios give a good indication of 

the original lithology, with the rhyolitic units having Ti/Zr ratios approximately 8-23, 

mudstones and chert, slightly higher 25-43, and andesites >70 Ti/Zr (full results listed in •  

Appendix 3). The consistent Ti/Zr ratios through the HW Horizon, indicate the dominance 

of rhyolitic material in this 'unit. A marked increase in AlOH wavelengths (>2201nm and 

up to 2209nm) occurs in samples from drillhole L14-680, and most likely reflects a shift 

towards more background or regional white mica compositions. 
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Myra Falls - HW Horizon 
White mica AIOH wavelength map 

Figure 7.13: White mica A1OH wavelength variation in the HW Horizon at Myra Falls VHMS camp. Note the distinct increase in AIOH wavelength away from the orebodies. 



• 7.6.4 White mica and chlorite spectral variation maps 
The spectral characteristic maps of the HW horizon (Figure 7.13 and 7.14) illustrate the 

spatial variation in white mica and chlorite AlOH and Fe0H wavelengths. As chlorite is 

only a minor component of the rhyolitic rocks, chlorite spectral features were weak and 

often masked by white mica AlOH features. For this reason, the chlorite Fe0H wavelength 

map (Figure 7.15) is based on much less data, but still gives a broadly similar zonation 

pattern. 

The white mica AlOH wavelength map (Figure 7.13) was constructed by consistently 

choosing the lowest AlOH wavelengths from samples in the HW horizon. This method was 

chosen.to  highlight and emphasise any possible hydrothermal alteration in peripheral zones. 

During construction of the map, individual spectra were examined, and only spectra with 

distinct AlOH features and a TSA error <140 were used. The TSA error is the standardised 

residual sum of squares or the "goodness-of-fit" measure for each match between an 

individual spectra and the reference library (Pontual et al., 1997a). In general, spectra with 

a TSA error of 250 or less are considered viable (Pontual et al., 1997a). The lowest AlOH 

values 2197nm) were found in .a broad zone above the Battle deposit and in small 

patches above the HW mine. Small zones of low AlOH wavelengths were also found in 

regional samples in the Thelwood Valley-Price area. This area contains several small 

mineralised zones within the HW horizon, (e.g., the Trumpeter zone). In general, regional 

or background white mica AlOH wavelengths were consistently higher (>2204nm) than 

proximal samples, which were predominantly <2000nm. 

Chlorite has a more sporadic distribution in the HW horizon, but also shows a shift in 

Fe0H wavelengths with proximity to ore (Figure 7.14). In general, there is a broad shift 

from Mg-rich chlorites (Fe0H wavelengths <2240nm) immediately over the Battle mine, 

and parts of the HW mine, to more Fe-rich chlorites in distal or background areas (Fe0H 

wavelengths >2243nm). Microprobe analyses of chlorite by Sinclair (2000), confirm 

variations in the Fe-Mg content of the chlorites, with Mg-rich chlorite-s in proximal samples 

(average Mg# = 0.82), and intermediate to Fe-rich chlorites in regional samples (average 

Mg# = 0.55). 

7.6.5 White mica compositional variation — microprobe analyses 
White micas in proximal and distal HW horizon samples, were analysed by electron 

microprobe to determine the compositional changes related to shifts in AlOH wavelengths 

and analyses are listed in Appendix 6.2. Average white mica compositions are shown in 

Table 7.2. Although white mica compositional variation is subtle, electron microprobe 

238 



Myra Falls - HW Horizon 
Chlorite Fe0H wavelength map 

Chlorite Fe0H wavelength (nm) 
III 2243-2245 	 >2250 

2246-2249 

Figure 7.14: Chlorite Fe0H wavelength variation in the HW Horizon at Myra Falls VHMS camp. Note the distinct increase in Fe0H wavelength away from the orebodies. 
ts.) 



1 1.2 
Si/AI 

AI
O

H
 w

av
el

en
gt

h 
(n

m
)  

2212 	 

2208 -  

2204- 

2200- 

2196- 

2192 	 
1 1.3 

2212 

2208 - 

2204 - 

2200- 

2196 - 

2192 
0 	0105 	011 

Na/(Na + K) 

• 

• 

*•• 

R2  =0.552 

0.15 

0 12 	014 	016 
Mg + Fe 

08 

2212 

c  2208 - 
_c 
ccr)  2204- 
a) 
a) 

2200 - 

2196 - 0 
72-  

5:2 	514 	e6 
Al (total) 

2192 
5 58 

A
IO

H  
w

av
e

le
ng

th
 (n

m
)  

AI
O

H
 w

av
e

le
ng

th
 (n

m
)  

Figure 7.15: Scatter plots illustrating the general increase in Fe, Mg and Si with increasing AlOH 
wavelength, reflecting a shift from muscovite to phengitic white mica compositions. Phengitic 
micas also have lower Na and Al' i  contents, shown by the negative trends. Each data point 
represents an average of white mica compositions from electron microprobe data (see Appendix 6.2). 

analyses do show minor changes in white mica compositions, which correlate with shifts in 

the AlOH wavelength feature (Table 7.2). The analyses indicate that the white micas are 

K-micas, and range from muscovite to phengitic compositions. 

The scatter diagrams, in Figure 7.15, compare averaged white mica compositions with the 

AlOH wavelength for each sample. The diagrams indicate that there are significant 

correlations between AlOH wavelengths and the proportion of paragonite (measured by 

Na/(Na+K) values), and the phengitic content of white micas (measured by cationic Si/A1 

ratios and the Fe+Mg content). Generally, as AlOH wavelengths decrease, the Na/(Na+K) 

ratio increases slightly to a value of 0.1 atoms per formula unit, at AlOH wavelengths of 

<-2197nm. The Si/A1 ratios increase from 1.0 in proximal samples to 1.3 atoms p.f.u. in 

background samples, with AlOH wavelengths >2205nm. The increase in Si in background 

white mica is accompanied by increasing Fe+Mg values. With increasing AlOH 

wavelengths, the Fe+Mg values increase from 0.2 (at AlOH wavelengths of 2195nm) to 0.6 
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atoms p.f.u. (at AlOH wavelengths of 2210nm). This data is consistent with other studies 

which suggest that the AlOH absorption wavelength changes systematically with varying 

proportions of octohedral Al and Fe+Mg in white micas (Post & Noble, 1993; Herrmann et 

al., 2001). 

The triplots in Figure 7.16, and the xy scatter plots in Figure 7.17, also illustrate white mica 

compositional variation from proximal and background hangingwall samples. White micas 

in strongly altered Battle mine samples have markedly higher V and Zn and lower Ba 

values than samples from the HW mine and regional areas. V and Zn substitutes for Mg 

and/or Fe in tetrahedral sites (Yang, 1998). 

Battle 
white 
chert 

(n = 59) 

Battle 
green 

silt/chert 
(n = 7) 

HW Horizon 
rhyolite 

(proximal) 
(n = 12) 

Battle 
basin 

argillite 
(n = 7) 

HW Horizon 
rhyolite 
(distal) 
(n = 15) 

Andesite 
(n = 10) 

AlOH 2210nm 2197nm 2199nm 2207nm 2207nm 2210nm 

Si 6.19 6.14 6.31 6.36 6.32 6.33 
Ti 0.01 0.01 0.06 0.02 0.02 <0.01 
Al ly  1.81 1.86 1.69 1.64 1.68 1.67 
Alvt 3.76 3.60 3.59 3.54 3.52 3.47 
Cr <0.01 <0.01 0.01 0.01 <0.01 <0.01 
Fe2+  0.07 0.13 0.07 0.11 0.17 0.27 
V 0.01 0.03 0.02 0.07 <0.01 <0.01 
Zn 0.01 0.07 <0.01 <0.01 <0.01 0.01 
Mn2+  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Mg 0.18 0.27 0.24 0.29 0.34 0.32 
Ca <0.01 <0.01 0.03 <0.01 <0.01 <0.01 
Na 0.16 0.14 0.13 0.08 0.07 0.06 
K 1.70 1.72 1.70 1.77 1.80 1.83 
Ba 0.03 0.04 0.06 0.04 0.06 0.06 

Table 7.2: Average AlOH wavelengths and atomic % of the main elements in white micas from 
electron microprobe analyses (full results listed in Appendix 6.2). White mica compositions were 
calculated on the basis of 22 oxygens. White chert samples represent the siliceous caprocks above 
the Battle orebody and include: SJ784, SJ774, SJ154, SJ16lb and SJ151. Green silt/chert samples 
are from G171XS, Battle mine and include: SJ749 and SJ758. HW Horizon rhyolite (proximal) 
represents rhyolitic volcaniclastics immediately above the HW orebody, drive S335C, HW mine and 
includes samples SJ650 and SJ639. Battle basin argillite, SJ765 from drillhole L14-676, about 300m 
south of the Battle orebody. HW Horizon rhyolite (distal) is from the Thelwood Valley, South Flank 
and HW north, including samples: SJ261, SJ066 and SJ600; Hangingwall andesite sample SJ558A 
from the 43 Block area, HW mine. 

White micas intimately associated with VHMS ore, consistently have higher AlOH 

wavelengths, up to 2203-2204nm (e.g., Figure 7.10). These samples commonly have an 

unusual green tone, and microprobe analyses indicate that these white micas have higher 

Fe, Mg, V and Zn contents, than white micas in white cherts and adjacent rhy. olitic 
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volcaniclastics. Fe contents are up to 0.35 wt.%, Mg up to 0.60 wt.%, with lower V and Zn 

contents, up to 0.05 and 0.20 respectively. However, as Fe+Mg and V contents are well 

below 1 wt.%, with the exception of one analysis, the micas cannot be classified as 

celadonite or roscoelite respectively (Wells and Brannock, 1946; Ernst, 1963; Velde, 1965; 

Miyashiro and Shido, 1985). Similar white mica compositional variation in_Fe contents 

was observed in rocks associated with massive sulphides in the Iberian Pyrite Belt (IPB) by 

Plimer and de Carvalho (1982). They found a common association of green celadonitic 

mica with massive sulphides in the Salgadinho copper deposit, Portugal. The greenish 

colour of the celadonitic white mica, was caused by a high Fe 2+  content. 

In general, at Myra Falls the property-scale alteration pattern appears to be muscovite in 

proximal zones (within 100m of ore), grading out into muscovite-phengite in regional 

zones, >100m from ore. This is similar to compositional variation reported from the Rio 

Tinto deposit in the IPB, with muscovite in proximal zones and phengite in distal zones 

(Leistel et al., 1998). Herrmann et al. (2001) report similar white mica compositional 

variations in Western Tharsis, which is part of the Mt Lyell system in Western Tasmania. 

Regional samples or the least altered rocks had AlOH wavelengths from 2200-2210nm, 

with a systematic decrease in AlOH wavelengths towards ore, with values between 2196- 

2200nm, decreasing to 2194-2198nm in proximal zones. The decreasing AlOH 

wavelengths corresponded with an increase in the paragonite component in white micas 

proximal to ore (Na/(Na+K) up to 0.1 atoms p.f.u.), and a marked decrease in the Fe-Mg 

content (<0.1 Fe-Mg atoms p.f.u. in proximal samples). 

7.7 Summary and conclusions 

• In summary, white mica and quartz are the most common alteration minerals 

throughout the sequence. Chlorite is only a minor component of the rhyolitic HW 

horizon, but is more common in the dacitic and andesitic lithologies. 

• SWIR analyses indicate that variation in white mica and chlorite spectral characteristics 

at Myra Falls reflect the bulk rock composition and the intensity of hydrothermal 

alteration. Proximal rhyolitic samples have average white mica AlOH wavelengths of 

2198nm (paragonite-muscovite) and background HW horizon rhyolite samples have 

average A1OH wavelengths of 2206nm (muscovite-phengite). Footwall andesites in 

proximal zones have average AlOH wavelengths of 2201nm (muscovite) and 2204nm 

(muscovite-phengite) in background samples. Hangingwall andesites show much less 

variation with average AlOH wavelengths in proximal zones, 2207nm, and in 

background zones, 2210nm. White micas intimately associated with VHMS ore, appear 
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to have a higher Zn-V-Fe-Mg content than white micas from strongly altered samples, 

not intimately associated with ore. 

• The average Fe0H wavelengths for chlorites in proximal rhyolitic samples, is 2241nm 

(Mg-Intermediate chlorite) and 2247nm (Intermediate-Fe rich chlorite) in background 

samples. Fe0H wavelengths are much less variable in the footwall and hangingwall 

andesite. An average Fe0H wavelength of 2246nm was measured in proximal and 

background footwall samples, while an average of 2250nm was measured in 

hangingwall andesite from across the property. However, these figures are based on 

limited chlorite spectra, and future studies, which concentrate on the more mafic 

lithologies may establish more systematic compositional variations in the chlorite. 

• The changing mineral compositions most likely reflect different water/rock ratios, with 

the background or regional samples being rock buffered (i.e., low water/rock ratios) 

and proximal or strongly altered samples being fluid buffered (i.e., high water/rock 

ratios). 

• The relatively flat-lying sequence at Myra Falls is ideal for the construction of 

hangingwall spectral parameter maps. Maps are constructed using only rhyolitic 

samples from the HW horizon to eliminate the bulk rock effect on white mica 

compositions. The white mica A1OH map provides the best results, as it is based on a 

larger data set, and shows a marked difference in the A1OH values between proximal 

and distal samples. Two distinct zones of hydrothermal alteration (low AlOH values, 

<2197nm) occur above the Battle and HW deposits. Small anomalous low A1OH zones 

are also located in theThelwood Valley area, where minor mineralised zones are 

present. 

• The alteration halo over the Battle mine is much better developed than the one over the 

HW mine and this may reflect the timing of ore formation and deposition of the 

hangingwall rocks. Field mapping and petrological studies (Chapter 6), indicate that 

the HW orebody formed directly on the seafloor, with sediment deposition occurring 

during and after ore formation. Localised alteration zones in the hangingwall rocks in 

the HW mine, most likely represent the feeder zones for the upper mineralised layers 

which occur near the top of the HW Horizon. In comparison, the hangingwall of the 

Battle orebody is more strongly altered than the hangingwall of the HW orebody. The 

Battle orebody displays distinct replacement textures, indicating ore formation occurred 

within the sediment pile (subseafloor replacement). During Battle ore formation, hot 
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fluids percolated through the overlying sediments, resulting in a much greater degree of 

hydrothermal alteration than is present in the HW mine. The formation of the upper 

mineralised lenses, which occur near the top of the HW Horizon, added to the intensity 

of hydrothermal alteration in the Battle mine. 

• This study indicates that SWIR analysis is an effective exploration tool for locating 

alteration halos associated with VHMS orebodies in the Myra Falls district. The 

systematic trends in mineral compositions, identified by SWIR analysis, can be used as 

mine-scale vectors to ore. 
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Chapter 8 

Caprock geochemistry 

8.1 Introduction 
Fine-grained siliceous horizons are spatially and temporally associated with a number of 

VHMS deposits. Examples include, the Main Contact Tuff of the Millenbach deposit in the 

Noranda camp (Kalogeropoulous and Scott, 1989); tetsusukei above Kuroko deposits 

(Kalogeropoulous and Scott, 1983); the Key Tuffite at the Matagami deposit in Quebec 

(Liaghat and MacLean, 1992); the Brunswick Horizon, Bathurst mining camp, New 

Brunswick (Peter and Goodfellow, 1996); silica iron exhalites in the Mount Windsor 

volcanic belt (Duhig et al., 1992). Major and trace element geochemical signatures indicate 

that many of these siliceous horizons are chemical sediments, `exhalites', deposited from 

hydrothermal vents on the seafloor. The broad lateral extent of these horizons and their 

distinct trace element chemistry, makes them useful marker horizons for exploration. 

At Myra Falls the Battle chert does not form discrete silica horizons, such as the Main 

Contact Tuff (Kalogeropoulous and Scott, 1989), but instead forms a 3-5m thick zone of 

fine grained siliceous rocks with fine laminations to diffuse cm scale beds. Petrological 

features indicate that the Battle chert is a replacement product, rather than a true 

`exhalative' deposit, and this chapter examines the major and trace element chemistry of 

the siliceous caprocks to further evaluate it's origin. These rocks may consist of several 

different physical components that can be distinguished geochemically and the percentage 

of each has genetic implications. The Battle chert and adjacent Battle basin argillite are 

characterised by 53 geochemical samples selected from composite section 1260-1420E. 

In addition to documentation of the siliceous caprocks, the geochemical study in this 

chapter is extended to a property-scale study of the fine-grained caprock horizon, which 

forms a semi-continuous unit at the base of the HW Horizon and includes chert, argillite 

and siltstone. The fine-grained caprock horizon can be mapped across the property, and 

paleoseafloor reconstructions (Chapter 5) indicate the presence of three main depocentres 

(topographic lows). These areas include, the Battle and HW basins, which lie along a NW- 
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trending ridge, and the South Flank-Thelwood Valley areas, which have thick argillite-

siltstone deposits. The geochemical data in this chapter is divided into three groups, 

representing the fine-grained fades from the three main zones. All samples from thick 

argillite-siltstone deposits in the Thelwood Valley and South Flank areas were collected 

close to the base of the HW Horizon, at a stratigraphically equivalent position to the 

caprock horizon in the Battle and HW basins. 

Major and trace element variation in the caprock horizon is examined to determine whether 

there is a discernible hydrothermal signature in the fine-grained sediments, which would 

provide useful vectors for exploration in the Myra Falls area. A paleoenvironmental 

analysis of the argillaceous caprocks, based on geochemical parameters, is also undertaken, 

to constrain the environment of deposition. 

The chapter is divided into seven main sections: 

1. Geochemistry of the siliceous caprocks above the Battle orebody; 

2. Chemostratigraphy of the caprocks above the Battle and HW orebodies; 

3. Mass balance calculations between the argillite and siliceous caprocks; 

4. Rare earth element analysis of siliceous and argillaceous caprocks. 

5. Argillite geochemistry, with particular emphasis on metal enrichment and metal 

sources; 

6. Paleoenvironmental analysis of Battle and HW basins and the South Flank area; and 

7. Sulphur isotope analysis of argillaceous caprocks 

8.2 Methods 
Drillcore samples were collected from the Battle and HW mine (AQ core, sample lengths 

10-30cm), and from exploration drillholes across the property (NQ2 core, sample lengths 5- 

15cm). Underground samples were also collected throughout the Battle and HW mines. 

All lithologies of the HW Horizon were sampled, with particular emphasis on the fine-

grained caprock horizon. 

A total of 148 samples were selected for XRF analysis of whole rock major and trace 

elements (full results listed in Appendix 3). To accurately characterise the geochemistry of 

the Battle chert and argillite, care was taken to analyse samples, which were texturally 

uniform, without clastic laminae. 

Samples were crushed, pulverised (tungsten-carbide mill) and made into pressed powder 

pills using the method of Norrish and Chappell (1977), and fused discs by the method of 

Norrish and Hutton (1969). They were then analysed for major and trace elements by XRF 
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at the University of Tasmania. XRF analyses were conducted by Phil Robinson on the 

Phillips PW1480 X-ray flourescence spectrometer (analytical details and full results listed 

in Appendix 3). Price Andesite and quartz-feldspar porphyry (QFP) data used for 

comparison with the caprocks is from Robinson (1996). These samples were analysed at 

X-Ray Assay Laboratories, Earth and Planetary Sciences, McGill University, Montreal, 

Canada. Rare earth elements (REE) were measured in 15 argillite, and 8 chert samples 

from the base of the HW Horizon. Samples were analysed by Z. Yu on the ICP-MS at the 

Geology Department, University of Tasmania, using the method of Yu et al. (2001). REE 

were normalised to chondrite values from Boynton (1984). 

Total organic carbon was measured in 61 argillite and black chert samples across the 

property. Organic carbon was determined by the author at the Geology Department, 

University of Tasmania, using the `ashing' method of Krom and Berner (1983). Total 

carbon and sulphur analyses were collected by Graeme Rowbottom, on a Karlo Erber 

Elemental Analyser at the Central Science Laboratory, University of Tasmania (results in 

appendix 5.1). 

Sulphide sulphur contents were measured on 42 samples by the author in the Geology 

Department, University of Tasmania, using the chromium reduction method of Canfield et 

al. (1986). A total of 21 8 34S analyses were carried out on sulphide sulphur samples and 

the precipitated Ag.S (including mono-sulphide and di-sulphide) was analysed 

conventionly at the Central Science Laboratory, University of Tasmania, using the 

analytical techniques of Robinson and Kusakabe (1975). Results are listed in Appendix 

5.1. Identification of all mono and di-sulphide phases present was difficult, due to the 

fine-grained nature of the argillite. However, pyrite is most likely the dominant di-sulphide 

phase present in the argillite and black chert. Mono-sulphides were found in regional and 

Battle basin argillite samples (none was present in HW basin argillite). Mono-sulphide 

phases include rare fine pyrrhotite in regional argillite, and fine galena and sphalerite in 

black chert. 

Degree of pyritisation was calculated for 42 argillite samples from Myra Falls, by the 

method of Berner (1970). The HC1-soluble Fe was obtained by the author at the Geology 

Department, University of Tasmania, using the 1 N HC1 24-hour extraction method, 

recorrunonded by Leventhal and Taylor (1990). The HC1-soluble Fe was measured by 

Ashley Townsend on the ICP-OES at a wavelength of 259.9 nm, at the Central Science 

Laboratory, University of Tasmania (results listed in Appendix 5.1). 
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The concentration of carbon, sulphur and total Fe is often reported on a CaCO 3-free basis 

(e.g., Raiswell and Berner, 1985). CaCO3  contents generally increase as organic carbon 

increases, resulting in a slight negative correlation between Fe and organic carbon. 

However, the low calcic nature of argillite samples from Myra Falls (<4 wt.%) indicates 

that this adjustment is not necessary, and samples can be assumed to be CaCO 3-free (e.g., 

Quinby-Hunt and Wilde, 1994). 

8.3 Geochemistry of siliceous caprocks above the Battle orebody 

Petrological features, described in Chapter 6, suggest that the chert above the Battle 

deposit, formed by silicification of pre-existing fine-grained sediments (argillite), rather 

than as a primary `exhalative' deposit. White to pale grey chert is well developed 

immediately above the Battle orebody, but grades laterally into black chert at a distance of 

about 100m from the ore zone, and out into black finely laminated argillite at distances of 

120 to 160m from ore. This section examines the major and trace element chemistry of the 

siliceous caprocks to characterise them and determine their likely origin. If the chert did 

form as a replacment of pre-existing sediments, lithogeochemistry can be used to determine 

it's original composition/provenance. 

8.3.1 Rationale of geochemical analysis for affinity and precursor 

determination 
Trace element concentrations in sediments reflect a combination of provenance, 

weathering, diagenesis, sediment sorting and the aqueous chemistry of individual elements 

(Rollinson, 1993). Lentz (1996) groups these processes and suggests that the composition 

of sedimentary rocks generally reflects two geochemical components: 1) immobile element 

variations reflecting the provenance of the terrigenous (allochemical) material; 2) mobile 

hydrothermal-hydrogenous elements (orthochemical) variations reflecting the depositional 

and environmental setting (including the effect of diagenetic processes). 

Selected trace elements can be used to identify the sedimentary provenance. Provenance 

analysis in seafloor volcanogenic terrains relies upon elements which remain immobile 

during seafloor alteration, diagenesis, and low-grade metamorphism. Immobile elements 

can include Al, Ga, Ti, Sc, Zr, Hf, Y, Th, HREE, and possibly Nb and Ta, (e.g., Pearce and 

Cann, 1973; Floyd and Winchester, 1978; MacLean and Barrett, 1993). Other elements, 

such as Si, Fe, Mn, Pb and sometimes Cr are mobile during diagenesis, while Sr is leached 

during weathering (Rollinson, 1993). These elements are not useful for provenance 

analysis. 

250 



If immobile, elements such as Zr, Ti, Al, Ga, would be transported exclusively in the 

terrigenous component of a sediment and reflect the chemistry of their source (Lentz, 

1996). However, immobile elements such as Zr, Hf and Sn, may also be mechanically 

distributed according to grain size and therefore, may be controlled by the concentration of 

heavy minerals (Rollinson, 1993). In finely laminated mudstones and chert, mechanical 

sorting is not a dominant depositional process and the concentration of elements, such as 

Zr, in the siliceous and argillaceous caprocks, most likely reflects the chemistry of their 

source. Care was also taken to sample homogenous mudstone-chert horizons and clastic 

laminae were removed during sample preparation for XRF analysis. 

A now standard approach for provenance analysis is to first plot element pairs, such as Ti-

Zr or Al-Zr, of sample populations on x-y scatter plots to test their immobility. If 

immobile, but mass has been lost or gained, they will form positively correlated linear 

trends which pass through the origin (MacLean and Kranidiotis, 1987; MacLean and 

Barrett, 1993). These must still be examined carefully as some igneous fractionation 

processes can produce similar trends. Primary (pre-alteration) variation within each 

population can result in a narrow fan of lines, rather than a discrete line. In volcaniclastic 

and sedimentary sequences these primary variations could be the result of mechanical 

mixing of mafic and felsic components (Barrett and Sherlock, 1996). 

8.3.2 Siliceous caprocks geochemical features 
This section examines geochemical features of the siliceous caprocks in order to 

• 

characterise them and determine their origin. The average major and trace element content , 

of the siliceous caprocks and the adjacent Battle basin argillites are compared with 

chemical and clastic tetsusukei layers (Kalogeropoulous and Scott, 1983); haematite-

ironstone from the Brunswick Horizon (Peter and Goodfellow, 1996); and the average shale . 

standard, SDO-1 (Huyck, 1990) in Table 8.1. 

The most noticeable feature of the siliceous caprocks is the high silica contents, with SiO, 

ranging from 78.6 to 97.57 wt.% in white-pale grey chert (most have greater than 90 wt.% 

Si02) and 89.23 to 96.11 wt.% in black chert. Fe 203  contents are low in the chert, ranging 

from 0.2 to 2.34 wt.% in white chert, and 0.36 to 1.81 wt.% and in the black chert. Low 

Mn values are also observed, ranging from 0 to 0.06 in the white and black chert. Al 203  

ranges from 0.81 to 11.86 wt.% in the white chert, and from 1.14 to 3.39 wt.% in the black 

chert. The silica contents of the siliceous caprocks are higher than many tetsusukei and 

chemicarsediments of the Brunswick Horizon, whereas the Fe and Mn contents of the 

caprocks are generally much lower. 
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Myra Falls Kuroko 
New 

Brunswick 

Wt. % 

Average 
White 	St.dev. 
Chert 
(n=32) 

Average 
Black 	St. dev. 
Chert 
(n=14) 

Average 
Battle 

argillite 
(n=8) 

St.dev. Tetsusukei 
chemical 

layer 

Tetsusukei 
c4stic 
layer 

hem IF 
Brunswick 

Horizon 

Average 
shale 
SDO-1 

Si02 91.21 	+ 4.33 93.38 + 2.21 70.31 ±11.79 47.05 59.22 91.00 49.28 
Al203 3.96 	+ 2.50 2.04 ± 0.75 9.89 ± 2.85 5.45 10.67 0.08 12.27 
CaO 0.2 	+ 0.22 0.18 +0.37 3.87 + 6.16 0.70 0.32 0.01 1.05 
MgO 0.22 	± 0.20 0.15 + 0.17 1.81 ± 	1.62 2.94 4.89 0.75 1.54 
Na20 0.09 	+ 0.06 0.01 + 0.02 1.11 + 	1.59 b.d. b.d. 0.04 0.38 
1(20 1.08 	+ 0.68 0.60 + 0.22 2.11 + 	1.01 0.80 1.65 0.01 3.35 
Feoiot 0.82 	+ 0.59 0.95 + 0.59 3.28 ± 	1.52 25.31 13.35 5.45 8.40 

MnO 0.03 	± 0.02 0.01 ± 0.02 0.04 ± 0.04 0.09. 0.14 2.43 0.04 
TiO2 0.14 	± 0.10 0.08 ± 0.03 0.30 ± 0.09 0.23 0.7 0.05 0.71 
P205 0.07 	± 0.10 0.05 ± 0.08 0.45 ± 	1.01 0.41 0.14 2.22 0.11 
S 0.90 	+ 0.50 0.98 + 0.60 1.56 ± 0.84 14.48 6.01 0.18 5.35 
LO1 1.36 1.44 5.72 0.65 2.5 0.05 21.7 
Total 

ppm 

100.08 100.00 99.62 98.11 99.46 - - 

Ba 712.6 	- 887.3 - 2498.4 - 684.0 1824.0 38 397.0 
Rb 14.4 	± 	9.1 7.8 + 	2.6 28.4 ± 14.5 19.0 52.0 5 126.0 
Sr 8.4 	± 65.7 4.7 + 	4.6 84.4 ± 76.2 12.0 15..0 3.2 75.1 
Th 2.5 	+ 	0.7 3.5 + 	1.4 2.5 + 	0.8 1.2 4.6 - 10.5 
U 3.9 	± 	2.3 4.0 + 	1.9 8.4 + 	5.2 1.2 1.4 - 48.8 
Nb 2.0 	+ 	1.2 1.2 + 	0.4 4.2 + 	0.8 - - 23 , 	11.4 
V 8.2 	+ 	7.3 4.1 + 	1.8 18.2 + 	8.0 13.0 12.0 1.8 40.6 
Zr 34.2 	± 23.8 15.3 + 	7.6 87.1 + 18.4 64.1 129.0 1.5 165.0 
Ni 6.5 	± 	4.1 23.5 + 21.6 49.2 ± 31.4 5.7 11.5 3 99.5 
V 179.8 	- 206.3 - 714.0 - - - 9 160.0 
Cr 24.7 	+ 24.2 23.2 + 	7.6 53.6 + 32.3 - - 12 66.4 
Sc 5.1 	+ 	2.5 2.9 + 	0.8 12.3 + 	5.2 6.2 12.5 0.3 13.2 
Ga 5.0 	± 	3.1 2.2 + 	0.9 10.5 + 	2.4 - - - 9.0 
Zn 5454.0 	- 3564.0 - 1579.0 - 181.0 191.0 1.2 64.1 
Cu 667.6 	- 455.8 - 108.6 ± 57.3 76.4 58.5 2.5 60.2 
Pb 108.9 	- 1229.0 - 110.1 ± 84.9 282.0 99.0 7 27.9 
Cd 26.9 	± 19.0 16.3 + 13.0 18.6 ± 15.6 - - 0.1 5.0 
As 38.4 	± 90.4 81.5 + 84.7 99.3 ± 86.7 159.0 44.2 1.5 68.5 
Sb 5.1 	± 	4.9 104.6 - 5.2 ± 	3.2 14.7 6.7 5 4.5 
Ag 3.4 	± 	2.4 59.1 ± 62.4 4.7 ± 2.0 2.1 0.6 0.1 0.1 

Table 8.1: Average major 
and trace elements for the 
siliceous caprock horizon 
and adjacent Battle Basin 
argillite, compared with 
average elastic and chemical 
tetsusukei from the Kuroko 
deposits (data from 
Kalogeropoulous and Scott, 
1983), hem IF=haematite 
iron formation, Brunswick 
Horizon (data from Peter and 
Goodfellow, 1996), and the 
average shale standard, 
SDO-1 (Huyck, 1990). 

b.d.=below detection; 
Standard deviations for trace 
elements greater than 100ppm 
are not shown. 



The siliceous caprocks are generally metal rich, but metal contents are highly variable. For 

example, Zn values range from 25 to 38106ppm in white chert, and 21 to 9900ppm in the 

black chert. Pb and Cu values in the white chert range from 2 to 713ppm and 3 to 3100ppm 

respectively, and in the black chert Pb and Cu range from 3 to 4000ppm and 37 to 1809ppm 

respectively. 

To determine the origin of the siliceous caprocks, geochemical features of the chert are 

compared to metalliferous seafloor sediments, on the basis of their volcanogenic seafloor 

setting. A standard representation of metalliferous sediment affinity is the Fe-Al-Mn 

Bostrom plot (Bostrom, 1973b). The chert and argillite plot together in the non-

hydrothermal or terrigenous field (Figure 8.1a), close to pelagic sediments from the Pacific 

Ocean (Spry et al., 2000), and the average shale standard, SDO-1 (Huyck, 1990). The 

caprocks plot well away from the hydrothermal (orthochemical) field, which includes 

`exhalative' sediments, e.g., the Brunswick Horizon (Peter and Goodfellow, 1993); and 

EPR metalliferous sediments (Adachi et al., 1986). On this basis they are interpreted to 

lack affinity. with typical Fe-Mn rich metalliferous sediments. The chert and argillite, also 

plot together on the Fe-Al-Mg plot (Figure 8.1b), close to the fields for clastic tetsusiikei 

and tuff horizons, and the average shale standard, SDO-1 (Huyck, 1990), well away from 

the chemical tetsusukei (Kalogeropoulous and Scott, 1983). 

The Bostrom plot (Figure 8.2), shows the relative contributions of terrigenous clastic and 

hydrothermal components in the chert and argillite (Bostrom, 1973b). Fe and Mn are used 

to measure the hydrothermal component in marine sediments, because these elements are 

derived mainly from hydrothermal sources, whereas Al and Ti represent elements of clastic 

origin. The chert and argillite from Myra Falls again plot together in the non-hydrothermal 

or terrigenous field (with the exception of one white chert sample), indicating that the chert 

contains a large'detrital component, similar, for instance, to some other proposed chemical 

sediments, such as the Key Tuffite (Liaghat and MacLean, 1992). 

The very low Fe and Mn content of the Battle chert results in their classification as non-

hydrothermal or terrigenous sediments. However, the high metal contents of the chert, 

shown in Table 8.1, indicate a significant hydrothermal component. Figure 8.3 illustrates 

the high Zn, Ba and Cu values of Battle chert in comparison to the adjacent Battle basin 

argillite, the average shale standard, SDO-1 (Huyck, 1990), and tetsusukei from the Kuroko 

deposits (Kalogeropoulous and Scott, 1983). 
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AI,03  
Non-hydrotherrnal 
or terrigenous 

Fe 

FeO MgO 

Legend 

A White-pale grey chert 
• Black chert 
• Battle argillite 
• Average Shale SDO-1 

(Huyck, 1990) 

Figure 8.1: a) The Fe-Al-Mn plot (Bostrom, 1973a) indicates that the argillite and chert plot within the 
non-hydrothermal or terrigenous field, suggesting that the sediments do not have a significant 
hydrothermal component. Pacific Ocean sediment data from Spry et al. (2000); b) The Fe-Al-Mg plot 
compares the Battle Basin caprock data with chemical and elastic tetsusukei and tuff horizons from the 
Kuroko Deposits (data from Kalogeropoulous and Scott, 1983). 

 

Legend 
• Battle argillite 
- Black chert 
-  White chert 
• HW argillite 
+South Flank argillite 

 

0.2 
	

0.4 	0.6 
	

0.8 
	

1.0 

AU(Al+Fe+Nln) 

Figure 8.2: Fe/Ti vs Al/(Al+Fe+Mn) Bostrom plot (Bostrom,1973b) of argillite and chert samples from 
the caprock horizon. Also shown for reference are fields for Pacific Ocean pelagic sediment and EPR 
metalliferous sediment and Key Tuffite (Spry et al. 2000). 
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Legend 

A White-pale grey chert 
• Black chert 

Battle argillite 

Al203  

Al203  

ZnO 	 BaO 

ZnO 
	

CuO 

Figure 8.3: Ternary diagrams illustrate the metal-rich nature of the siliceous caprocks abovethe 
Battle orebody, compared with the Battle basin argillite to the south. 

8.3.3 Siliceous caprocks source 

In this section, the siliceous caprocks and argillites from the caprock horizon, are compared 

with Price Andesite (A) and the quartz-feldspar porphyry (QFP). Data for Price Andesite 

and QFP data is from Robinson et al. (1996). The complete data set is plotted on selected 

xy scatter plots in Figure 8.4, and falls into three distinct lithological groups. Narrow 

positive linear trends shown by element pairs, such as Ti-Zr, Al-Zr and Al-Ti, are consistent 

with their immobility, but show marked differences between the caprocks and the adjacent 

Price Andesite and QFP. The fine-grained facies (chert and argillite) appear to form a 

separate trend from Price Andesite and QFP in terms of Ti0 2-Zr and Al 203-Ti02  variation. 

In comparison, the pale siltstone, which is interbedded with the chert and argillite, clearly 

has a rhyolitic composition, plotting within the QFP field. Immobile element ratios, such as 

Ti/Zr, can also be used to highlight differences between lithological units. The andesite and 

QFP form distinct fields in Al 203-Ti/Zr, Si02-Ti/Zr, Fe 203-Ti/Zr and Cr-Ti/Zr plots, quite 

separate from the argillite and chert. Ti/Zr ratios are generally greater than 18 for the 

quartz-feldspar porphyry and greater than 35 for the Price Andesite. In comparison, chert 

and argillite Ti/Zr values are usually between 15 to 45, similar to the Ti/Zr value, 25.8, of 

the average shale standard, SDO-1 (Huyck, 1990). 
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Figure 8.4: Immobile element plots illustrating the typical 
range of values for the fine-grained facies at the base of the 
HW Horizon (including chert and argillite), Price Andesite (A) 
and quartz-feldspar porphyry (QFP). The argillite and chert 
have very similar immobile element values and ratios of 
immobile element pairs, such as Ti/Zr clearly illustrate the 
differences between the various lithologies. 

Legend 
Chert 

• Argillite 
• Rhyolitic  volcaniclastics 
• Quartz-feldspar  porhphyry* 
• Price  Andesite* 
• Average shale SDO-1 (Huyck,  1990) 

(* data from Robinson et al., 1996) 
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The very similar nature of Ti/Zr, Ti/A1 and Zr/A1 ratios of the argillite and chert is evidence 

supporting the view that these lithologies share a similar sediment source or provenance, 

distinct from the Price Andesite and the rhyolitic quartz-feldspar porphyry. A likely 

sediment source for the fine-grained facies would be pelagic sedimentation, quite distinct .. 

from the local andesite and rhyolite derived sediments. However, the spread of Ti/Zr values 

for the fine-grained facies, indicates a likely wide range of sediment sources, such as 

pelagic sediments, mixed with andesitic and rhyolitic detritus from local sources. 

The similarity of Ti/Zr ratios and Fe-Mn-Al values for the argillite and chert suggests that 

the chert does not represent a true `exhalative' deposit, but instead represents silicification 

of pre-existing fine-grained sediments. This is consistent with the petrological features 

described in Chapter 6. 

8.4 Caprock chemostratigraphy 
Siliceous caprocks are best developed above the Battle orebody, and this section examines 

the major and trace element geochemical variation throughout the siliceous rocks. The 

white to pale grey chert located above the orebody is compared with the black chert, which 

is found at the edge of the siliceous alteration (-100m distance from ore), and the unaltered 

Battle basin argillite (120-200m south of the orebody). In the HW mine, major and trace 

element variations in localised bleached and silicified argillite above the HW orebody are 

also examined. 

Al is used to highlight the siliceous zones in the HW Horizon by mass correction, because 

of the relative immobility of Al over a range of hydrothermal alteration conditions, and 

minimal variation of Al in a range of crystal-matrix ratios in volcaniclastic and sedimentary 

rocks (Lentz, 1996). Fractionation in felsic rocks also produces only minimal variations in 

Al contents. Al decreases with increasing dilution by hydrothermal components, such as 

silica, and ratioing with respect to Al, corrects for the mass changes and can enhance the 

data (Pearce, 1963). Al ratios are commonly used in the Bathurst Camp for mass 

corrections, for example (Fe+Mg/A1) values consistently increase toward the ore horizon at 

Bathurst (Lentz and Goodfellow, 1993; Leitch and Lentz, 1994). 

Battle basin siliceous caprocks 

Selected major and trace elements are plotted against a graphic log, Figure 8.5, to illustrate 

the geochemical variation through the siliceous caprocks and the HW Horizon (composite 

log 18-1003-1003, from section 1420E, Battle mine). The Si/A1 plot highlights the 

siliceous zones, with the main white-grey chert horizon located immediately above the ore 

horizon, and minor fine-grained siliceous zones above (shown in Figure 8.5). Ti/Zr values 
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are similar throughout the HW Horizon, although the siliceous caprock horizon has slightly 

higher values (Ti/Zr = 10-30), compared to massive rhyolite (QFP) (Ti/Zr values <15). 

There is a distinct rise in Ti/Zr to values of 30 to 50 in the andesitic footwall, and in a 

mixed andesite-rhyolite volcaniclastic layer within the HW Horizon, at about 49-56m. The 

siliceous zones, highlighted by the Si/A1 values, coincide with some high metal values, 

including Zn, Cu, Pb, V, Cd, and Cr, but low Al 203, Fe and Ba values. 

A second graphic log, Figure 8.6, shows the geochemical variation in the black 

chert/argillite at the edge of the siliceous alteration, about 120m south of the Battle 

orebody. In general, the geochemical variation is very similar to the previous diagram, with 

the siliceous zone highlighted by the Si/A1 plot. The Ti/Zr values are similar throughout 

the rhyolitic units of the HW Horizon (<15-20), and are much lower than the hangingwall 

and footwall andesites (>30). The fine-grained caprock horizon (black chert-argillite) has 

slightly higher Ti/Zr values of 15 to 30, similar to values for the siliceous caprock horizon 

in Figure 8.4. The black chert/argillite horizon is enriched in metals, particularly Pb, Ag 

and Sb, but also Zn, Cu, As, Cd, U, Cr and Ni. However, in contrast to Figure 8.4, Fe is 

distinctly enriched in the siliceous zones. 

The variation in metal contents from the white chert immediately above the orebody, to the 

black chert at the edge of the siliceous zone, and out into the Battle basin argillites is best 

shown by the plots in Figure 8.7. The metal content of the chert horizon changes 

dramatically with distance from ore. The white-pale grey chert, immediately above the 

orebody, has high Zn, Cu, As, Ni, V, U, and Cd values. At the edge of the siliceous zone, 

in the black chert, there is a marked increase in Pb, Sb, As and Ag, and a sharp drop in 

Si/A1, Zn, Cu and Cd values. In the Pb-rich black chert, SEM images (see Chapter 6) show 

galena growing on fine pyrite framboids, suggesting that this metal enrichment was late 

diagenetic. Fine (<11_tm) Ag inclusions were observed in the galena during microprobe 

analysis, and this is consistent with the accompanying high Ag values in the black chert. 

The average zinc ratio, 100 ZnJ(Zn+Pb) (Huston and Large, 1987) of white chert is 93, 

which is very similar to the Battle basin argillites (average zinc ratio = 91), whereas the 

average black chert has a much lower zinc ratio of 68. The zinc ratio throughout the Battle 

orebody is similar to the overlying chert, and ranges from 92 to 100, with the highest ratios 

in the Gopher lens, and the lowest values in the upper lenses (Sinclair, 2000). Ag values are 

also highest in the upper lenses. Ba is moderately enriched in the Battle basin, compared 

with regional argillite, but shows no change in value from the chert to the Battle basin 

argillite. Other elements, such as S, U, V, As, Ni and Cr remain high throughout the Battle 

basin, but show a marked decrease in the South Flank region. 
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Selected major and trace elements shown in Figures 8.8 and 8.9, illustrate the geochemical 

variation between the argillite, black chert and white chert. Strong positive correlations are 

displayed between immobile elements, such as Al, Zr, Ti, Ga and Sc, but also with Fe and 

Ba. Metals, such as Zn, Cu, Pb and Cd, show strong positive inter-element correlations, 

particularly Cd and Zn. Positive correlations are also displayed by transition metals such as 

V, Ni, Cr and As (particularly in the 'unaltered' Battle basin argillite). However, only weak 

correlations are observed between Cu-Zn-Pb-Cd and Ni-V-Cr-U pairs in the Battle cherts. 

Weak positive correlations between Pb, Ag and Sb occur in the Battle basin argillites, but 

no significant interelement correlations between these elements were observed in the black 

cherts, even though the black cherts are enriched in Pb, Ag and Sb. 

The high metal values in the chert, and the close spatial association between the chert and 

the Battle orebody favour a hydrothermal source for the metal-rich silica bearing fluids. 

However, the high metal values in the unaltered Battle basin argillite indicate metal 

transport by an alternate process, such as a hydrothermal plume, and/or scavenging of 

metals from the seawater by inorganic and organic particles (e.g., Piper, 1994; Peter and 

Goodfellow, 1996). Metal sources in the unaltered Battle basin and argillite -are examined, 

along with argillite from the HW basin and South Flank area, in Section 8.5. 

The very strong positive correlations between Zn and Cd in the white and black chert (n = 

46, r2 = 0.996) and in the unaltered Battle argillite (n = 8, r 2 = 0.98), suggests that most or 

all the Cd resides in sphalerite. Microprobe analyses confirm this, with an average of 

0.35wt.% Cd measured in fine sphalerites in Battle chert (Appendix 6.3). Studies of Cd:Zn 

ratios in sphalerites of various deposits, such as Rosebery and Hercules, NW Tasmania, 

indicate that Cd:Zn ratios are usually consistent throughout the deposit (e.g., Groves and 

Loftus-Hills, 1968). Smith and Huston (1992) suggest that the consistent correlation of Zn 

and Cd reflects saturation of the hydrothermal fluids in these elements. The chemical 

behaviour of these elements is similar and both are readily transported as chloride 

complexes (Mookherjee, 1962; Seward and Barnes, 1997). If so, the Zn:Cd ratio of a 

saturated fluid would depend only on pH and aC1 -, and the ratio for a given hydrothermal 

system would be relatively constant (Mookherjee, 1962; Smith and Huston, 1992). 

However, at Myra Falls, the Cd:Zn ratio for the Battle cherts is quite different to that of the 

unaltered Battle basin argillite. The metal content of this distal region is most likely 

sourced from a hydrothermal plume, and it is possible that pH and/or aC1 -  conditions of the 

buoyant pluming hydrothermal fluids, differed from subsequent silica-bearing fluids, which 

formed the Battle cherts. Similar variations in Zn:Cd ratios have been noted in vent fluids 

and sulphides from the TAG area, and were attributed to the complex interplay among 

264 



various metals and the suites of mineral being deposited in vent mounds and chimneys 

(Metz and Trefry, 2000). 

HW argillaceous and siliceous caprocks 

Finely laminated argillite is the dominant facies above the HW orebody, with only minor 

bleached and/or siliceous zones (Figure 6.9). Selected major and trace element variation in 

the argillite is shown in Figure 8.10 (drillhole 23-503, HW mine). The shaded zone at the 

base represents the altered horizon immediately above the massive sulphides. The Ti/Zr 

ratios are similar throughout, suggesting little compositional variation in the argillite with 

stratigraphic depth. However, the altered zone above the massive sulphides, has lower Si, 

Ca and Fe values, and higher values of Al20 3 , Na20 and Ba. Microprobe data, presented in 

Chapter 7, indicates that Ba resides in white micas, which may account for the correlation 

between Ba and Al 203  in Figure 8.10. 

A more detailed view of the argillite and chert immediately above the massive sulphides is 

shown in Figure 8.11 (sequence from drive S335C, HW mine). The Si/Alplot highlights 

the siliceous zones, with Si0 2 > 80% in samples SJ644, SJ642 and SJ638. These siliceous 

zones coincide with a decrease in Ba, Al 203 , Na20, CaO, V, Cu and Fe, and may reflect ., 

silica dilution from hydrothermal alteration. 

The xy scatter plots in Figure 8.12, compare major and trace element variation in the 

unaltered argillite and the 'altered' zone immediately above the massive sulphides. The 

argillite and 'altered' argillite form linear trends on the Ti0 2-Al203  and Ga-Al 203  plots, 

suggesting mass loss and mass gain from a common precursor (e.g., MacLean and 

Kranidiotis, 1987; Herrmann, 1998). However, the Al-Zr and Ti-Al relationships indicate 

that the 'altered' argillite from drive S335C, may have a slightly different precursor to 

'unaltered' argillite sampled elsewhere. These relationships suggest that mass balance 

calculations between the 'unaltered' argillite and the 'altered' argillite would not be 

appropriate. 

The majority of black argillite samples are strongly siliceous (>75% Si0 2). Silica 

deposition most likely occurred during early diagenesis, as early sedimentary features are 

preserved and non-compacted (e.g., the circular form of radiolarian tests is commonly 

preserved, Figure 6.22). The 'altered' argillite appears to be less siliceous than the typical 

black argillite and has a greater content of Zr, Ti0 2 , Al 20 3  and Ga. This increase in 

'immobile' elements could be partly due to mass loss (e.g., MacLean and Kranidiotis, 1987; 

Herrmann, 1998). 
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HW argillite chemostratigraphy - drillhole 23-503 
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Chert sequence above massive sulphides, HW mine, drive S335C 
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Figure 8.1 1 : Geochemistry plots illustrate the chemostratigraphy of the chert layer above the HW orebody, drive S335C (see discussion in text). Lithological 
descriptions for graphic log given in Figure 6.6. 



Comparison of Battle and HW caprocks chemostratigraphy 

Major and trace element geochemistry of the Battle caprocks, differ markedly from the HW 

orebody caprocks. Above the Battle orebody, the fine-grained caprock horizon 

predominantly consists of pale silicified argillite grading out to black silicified argillite 

(black chert) at the edge of the siliceous Zone, with Si0 2  contents generally >90 wt.%. In 

comparison, the caprock horizon above the HW orebody is dominated by black graphitic 

argillite with only localised siliceous and/or bleached zones, and an absence of black chert. 

Immobile element plots of the Battle caprocks and adjacent Battle basin argillite clearly 

show the chert to be the altered equivalent of the argillite (mass balance calculations 

between these units are presented in the following section). However, in the caprock 

horizon above the HW orebody, Al-Zr-Ga relationships suggest that the 'altered' argillite 

zones may have a different precursor to the 'unaltered' argillite sampled elsewhere. The 

alteration in these localised zones may be too complex to undertake simple mass balance 

calculations, instead, a more detailed study would be necessary. 

The difference in style and intensity of alteration above the Battle and HW orebodies most 

likely reflects the timing of ore formation and deposition of the caprock horizon. 

Petrological evidence, such as radiolarian tests infilled by quartz, apatite, rutile and minor 

sulphides, indicates that the Battle orebody formed during and after deposition' of the 

caprock horizon. Hydrothermal alteration associated with ore formation resulted in the 

silicification of the overlying porous seafloor muds. Petrological and sedimentological 

evidence, such as the abundance of ore clasts in mass flow units overlying the HW orebody, 

indicate that the HW orebody formed on the seafloor, prior to deposition of the caprock 

horizon. Therefore, only minor hydrothermal alteration, associated with the waning Stages 

of ore formation, would affect the overlying fine-grained sediments. The localised 'altered' 

argillite zones may have formed close to a late-stage vent and could an exhalative 

component. Alternatively, these zones may represent feeder zones for the minor upper ore 

lenses, which are located at the top of the HW Horizon. 

The difference in style and intensity of hydrothermal alteration of hangingwall rocks above 

the Battle and HW orebodies is also shown by SWIR spectral mapping of white mica and 

chlorite (Chapter 7). A large alteration halo is developed in hangingwall rocks above the 

Battle orebody. In comparison, only patchy alteration zones are present in HW 

hangingwall.rocks.. 
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8.5 Mass balance of siliceous caprocks above the Battle orebody 

8.5.1 Mass balance equations 
Immobile element plots (Figure 8.4), indicate that the chert above the Battle orebody is the 

silicified equivalent of the adjacent argillite in the Battle basin. Mass balance calculations 

can be used to estimate the gains and losses in major and trace elements associated with 

silica deposition above the Battle mine. The fact that the unaltered argillite has the same 

sedimentary composition to the adjacent chert, reduces the effect of lithological variation 

on the mass balance equations. 

Gresens (1967) defined a set of composition-volume relations between altered and 

unaltered rocks to describe the effects of metasomatic alteration. Mass balance equations 

involve the correction of an analysis by using a correction factor (CF) for mass change, and 

subtraction of the original protolith composition for each element to give net mass change. 

The correction factor, CF = immobile component (unaltered)/immobile component 

(altered), e.g., CF = Al 20 JA1 3fres., --2 — 3altered (Lentz, 1996). Mass gains and losses of the mobile 

components causes changes in the concentration of immobile elements, but the inter-

element ratios of immobile elements will not vary (Herrmann, 1998). 

• 	 .^ 

To test the immobility of an element, immobile element pairs, such as Zr-Ti, Al-Ti, are 

plotted on xy scatter plots. If immobile, they should form narrow linear trends, which pass 

through the origin (MacLean and Kranidiotis, 1987; MacLean and Barrett, 1993). Mass 

gains and losses will cause a spread of data along the linear trend. Net  mass gains, move 

the rocks toward the origin, whereas net mass losses move data in the opposite direction • 

(Finlow-Bates and Stumpfl, 1981). 

Grant (1986) and subsequently Huston (1988, 1993) modified these mass balance equations 

to provide a graphical method, the isocon diagram, to show gains and losses associated with 

hydrothermal alteration. The isocon diagram is a plot of scaled major and trace elements of 

altered rocks against unaltered rocks to illustrate changes in composition. Immobile 

elements, such as Al, Ti, P, Zr, Nb and Y, should plot along a straight line (the isocon) 

which passes through the origin (Grant, 1986). The slope of this line depends on addition 

(or subtraction) of net mass without gain or loss of the immobile elements, and can be 

estimated from a best-fit line through the immobile elements. Deviation of data away from 

the isocon defines the change in concentration for the corresponding component. Elements 

that plot above the . isocon have been relatively enriched, while elements plotting below the 

isocon have been relatively depleted. The graphical technique of Huston (1988; 1993) 

requires that for graphical presentation, elements are sequenced such that, 1) elements that 

underwent large mass gains are early in the sequence; and 2) elements that underwent mass 
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losses are late in the sequence; and 3) immobile elements are interspersed evenly 

throughout. 

Huston (1988) suggests that there are several limitations to calculating mass changes in this 

way: 1) mass changes are calibrated against a least-altered equivalent, which may or may 

not be the protolith to the altered rock, depending on the available geological control; and 

2) the least altered equivalent could contain internal variation in composition, such as 

igneous fractionation, independent of alteration. For these reasons, the careful selection of 

the least altered sample is a critical part of the mass balance equation. In this study, the 

selection of the least altered sample was based on petrographic and sedimentological 

similarities, and the immobile element ratios. To minimise the effect of internal 

compositional variation in the unaltered sample, an average of 8 unaltered Battle basin 

argillites was used (see Table 8.1, full results listed in Appendix 3). Average values of the 

altered samples were also chosen, to reduce the effect of variable alteration in the silicified 

argillite. 

8.5:2 Battle chert/argillite mass balance 
The isocon diagram, Figure 8.13a, illustrates major and trace element gains and losses 

. 	• 	. 
between the least-altered Battle basin argillite and the white-grey chert immediately'above 

the Battle orebody, and the black chert at the edge of the siliceous caprock horizon. .The 

'unaltered equivalent', used in the mass balance equations, is an average of-8 unaltered 

Battle basin argillites (REE are based on an average of 4 samples). The white chert mass 

balance equations are based on an average of 32 white chert samples (REE are based on an 

average of 5 samples). above the Battle orebody, and the black chert is based on an average 

of 14 black chert samples (REE are based on an average of 3 samples) (see Table 8.1, fUll 

results listed in Appendix 3). 

In general, most elements, including the 'immobile' elements, display a net loss in both the 

white and black cherts, due to dilution by mass addition of silica. The isocon slopes for the 

white and black cherts in Figure 8.13a are based on the position of immobile elements, Zr, 

Ti, Ga, Nb and Al. The isocon slope for the white chert is 0.391, with r 2 = 0.964 (n = 32), 

and 0.286 with r 2= 0.783 (n = 14) for the black chert. Net  mass gain in the white and black 

cherts are indicated by the low value of the isocon slopes (<1) (e.g., Huston, 1987, 1993). 

In the white chert, large relative gains are shown by Si, Cu, Cd and Zn, moderate relative 

gains by As, Sb, Ag and Pb and moderate relative losses are shown by Sr, Mg, Ca, P, Na 

and REE (discussed in next section). In the black chert, large relative gains are shown by 

Si, Sb, Ag, S, Pb, Cu, Cd and Zn, and moderate relative losses are displayed by Sr, Mn, Na, 
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Figure 8.13: Mass balance diagrams for the siliceous caprocks above the Battle orebody (white 
chert) and the black chert at the edge of the siliceous horizon. Mass balance equations are based 
on unaltered Battle Basin argillite (average of 8 samples), and averages of 32 white chert samples 
and  14  black chert samples. a) Isochon diagram illustrates the relative gains and losses. Isocon 
slopes are based on the following immobile elements, Zr, Ti, Ga, Nb and Al, and as both slopes are 
<I, mass gains are indicated for the chert. Most major and trace elements in the white and black 
chert plot below the isocon slopes, indicating depletion in  these  elements accompanied the addition 
of silica in the fine sediments above the Battle orebody.  The  marked increase in Si02 is accompanied 
by addition of Zn, Pb, Cu, Sb, Cd and Ag; b) absolute gains and losses of major and trace elements 
in white-pale grey chert; c) absolute gains and losses of  major  and trace elements in black chert. 
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Mg, Ca, P, and REE (discussed in next section). However, the errors associated with the 

isocon for the black chert (r2  = 0.783, n = 14), are much greater than for the white chert, 

and the accuracy of this mass balance calculation is reduced. 

The histograms in Figures 8.13b and 8.13c illustrate the absolute gains and losses in the 

white and black cherts. The dominant effect of the alteration is the mass addition of silica, 

reflecting the intense silicification of the seafloor mudstones. Mass balance calculations 

indicate that SiO, increases by nearly 200% (190g/100g) in the white chert above the Battle 

orebody and about 70% (71g/100g) in the black chert at the edge of the siliceous alteration 

zone. In comparison, most other elements show very small absolute mass changes of less 

than about 6g/100g, apart from CaO, which records an absolute mass loss of —18g/100g. 

Absolute mass gains were observed for most metals in the chert, relative to the adjacent 

unaltered argillite. In the white chert, absolute mass gains included Cu (0.2g/100g), Pb 

(0.06g/100g), Ba (0.03g/100g) and Zn (1.5g/100g). In the black chert, absolute mass gains 

included Sb (0.19g/100g), Ag (0.06/100g), and Pb (0.1g/100g). 

8.6 Rare Earth Elements 
Fractionation of rare earth elements (REE) due to subtle differences in ionic size and 

behaviour, makes them useful as tracers of many physical and chemical processes. REE all 

form stable 3+ ions of similar size, but Ce and Eu are particularly useful, as these elements 

exist in additional oxidation states, Ce 4+  and Eu2+ . These form a smaller and larger ion 

respectively, relative to the 3+ oxidation state (Rollinson, 1993). 

REE were measured in 15 argillite, 5 white chert and 3 black chert samples from the base 

of the HW Horizon. REE were normalised to chondrite values from Boynton (1984), to 

enable wide comparison with the literature, and were also normalised to the average shale 

SDO-1 (Huyck, 1990), to enhance differences between Myra Falls argillite and chert from 

the different depocentres, including the Battle and HW basins, and the South Flank. 

8.6.1 REE results 
Chrondite-normalized rare earth element (REE) patterns for argillite and chert samples 

from the basal part of the HW Horizon (caprock horizon) are shown in Figure 8.14, with 

average values for each area listed in Table 8.2. The REE patterns for the argillite and chert 

are similar, with most samples displaying weak to moderate enrichment in LREE. 

However, subtle differences do exist between the argillite and chert and these are examined 

in detail. REE values for average shale standards, NASC (Gromet et al., 1984), PAAS 

(Taylor and McLennan, 1988), and SDO-1 (Huyck, 1990), are shown in Figure 8.14f. 
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Average 
Battle 

white chert 
(n= 5) 

Average 
Battle 

black chert 
(n= 3) 

Average 
Battle basin 

argillite 
(n = 4) 

Average 
HW basin 
argillite 
(n = 5) 

Average 
regional 
argillite 
(n = 6) 

Average 
Shale 

SDO-1 

La 4.0 2.0 14.4 14.2 15.6 38.5 

Ce 7.0 3.0 26.8 26.6 27.3 79.3 

Pr 0.9 0.4 3.5 3.5 3.6 8.9 

Nd 3.7 1.6 14.7 14.2 14.8 36.6 

Sm 0.8 0.5 3.4 3.4 3.5 7.7 

Eu 0.3 0.3 1.2 0.7 1.0 1.6 

Gd 0.8 0.7 3.6 3.9 3.6 6.5 

Tb 0.1 0.1 0.6 0.7 0.6 1.2 

Dy 0.8 0.7 3.7 4.6 3.6 6.0 

Ho 0.2 0.1 0.8 1.0 0.8 1.2 

Er 0.5 0.4 2.5 3.1 2.2 3.6 

Yb . 0.6 0.4 2.6 3.0 2.1 3.4 

Lu 0.1 0.1 0.4 0.5 0.3 0.5 

La/Yb 6.7 5.0 5.5 4.7 7.4 11.3 

Eu/Eu* 1.6 0.7 1.5 0.8 1.2 1.0 

Ce/Ce* 0.8 0.6 0.8 0.8 0.7 0.9 

Table 8.2: Average rare earth element values for Myra Falls chert and argillite and the average shale 
SDO-1 (Huyck, 1990). Eu/Eu* and Ce/Ce* values are normalised to NASC (Gromet et al, 1984). 

Myra Falls argillite and chert data are normalised against the SDO-1 shale standard, and 

these plots are shown in Figure 8.15. 

The degree of LREE enrichment is described by the use of La/Yb ratios, and Eu anomalies 

are defined by the expression of McLennan (1989): 

Eu = 	Eun 	 
Eu* 	(Smn  x Gd) °  5  

Where n is the NASC normalising value, the average of composite shales from North 

America (Gromet et al., 1984). Ce anomalies are defined by the expression of Toyoda and 

Masuda (1991): 

Ce = 	 
Ce* 	(4Lan  + Smn) 

Argillite REE patterns 

On chondrite-normalised plots (Figure 8.14a) the regional argillites display weak LREE 

enrichment, resulting in consistent gently sloping REE patterns, with La/Yb ratios ranging 
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from 5.6 to 8.7, slightly lower than the average shale (Table 8.2). Although the regional 

argillites show a large spread in REE contents, the patterns are consistent. They are 

generally much smoother than HW and Battle basin argillite and chert, as Eu and Ce 

anomalies are very weak or absent. The Eu/Eu* values range from 0.8 to 1.2, which are 

very similar to the average shale. The similar Eu/Eu* values and La/Yb ratios result in very 

flat patterns on the shale-normalised plots (Figure 8.15a). 

HW basin argillites display similar patterns to the regional argillites on chondrite-

normalised plots, with no Ce anomaly, but with slightly less LREE enrichment, and 

pronounced negative Eu anomalies (Figure 8.14b). La/Yb ratios are predominantly lower, 

Figure 8.14: Chondrite-normalised rare earth element plots for Myra Falls argillite and chert 
(samples from the base of the HW Horizon). Chondrite values from Boynton (1984); average shale 
values from SDO-1 (Huyck, 1990); North American Shale Composite (NASC) from Gromet et al. 
(1984); and Post Archaean Average Shale (PAAS) from Taylor and McLennan (1988). 
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ranging from 2.1 to 7.7 (average = 4.7), with most significantly lower than the average 

shale, SDO-1 (Huyck, 1990) (Table 8.2). The HW basin argillites also have low Eu/Eu* 

values, ranging from 0.5 to 1.2, resulting in strong negative Eu anomalies on chondrite-

normalised plots, and weak negative Eu anomalies on shale-normalised plots (Figure 

8.15b). The HW basin argillites can be clearly distinguished from the regional argillites on 

the shale-normalised plots (except SJ251), by the depletion in LREE relative to the average 

shale. 

Battle basin argillites also display weak LREE enrichment on chondrite-normalised plots, 

and weak LREE depletion on shale-normalised plots, with La/Yb ratios ranging from 2.3 to 

7.3 (Figure 8.14c). Weak positive Eu anomalies are present on chondrite-normalised plots 

with Eu/Eu* values ranging from 0.6 to 1.5 (sample SJ763, about 300m from the 

Figure 8.15: Shale-normalised REE plots of 
Myra Falls argillite and chert from the base of 
the HW Horizon. Average shale SDO-1 from 
Huyck (1990). 
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orebody, has the largest positive Eu anomaly). The positive Eu anomalies are slightly more 

pronounced on the shale-normalised plots, and there is no discernable Ce anomaly. 

White chert REE patterns 

The white chert above the Battle orebody has a similar REE pattern to the regional argillites 

on chondrite-normalised plots (Figure 8.14d), but with much lower REE contents, and weak 

positive Eu anomalies (Eu/Eu* values range from 0.7 to 1.3). LREE enrichment is 

indicated by La/Yb ratios ranging from 5.0 to 10.5. The positive Eu anomalies are slightly 

more pronounced on the shale-normalised plots, particulary sample SJ776b (Figure 8.15d). 

No appreciable Ce anomaly is present. 

Black chert REE patterns 

The black chert, which is located at the edge of the siliceous alteration, displays similar 

REE patterns to the white chert on chondrite-normalised plots, but with a more pronounced 

positive Eu anomaly in sample SJ813 (Figure 8.14e). Weak LREE enrichment is shown by 

La/Yb ratios ranging from 3.7 to 6.3, distinctly lower than the white chert. Eu/Eu* values 

range from 0.9 to 2.3, resulting in pronounced positive Eu anomalies on the shale-

normalised plots (Figure 8.15e). 

8.6.2 Interpretation of REE results 
Interpretation of argillite REE patterns 

The regional argillites have REE patterns very similar to the average shales (NASC, PAAS 

and SDO-1), resulting in very flat trends on shale-normalised plots. The large spread in 

REE contents of the regional argillites may reflect varying degrees of silicification and 

dilution of REE contents. Most argillites at Myra Falls have Si0 2  contents greater than 50 

wt.% (Table 8.3), and the silicification may reflect early diagenetic processes and/or the 

effects of greenschist metamorphism (discussed in section 8.7.2). 

The strong negative Eu anomaly of HW basin argillites and the LREE depletion relative to 

the average shale (SDO-1), result in marked differences between HW basin argillites and 

regional argillites on shale-normalised plots (Figure 8.15a-b). Most HW basin argillites 

have negative Eu anomalies, but a positive Eu anomaly has been reported in a mudstone 

sample above the HW orebody by Barrett and Sherlock (1996), and was reported to be 

indicative of a hydrothermal input (see discussion below). The strong negative Eu 

anomalies, displayed by most HW basin argillites, may reflect loss of Eu due to alteration 

of volcanic glass (and/or plagioclase?) to sericite, due to the anomalously high Eu contents 

of plagioclase and volcanic glass (e.g., Graf, 1977; Campbell et al., 1988; Michard et al., 
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1983; Michard and Albarede, 1986; Peter and Goodfellow, 1996). The distinct Eu anomaly 

could also reflect differences in the sedimentary source of the HW basin argillites, with a 

greater input of rhyolite-rhyodactite into these sediments. Negative Eu anomalies are 

common in rhyolite, and Figure 8.16f shows REE element patterns from rhyolite in the HW 

basin, which has moderate negative Eu anomalies (Barrett and Sherlock, 1996). 

Alternatively, regional argillite from the South Flank and Thelwood Valley may have had 

greater seawater interaction and contain a greater proportion of hydrogenous Eu. 

The HW basin argillites also display relative LREE depletion on shale-normalised plots, 

making them distinct from the regional argillite (Figure 8.15c). This feature is also 

displayed by the Battle basin argillite and the black chert (Figure 8.15d-e), and suggests 

slight mobility of the LREE, relative to the HREE. LREE mobility is reported by Barrett 

and Sherlock (1996) in sericitized rocks above the HW orebody and has also been reported 

from altered volcanic rocks near the Phelps Dodge and Ansil VHMS deposits in the Abitibi 

Greenstone belt (MacLean, 1988; Barrett et al., 1981). 

The Battle basin argillites have similar REE patterns to the HW basin argillite, but Eu 

anomalies are positive in Battle basin argillite. Positive Eu anomalies are thought to result 

from the preferential incorporation of Eu+2 into the hydrothermal fluids, during fluid-rock 

interactions at high temperatures under reducing, slightly acid conditions (e.g., Michard et 

al., 1983; Michard and Albarede, 1986; Lentz and Goodfellow, 1996). In general, reduced 

fluids favour Eu 2+ , therefore preserving Eu anomalies (Peter and Goodfellow, 1996). 

Figure 8.16b illustrates typical positive Eu anomalies in hydrothermal vent fluids from the 

East Pacific Rise (Peter and Goodfellow, 1996). A hydrothermal origin for the positive Eu 

anomalies in the Battle basin argillite and Battle chert, is consistent with the greater degree 

of metal enrichment in these sediments (see discussion in Sections 8.7.3 and 8.7.4). 

The absence of a strong Ce anomaly in Myra Falls argillite and chert may reflect the redox 

conditions of the basins, during deposition of the mudstones and formation of the Battle 

chert. Ce/Ce* values less than 0.9 are considered to be negative and all Myra Falls samples 

have Ce/Ce* values close to or < 0.9 (Table 8.2). In 'normal' oxidised seawater, Ce 3+  is 

oxidised to Ce4+, which is highly insoluble and is preferentially incorporated into 

precipitates. Therefore, Ce becomes depleted relative to other REE under oxidising 

conditions (Hogdahl et al., 1968; Masuda and Ikeachi, 1979; Peter and Goodfellow, 1996). 

Figure 8.16a shows the typical negative Ce anomaly in seawater from the Atlantic and 

Pacific (De Baar et al., 1985; Hogdahl etal., 1968), while Figure 8.16d, shows the strong 

negative Ce anomaly in Cyprus umbers and ochres (Robertson and Fleet, 1976). In 
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comparison, the deep anoxic ocean waters of the Cariaco Trench have no Cc anomaly, • 

probably due to the dissolution of Ce under reducing conditions (De Baar et al., 1988). 

hzterpretation of Battle chert REE patterns 

The dominant feature of the black and white chert above the Battle deposit is the much 

lower REE contents, compared to the average shale and Myra argillite. This is most likely 

a result of dilution by the addition of silica (e.g., Skirrow and Franklin, 1994; Barrett and 

Sherlock, 1996; Peter and Goodfellow, 1996). Mass balance calculations between the 

unaltered Battle basin argillite and Battle chert (Section 8.5.2, Figure 8.13), indicate mass 

addition of up to 70% Si0 2  in the black chert, and close to 200% Si0 2  in the white chert. 

Gresens analysis, indicate mass losses in REE, with most plotting well below the chert 

isocons. However, LREE in the white chert, plot on or very close to the white chert isocon, 

which could suggest immobility in these elements (La, Ce, Pr and Nd). However, the white 

Figure 8.16: Chondrite-normalised REE plots for seawater, endmember hydrothermal vent fluids, 
chemical sediments and HW Horizon rhyolite. REE data and references for seawater, hydrothermal 
fluids, Kuroko tetsusukei, Cyprus ochres and umbers, and Broken Hill exhalite in Peter and 
Goodfellow (1996); HW Horizon massive rhyolite REE data from Barrett and Sherlock (1996). 
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chertsion chondrite-normalised plots (Figure 8.14) clearly show LREE enrichment, relative 

to the black chert and Battle basin argillites. Metal-bearing hydrothermal fluids mobilised 

metals through the cherts and introduced external reduced silica, and it is probable that 

LREE were introduced too. LREE enrichment in intensely silicified zones has been 

described by Peter and Goodfellow (1996), for the silicified stockwork zone beneath the 

Brunswick No. 12 deposit. 

Positive Eu anomalies are displayed by many chert samples, with Eu/Eu* values ranging 

from 0.7 to 2.3. However, these are still relatively low when compared with hydrothermal 

sediments, such as the iron formations of the Brunswick Horizon, which have Eu/Eu* 

values ranging from 0.29 to 11.80 (Peter and Goodfellow, 1996). Although in other 

hydrothermal sediments, such as the Kuroko tetsusukei, Cyprus umbers and ochres and 

Broken Hill exhalites, positive Eu anomalies are absent (e.g., Figures 8.16c-e). Peter and 

Goodfellow (1996) suggest that the Eu anomaly is not present in modern and ancient 

sediments of oxidised oceans, because of the rapid oxidation of hydrothermal Eu 2+  to Eu 3+  

in the water column. The preservation of Eu anomalies in the Battle and HW basin 

argillites may partly reflect the bottom water redox conditions of these basins (see 

paleoenvironmental analysis, Section 8.8). 

8.7 Argillite geochemistry 

8.7.1 Introduction 
This section examines geochemical variation, in particular, metal enrichment, in the 

argillite near the base of the HW Horizon. Battle and HW basin argillite appears to be 

enriched in metals, relative to argillites from regional areas, which include the Thelwood 

Valley and South Flank, and average shale standards such as NASC (Gromet et al., 1984) 

and SDO-1 (Huyck, 1990) 1  This section examines the variation in metal enrichment 

throughout the mine property and determines the likely source of the metals. 

8.7.2 Argillite characteristics 
Average major and trace element characteristics of the argillite from the caprock horizon 

are listed and compared to the average shale SDO-1 (Huyck, 1990) in Table 8.3. Myra 

Falls argillite has much greater SiO, contents than the average shale, which may in part 

reflect early diagenetic processes or the effects of greenschist metamorphism. Preserved 

features such as spherical radiolarians (e.g., Figure 6.22), suggest that at least some 

silicification occurred prior to compaction. 

Myra Falls argillite is Fe and Mn-poor, relative to SDO-1, and predominantly has low CaO 

contents, < 2.00 wt.%, and low P205, <0.60 wt.%. The trace element content of argillite 
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Average 
Battle Basin 

argillite 
n = 7 

Average 
FIW Basin 

argillite 
n = 16 

Average 

The!wood-Price 
argillite 

n = 11 

Average 
South Flank 

argillite 

n = 13 

Average 

shale standard 

SDO-1 

Wt.% 

Si02  73.64 82.88 75.03 76.29 49.28 

TiO2  0.31 0.20 0.35 0.27 0.71 

Al 203  10.16 6.96 9.95 8.02 12.27 

Fe203  3.68 2.07 3.50 3.69 9.34 

MnO 0.03 0.02 0.05 0.05 0.04 

MgO 1.83 0.96 1.51 1.55 1.54 

CaO 1.75 1.25 2.01 3.56 1.05 

Na20 1.20 0.26 1.50 1.43 0.38 

K20 2.12 1.49 2.12 1.00 3.35 

P205  0.09 0.40 0.35 0.56 0.11 

LOI 4.43 2.98 3.18 3.26 21.7 
Total 99.63 99.98 99.81 99.75 

S 1.51 1.17 0.75 0.72 5.35 
TOC 0.29 0.32 0.14 0.20 9.68 

PPm 
Ba 2675.3 4294.8 1773.7 1231.8 397.0 

Rb 28.8 21.5 34.1 12.5 126.0 

Sr 62.1 29.4 97.6 70.4 75.1 
Th 2.7 2.9 3.5 2.5 10.5 

U 7.4 3.5 3.1 2.6 48.8 
Nb 4.3 3.3 4.5 5.4 11.4 
V 15.5 12.6 18.4 52.6 40.6 
Zr 90.2 59.9 92.7 47.6 165.0 
Ni 49.5 26.5 23.4 41.4 99.5 

V 715.3 149.5 151.5 110.2 160.0 
Cr 53.9 58.0 59.9 50.7 66.4 

Sc 11.0 6.8 11.0 27.4 13.2 

Ga 10.8 6.8 9.7 5.8 16.8 

Zn 1679.6 189.0 193.7 90.2 64.1 

Cu 108.7 53.4 68.2 66.2 60.2 
Pb 112.4 31.6 28.4 16.3 27.9 

Cd 20.4 2.0 1.7 1.6 5.0 
As 103.0 50.8 39.2 15.5 68.5 

Sb 5.6 3.6 3.7 3.9 4.5 
Ag 4.3 2.6 2.8 2.8 0.1 

Table 8.3: Average major and trace elements of Myra Falls argillite and the average shale, 
SDO-1 (Huyck, 1990). 
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from the three main depocentres (Battle and I-1W basins, and South Flank), is highly 

variable, and the next section examine this variation, with emphasis on the metal 

enrichment of argillite from the Battle and 11W basins. 

8.7.3 Metal enrichment 
Finely laminated argillites are commonly associated with very low sedimentation rates, and 

typically contain high contents of hydrothermal and hydrogenous trace metals (Vine and 

Tourtelot, 1970). Although organic carbon contents' are low, most Battle basin argillites 

and many HW basin argillites contain enough metals to be classified as metalliferous black 

shales, based on the definition by Huyck (1990). Huyck (1990) modified the earlier 

definition by Vine and Tourtelot (1970), and defined a metalliferous black shale as, "a 

black shale that is enriched in any given metal by a factor of 2x (except Be, Co, Mo and U, 

for which lx is sufficient)". This definition is based on comparison to the USGS Devonian 

Ohio Shale standard (SDO-1). This standard is preferable to other standards such as the 

NASC (Gromet et al., '1984), as it is a well characterised shale, with a full range of trace 

elements and good analytical statistics (Huyck, 1990). Table 8.3 shows the SDO-1 major 

and trace element values beside typical argillite and black chert samples from the Battle and 

HW basins and regional argillite samples. The Battle basin argillite and black chert are 

highly enriched in metals, compared to the SDO-1 standard and the regional argillite. For 

example, Battle Argillite typically has Zn values >1200ppm, and Pb values >100ppm, 

Compared with 64.1ppm and 27.9ppm for the shale standard, SDO-1, and --75ppm and 

—15ppm for the regional argillites, respectively. 

Argillite from the caprock horizon are normalised to the SDO-1 standard and plotted to 

illustrate the variable metal enrichment across the property (Figure 8.17). In general, 

argillite from the Battle and HW basins, show the greatest degree of metal enrichment. The 

, Battle basin argillite shows a significant metal enrichment in Zn, Pb, As, Ag, Cu, Cd, Sb, 
. 	_ 

Ba and V, quite different to the HW basin argillites. The trace'element pattern displayed by 

the Battle basin argiilite is similar to the adjacent black chert, althbugh the degree Of 

enrichment is lower in the argillite. 

The HW basin argillite displays a much lesser degree of metal enrichment compared with 

the Battle argillite, but does show a significant enrichment in Ba, Zn and Ag. Argillite from 

the HW north and Price areas display a similar pattern to the HW basin argillite, but with 

lower Ba values. The HW north-Price argillite is more similar to the regional argillite, 

which predominantly has metal values close to the average shale. However, a slight , 

enrichment in Zn, Cu, Ag, As and Ba is displayed by a few regional argillite samples, 

which are located in the Thelwood Valley area. 
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The xy scatter plots in Figure 8.18 illustrate some of the major and trace element variation 

in argillite from the three main areas, Battle basin, HW basin and regional areas, which 

include the Thelwood Valley and South Flank. Generally, the Battle basin argillites are 

much more enriched in metals such as Zn, Cu, Pb and V. The Battle and HW basin argillite 

has higher S, and lower Na20, than the South Flank argillite, and the HW argillites are best 

distinguished from other argillites by high Ba and low Fe and Mn values. 

8.7.4 Metal sources — detrital, hydrothermal or hydrogenous 
The metal-rich Battle and HW basin argillites are spatially . associated with hydrothermal 

vents and the most likely metal source is therefore, from a hydrothermal plume. However, 

metals such as Ni, Cr, U and Th are not enriched in the Battle and HW deposits and are 

commonly assigned a seawater or hydrogenous source, as their abundances in many 

mudstones (ppm) match those in seawater (ppb) (Holland, 1979; Piper, 1994). Another 

source for metals, such as Ni and Cr, is in ferromagnesian minerals in the detrital 

component of the fine-grained sediment. 

Inter-element correlations can be used to distinguish between the detrital, hydrothermal and 

hydrogenous Component of the sediment. In studies of iron.formations, elements such as 
- 	 . 	. 

Fe, Mn, Cu and Zn are commonly assigned a hydrothermal origin, based on comparison. 

with modern sea floor hydrothermal vent fluids (e.g., Von Damm, 1990; Spry et al., 2000). 

Whereas, strong positive correlations between a major component such as Al 203  and trace 

elements such as Cr, Zr, Nb, Y, Ga, Th and REE suggest that these trace elements may 

reside in clay-rich detrital clastic material of sedimentary or volcanic origin (e.g., Peter and 

Goodfellow, 1996). 

In this study, xy scatter plots were created for significant element pairs to determine the 

different sample populations. For example, Battle basin argillite was separated from 

strongly silicified argillite (black chert), from the edge of the siliceous zone. HW basin 

argillites were also separated into two populations, consisting of altered argillite and 

unaltered argillite, to aid interelement correlation. Only the unaltered argillites were used 

for interelement correlations, and a correlation matrix was created for each population to 

measure the covariance of the data sets. 

Battle basin argillite 

Selected element pairs of Battle basin argillites and the adjacent black chert are shown on 

the xy scatter plots in Figures 8.8, 8.9 and 8.19, illustrating some of the interelement 
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correlations. Significant positive interelement correlations occur between two groups of 

elements, which are as follows: 

1) Ti, Al, Zr, Mg, K, Mn, Go, Sc, Y, Rb, Fe and Ba. These elements show significant 

positive interelement correlations and are common in aluminosilicate minerals, such as 

clays, chlorite and micas — minerals most likely associated with the detrital component 

of the sediment (e.g., Peter and Goodfellow, 1996). 

2) Zn, Cu, Ag, As, S, Cd, U, Pb, V, Sb, Nb, Cr and Ni. These elements also show 

significant positive interelement correlations. These elements most likely reside in 

carbonate and sulphide minerals, attributed to hydrothermal and/or hydrogenous 

sources (e.g., Piper, 1994; Peter and Goodfellow, 1996). 

Aluminium is usually assigned a detrital origin, and the strong positive correlation of Al 20 3  

with TiO2  (r = 0.9007, n = 8) (Figure 8.16) is consistent with the Al residing in clay 

minerals (Bostrom, 1973a; Peter and Goodfellow, 1996). The strong positive correlation 

between Al 203  and Zr (r = 0.9607, n = 8) and Fe 203 (r = 0.700, n = 8), and the weak 

positive correlation with MgO (r = 0.314, n = 8) suggests an association with detrital 

ferromagnesian minerals. Fe is usually assigned a hydrothermal origin (e.g., Peter and 

Goodfellow, 1996; Spry et al., 2000), however, in these sediments, Fe shows positive 

correlations with Al, Ti, Zr, Na and Ga. Fe is therefore more likely associated with the 

detrital component of the sediment. Metals such as Zn, Cu, Pb which are clearly associated 

with the hydrothermal component, display significant negative correlations with Fe, which 

provides further evidence for the association of Fe with the detrital component. 

Cu, Ni, Th, Sb, and Ag display moderate positive correlations with sulphur (> 0.4910), and 

Zn, As, Pb and Cd show weak positive correlations with sulphur (< 0.40). In comparison, 

Ba displays a strong negative correlation with S (r = -0.822, n = 8) and metals such as Zn, • 

Pb and Cu. Ba also shows positive correlations with Al 203  (r = 0.547, n = 8), Zr (r = 0.652, 

n = 8), K (r = 0.795, n = 8) and Rb (r = 0.773, n = 8). The positive correlation between Ba 

and, iand the strong negative correlation with S and metals such as Zn, Pb and Cu, indicate 

that Ba resides in K-micas, with little or no barite present. Electron microprobe data also 

indicates the presence of Ba in white micas (Appendix 6.2). 

Strong positive interelement correlations exist between numerous metal pairs such as, Zn 

and Cu (r = 0.951, n = 8), Zn and Pb (r = 0.945, n = 8), Zn and Cd (r = 0.988, n = 8), Pb and 

As (r = 0.857, n1= 8), Pb and Cd (r = 0.969, n = 8), Pb and V (r = 0.957, n = 8) Cd and V (r 

= 0.994, n = 8), Cd and As (r = 0.952, n = 8), As and V (r = 0.940, n = 8), V and Zn (r = 

0.987, n = 8), V and Sb (r = 0.735, n = 8). These elements also display negative 

correlations or a lack of correlation with A1,0 3 , Ti0 2 , Zr, Ga, Ba, Ca, Na, K, Mg and Fe. 
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The strong positive interelement correlations between the metals, and their lack of 

correlation with detrital elements, indicates a common source and/or similar enrichment 

mechanisms for these metals. The negative correlation or lack of correlation with elements 

such as Ca, Na, K and Mg, which are usually associated with hydrothermal alteration 

(Kalogeropoulous and Scott, 1983), indicate that the high metal values are not associated 

with hydrothermal alteration. The negative correlation of metals with elements such as Al, 

most likely reflects the dilution effect of an increasing detrital component. 

Trace element enrichments, such as As and V, are reported in hydrothermal plume 

particulates and in ridge-crest sediments proximal to vents (e.g., Birolleua et al., 1988; 

Metz and Trefry, 1988). The increase in trace metals such as As and Cd, with proximity to 

the Battle orebody (Figure 8.7) suggest that they have a hydrothermal source, rather than a 

hydrogenous source. Spry et al. (2000) suggests that the hydrogenous component is very 

minor in Fe-Si deposits proximal to massive sulphide deposits, due to the short residence 

time of plume particles which precipitate close to the ore deposit (reducing the potential to 

scavenge elements from the seawater). However, the Battle basin argillite, which is located - 

up to 300m away from the orebody, has a large pelagic sediment component and could 

contain significant hydrogenous elements. 

Possible hydrogenous elements include Ni, Cr and U ±Co?-(Co was not analysed due to 

possible contamination from use of the tungsten-carbide mill during sample preparation). 

Although concentrations of these elements are relatively low in the Battle basin argillites, 

they display strong positive correlations with metals, such as Zn, Cu, Cd, As, Pb, Ni, V and 

Sb, which have been assigned a hydrothermal origin. For example, Ni and Sb (r = 0.827, n 

= 8), Ni and V-(r =0.944, n = 8), Cr and Cd (r = 0.853, n = 8), U and As (i.= 0.767, ii = 8), 

U and Cd (r = 0.763, n = 8). Peter and Goodfellow (1996) and Spry et al. (2000), assign Ni, 

Cr, U and Th to a detrital origin due to significant correlations with Al 203 . However, these 

metals in the Battle basin argillites, show negative correlations with Al, Ti, Zr, Ga and Fe, 

therefore, a hydrothermal and/or hydrogenous source is more likely. 

The strong positive correlation between V and Ni (r = 0.944, n = 8) suggests that they 

precipitated at a near constant proportion, and this relationship has been noted in crude oils 

(Lewan, 1984; Briet and Wanty, 1991). The abundance of V in these sediments is much 

greater than Ni, and Wedepohl (1970) and Brumsack (1980) suggest that this is a 

commonly observed relationship in most shales. However, in the Battle basin argillites, the 

proportion of V:Ni is about 16:1, much greater than the average abundance observed in 

normal seawater, 1.9ppm V to 0.5ppm Ni, with a V:Ni ratio of 5:1 (Brumsack, 1980). The 

much higher V:Ni ratio in the Battle basin argillite most likely reflects the greater 
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abundance of V available for complexing in the depositional environment, supplied from 

venting hydrothermal fluids. The spatial association of V enrichment with the Battle 

orebody and the presence of V-rich minerals, such as colusite, in the upper zone of the 

orebody (Sinclair, 2000), is consistent with a hydrothermal origin for the vanadium. The 

much lower abundance of Ni (also Cr and U) may suggest a hydrogenous source for these 

elements, with adsorption of these metals from seawater, onto inorganic and organic 

particles that have a surface charge (Holland, 1979; Piper, 1994). 

The majority of Battle basin argillites display significant positive correlations between the 

metals mentioned above and organic carbon (r 2  1.0). Beier and Hayes (1989) suggest that 

the most important mechanism controlling the concentration of most metals in the marine 

environment is adsorption onto particulate organic matter. Metals removed from surface 

waters by this mechanism are released within the water column via decomposition of the 

organic matter, in the same way that phosphate is recycled in the ocean. The distribution of 

trace metals in the modern ocean commonly correlates with the distribtution of nutrients 

(Beier and Hayes 1989). Piper (1994) also suggests that the organic matter drives the redox 

reactions in the bottom water and sediments, which determine the suite of elements ihat 

precipitates. The accummulation of metals such as Ag, Cu, Pb, Zn, Cd, Sb and As are 

controlled by their fixation as sulphides, which can precipitate directly from seawater in 

anoxic Conditions. Precipitation is controlled by the availability of HiS, derived by - 

bacterial reduction of seawater sulphate within stratified water columns or below the 

sediment surface (Leventhal, 1983; Schultz, 1991). Sulphate reduction and preservation of 

resultant sulphide phases is a function of the amount of organic matter present, and occurs 

in the deepest, most anoxic levels, of stratified ocean basins (Maynard, 1983; Ripley et al., 

1990; . Leventhal, 1998). 

• HW basin argillite 

The HW basin argillites also show a degree of metal enrichment compared to the SDO-1 

shale standard (Huyck, 1990) with higher levels of Zn, Cu, Ba, V and As. Although the 

metal contents are much lower in the HW argillites (with the exception of Ba), they are still 

much greater.than argillites from regional areas such as the South Flank and  

Valley. Selected element pairs of HW basin argillites and altered HW basin argillite are 

shown on the xy scatter plots (Figures 8.12 and 8.20), which illustrate some of the 

interelement correlations. 

291 



292 

HW Basin 
200- 

R2  = 0 0999 

• 100- 

- 'trif A R2  = 0.0577 

800 400 
V ppm 

800 0 200 10 	20 	30 
Al203  Wt.% 

400 	600 
Zn ppm 

10000 
Ba ppm 

20000 10000 
Ba ppm 

20000 

Figure 8.20: Scatter plots illustrate selected major and trace element 
variation in HW Basin argillite and 'altered' argillite (see discussion in text). 

30 

HW Basin 

20 - 
R2 = 0.5538 

10 

... ... .... 	
A ... .... 

A 	.... ".. .... .0 ... ... ... 

49114
3"  ,.,.. R2 = 0.5301 

200 	400 	600 	800 1000 
V ppm 

HW Basin 
R2 = 0.7332 

4 

HW Basin 

A 

3 a 

A 
A 	R....2  =2.0044 

= 0.1833 

30 - 
e 

20 
0 

A 

A 

.•••• 

10- 

0 

16. ' 

signi
ell'  0 .... R2  = 0.2162 

• 

3 - 

2 - 

o) 

40 

A 

ao 10 	20 	30 
Al203  Wt.% 

6 

4 

a  AA 3  A 

1000 

750  - 

E a  500 
C 

250 

0 
0 

300 

200 

100 

HW Basin 

R2 = 0014 
A 

44 .3 	 R2 =01367 
'2'A 1367  

E 

200 

e_ 100 

200 400 	600 
Zn ppm 

800 

U2 

200 400 	600 
Zn ppm 

800 	1000 

HW Basin 

R2  = 0.666-5  

A •••• 

R2,  r= 0_0694 

HW Basin 

R 2  = 0 7037 

2. 

R2  = * N/A 
41633 	  

Legend 

Hw argillile 
A I-1W 'altered' 

argillite 



Significant interelement correlations exist between two groups of elements. 

3) Ti, Al, Zr, K, Ga, Sc, Y, Rb, Nb and Ba show significant positive interelement 

correlations. 

4) Zn, Pb and Cd, display good positve interelement correlations. These elements are 

most likely present in various carbonate and sulphide minerals that can be attributed to 

hydrothermal and/or hydrogenous sources (e.g., Piper, 1994; Peter and Goodfellow, 

1996). 

HW basin argillite displays strong positive correlations between Al 203 , TiO2 and Zr, K, Ga, 

Nb, Sc, and Y. These elements most likely reside in the aluminosilicate detrital fraction 

(e.g., Peter and Goodfellow, 1996). Ba also displays strong positive correlations with Al, 

Ti, Zr, K, Rb, Nb, Y and Th, and a negative correlation with S (r = -0.314, n = 16), 

indicating that Ba resides in K-micas or feldspar in the detrital component rather than 

sulphates. Electron microprobe data of white micas in the HW argillite and chert also 

indicate high Ba levels (Chapter 7, Appendix 6.2). The absence of mound or chimney 

structures in the HW orebody (pers. comm., Mark Hannington, 2000) may also reflect the 

lack of sulphates such as barite and early anhydrite(?). 

HW basin argillite shows significant positive correlations between Zn and Pb (r = 0.726, n 

= 16), and Zn and Cd (r = 0.780, n = 16), Pb and Cd (r = 0.656, n = 16) and Cu and As (r = 

0.967, n = 16), Cu and V (r = 0.469, n = 16), and As and V (r = 0.450, n = 16). However, 

no correlations exist between the Pb-Cd-Zn and Cu-As-V sets. Cu, As and V also display 

weak positive correlations with Al, Ti, Ga, Rb, Th and Zr. In comparison, Pb, Cd and Zn 

show negative correlations with these elements. The Cu, As and V, may reside in the 

detrital fraction, while the Pb, Cd and Zn may be associated with a hydrothermal source. 

Zn levels in the HW basin argillite are enriched over the average shale standard (SDO-1, 

Huyck, 1990) (Figure 8.14), whereas Cu, As and V values are equal or lower than the shale 

standard. The low values for Cu, As and V in the HW basin argillite are consistent with an 

association with the detrital fraction. 

The lack of correlation between Cu, Pb, Cd and Zn and elements such as K, Ca, Na, Mg 

and Fe, which are usually associated with hydrothermal alteration (Kalogeropoulous and 

Scott, 1983), indicate that the relatively high metal values are most likely not associated 

with hydrothermal alteration of the sediments. 

Regional argillite 

Only minor metal enrichment, relative to the SDO-1 shale standard was noted in the 

regional argillites, with a few samples showing slightly anomalous levels in Ag, Ba, As, Zn 
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and Cu, especially in areas closer to the HW basin, such as the Price and HW north areas. 

For this reason only samples from the South Flank area were used for interelement 

correlation. 

Interelement correlations show strong positive correlations between Al, Ti, Fe, Mg, Rb, Nb, 

Zr and Ga. These elements most likely reside in aluminosilicate and ferromagnesian 

minerals of the detrital fraction. Cu also displays positive correlations with Nb, Ni, U, Y, 

Al, Ti, Fe and Mg and is most likely associated with the detrital fraction. Metals such as 

Zn, Pb, Sb, Cd, Ag and V display good positive interelement correlations but only weak 

correlations with Cu and negative correlations with S. Pb, Zn, Cd, Sb and V show good 

positive correlations with elements such as Zr and Th, and as the metal values in the 

regional argillite are close to the average shale values, this suggests that they are associated 

with the detrital fraction, perhaps with rhyolitic material. Therefore a hydrothermal 

signature is not recognised in the regional argillite. 

8.7.5 Summary and comparison of major and trace element behaviour in 

argillite from the Battle basin, HW basin and regional areas 
Major and trace element behaviour in the caprock horizon argillite varies markedly in the 

three main depocentres (Battle basin, HW basin and the South Flank). The most noticeable 

geochemical feature of the argillite is the degree of metal enrichment in the Battle basin 

with much higher levels of Zn, Cu, Cd, As, Pb, Ni, V and Sb, compared to the HW basin 

argillite, South Flank argillite and the average shale SDO-1 (Huyck, 1990). The strong 

positive interelement correlations between the metals, and negative correlations with 

elements associated with detrital minerals, such as Al, Ti and Zr, suggest a hydrothermal 

origin. The metals were most likely precipitated from a local hydrothermal plume from 

vents associated with Battle ore formation. Ba is also slightly enriched in the Battle basin. 

argillite, and negative correlations between Ba and S, and positive correlations with Al and 

K suggest that the Ba resides in white mica rather than barite, which is consistent with 

petrological studies. 

In comparison, the HW basin argillite has much lower levels of metals such as Cu, Cd, As, 

Pb, Ni, V and Sb, but still has moderate amounts of Zn and is Ba rich. The Ba in the HW 

basin argillite behaves in a similar manner to Ba in the Battle basin argillite, with a negative 

correlation with S, and a positive correlation with Al and K, which also suggests that Ba 

resides in white mica rather than barite. Zn shows good positive correlations with Cd and 

Pb, and negative correlations with elements associated with detrital minerals, such as Al, 

Zr, and Ti, which may indicate a hydrothermal source. However, other metals such as Cu, 

As and V, do not correlate with Zn, Cd and Pb. Instead they correlate with elements such 
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as Al, Zr and Ti, which are more likely associated with the detrital component. The lower 

metal values, the lack of strong correlations between Zn and Cu-As-V, and the positive 

correlation between Cu-As-V with Al-Zr-Ti suggests that the HW basin argillite has a much 

weaker hydrothermal signature than the Battle basin argillite. 

The marked differences in element behaviour in argillite from these proximal zones could 

reflect the timing of ore formation in the Battle and HW basins with respect to the 

deposition of the argillite caprock horizon. For example, there is good evidence that the 

HW orebody formed on the seafloor, prior to deposition of seafloor mudstones (e.g., Figure 

6.29). In comparison, the Battle orebody most likely formed during and after deposition of 

the seafloor mudstones (e.g., Figures 6.28 and 6.31). Seafloor muds deposited during 

venting of hydrothermal fluids in the Battle basin would have a much stronger 

hydrothermal signature than muds deposited after formation of the massive sulphide deposit 

in the HW basin. 

Only minor metal enrichment, relative to the SDO-1 shale standard (Huyck, 1990) ;  was 

noted in the regional argillites. A few samples have anomalous levels of Ag, Ba, As, Zn 

and Cu, especially in areas close to the HW basin, such as the Price and HW north areas. 

The regional argillites display strong positive interelement correlations between Al, Ti, Fe, 

Mg, Rb, Nb, Zr, Ga and Cu, which suggest that these elements reside in aluminosilicate and 

ferromagnesian minerals of the detrital fraction. Metals such as Zn, Pb, Sb, Cd, Ag and V 

display good positive interelement correlations but only weak correlations with Cu and 

negative correlations with S. These metals also show good positive correlations with 

elements such as Zr and Th, and as the metal values in the regional argillite are close to the 

average shale values, this suggests that they are associated with the detrital fraction, 

perhaps with rhyolitic material. Therefore a hydrothermal signature is not recognised in the 

regional argillite. 

The argillite deposits are useful for locating depocentres, but can also provide a record of 

hydrothermal activity in a basin. The higher metal contents and the hydrothermal signature 

of argillite from the Battle and HW basins, compared with argillite from the South Flank 

indicate their proximity to hydrothermal activity. The implications of argillite 

geochemistry for exploration in the Myra Falls area is discussed in Chapter 11, Section 

11.3. 
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8.8 Paleoenvironmental analysis of sediment basins 

8.8.1 Introduction 
The chemical composition of mudstone deposits associated with hydrothermal vents 

depends on the physicochemical conditions of the venting hydrothermal fluid (e.g., pH, T, 

ionic strength, fS 2), the redox conditions of the basin or water column into which venting 

occurs (water depth may partly control this also), the degree of basin isolation from clastic 

sedimentation, the amount of hydrothermal fluid input via venting, and bottom current drift 

(e.g., Leventhal, 1983; Schultz 1991). 

The depositional environment of Phanerozoic argillaceous rocks is best determined by 

faunal and sedimentological classifications. For example, a normal oxygenated 

environment is indicated by homogeneous bioturbated sediments, trace fossils, and 

abundant benthic fossils. Restricted conditions are indicated by poorly laminated 

sediments, calcareous concretions, and sparse bioturbation, while a bituminous (or euxinic) 

environment is suggested by very finely laminated sediments with little or no bioturbation 

(Raiswell and Berner, 1985). 

In the HW Horizon argillites, the only fossil fauna observed are radiolarians, and as they 

are pelagic fauna, they give few clues to the seafloor conditions at the time of deposition. 

No benthic, burrowing fauna are observed, and there is a marked lack of bioturbation, with 

very fine laminations well preserved, indicating a restricted to possibly euxinic 

environment. 

In addition to faunal and sedimentological classifications, chemical and isotopic parameters 

can be used to constrain the depositional environment, and these include: 

• ratio of organic carbon to sulphide sulphur 

• Degree of Pyritizat ion (DOP) 

• conventional sulphur isotope analyses of pyrite 

• metal ratios such as Fe/Mn, Mn/A1, V/(V+Ni) 

8.8.2 Organic carbon and sulphide sulphur 
Organic carbon is the most widely used parameter to determine paleoenvironmental 

conditions and is part of the IGCP definition of metal-rich black shales (Huyck, 1990). 

However, a number of factors affect the organic carbon content. The dominant factors are 

the rate of biomass production in surface waters and the degree of oxygenation of bottom 

waters. To determine the degree of oxygenation of bottom waters, organic carbon can be 

plotted against sulphide sulphur. 
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Total organic carbon (TOC) was measured in 61 argillite and argillaceous chert samples 

from the caprock horizon above the Battle and HW orebodies, and argillite from the base of 

the HW Horizon in the South Flank and Thelwood Valley areas (Table 8.4). Organic 

carbon contents were low, <0.6 wt.% throughout the area, with the highest organic carbon 

contents in Battle and HW basin argillite, with lower values in regional argillite. 

Low organic carbon contents are common in many ancient shales that have undergone low 

grade metamorphism, with temperatures up to 200-250°C. Although these shales are still 

black, they commonly contain only 0.5-1.0 % TOC, which is now in the form of crypto-

crystalline graphite (Leventhal and Hofstra, 1990; Leventhal, 1998). Much of the original 

organic matter in these shales was probably removed during metamorphism. Baker and 

Claypool (1970), and Raiswell and Berner (1987), describe significant loss of organic 

carbon (as much as 40-60%) in normal marine shales with increasing vitrinite reflectance. 

In modern environments, three types of pattern are displayed on organic carbon-sulphide 

sulphur plots. Normal marine environments give a positive linear correlation, which passes 

through the origin. This trend reflects that the amount of sulphur converted from sulphate 

to sulphide by bacteria, and is controlled by the amount of carbon available as food: 

Freshwater environments display a very flat trend, with points plotting close to the organic 

carbon axis. This trend is controlled by the very low amount of sulphate available for 

conversion to sulphide. In comparison, in euxinic marine basins, with little or no oxygen 

and free H2S in the water, sulphate reduction can occur in the water column. As a result, 

there is usually a poor correlation between organic carbon and sulphide sulphur, and a 

positive intercept on the sulphide sulphur axis (Leventhal, 1983). Myra Falls organic 

carbon and sulphide sulphur data is plotted in Figure 8.21; all samples plot in the shaded 

field above the normal seawater line. This field is defined by Leventhal (1998), as 

sulphide-rich samples typical of diagenetic and epigenetic addition of sulphides in a marine 

environment. Analyses from each area are examined in greater detail in section 8.8.4. 

Di-sulphide vs mono-sulphide 

Di-sulphide and mono-sulphide contents were determined as part of the sulphide sulphur 

analytical method and abundant mono-sulphide was found in regional argillite samples and 

in Battle basin argillites, but was rare in samples overlying the HW orebody (see Appendix 

5.1 for full results). As this area has undergone greenschist metamorphism, the mono-

sulphide in argillite samples is most likely pyrrhotite. However, it was not observed in 

petrographic analysis, probably due to the fine-grained nature of these rocks. 
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8.8.3 Degree of Pyritization (DOP) 
To further evaluate the degree of anoxia in marine basins, Berner (1970) defined the Degree 

of Pyritization (DOP) as a measure of the fraction of the reactive iron (HCI-soluble) in the 

sediment, which is transformed to pyrite during diagenesis. This parameter removes the 

effect of changing iron contents in different sediments, and is defined as: 

DOPE  = Pyrite iron/(Pyrite iron + HCI-soluble iron) 

The DOP parameter is commonly calculated using total Fe, instead of HCI-soluble Fe, 

giving rise to DOPT  and DOPE  respectively (Raiswell and Berner, 1985). The DOP T  values 

tend to be much lower than DOP E , and Raiswell and Berner (1985) recommend the use of 

DOPE  values. The DOPE  index was intially calibrated as a paleoenvironmental indicator of 

bottom water oxygenation for Devonian and younger rocks (Raiswell et al., 1988), but has 

now been extended to early Paleozoic rocks. Raiswell et al. (1988) define three separate 

categories: non-euxinic (DOP E  <0.42); semi-euxinic (DOPE  = 0.46-0.80) and fully euxinic 

or inhospitable (DOP E  > 0.55-0.93). There is some overlap in the restricted and 

inhospitable categories, reflecting fluctuating redox conditions in the bottom water. 

Non-euxinic or normal conditions 

Pyrite formation in normal marine sediments, deposited from an oxygenated water column, 

is only possible beneath the sediment-water interface, where anoxic conditions can occur. 

Under anoxic conditions, seawater sulphate is reduced to H2S via microbiological sulphate 

reduction coupled with oxidation of organic carbon: 

2CH20 + SO4(2-)  <=> 2HCO 3" + H2S 	 (1) 

The resultant H 2S reacts with detrital iron minerals to form pyrite (Raiswell et al., 1988). 

The amount of reactive organic matter that can be metabolised by sulphate reducing 

bacteria will limit the degree of pyrite formation (Raiswell et al., 1988). Bioturbation, 

which adds dissolved oxygen to the sediments, results in the oxidation and poor 

preservation of pyrite and organic matter in normal marine sediments. Therefore, these 

sediments are characterised by low DOP E  values. 

Euxinic or anoxic conditions 

In euxinic environments, free H 2S is present in the bottom water, and reaction with iron 

minerals to form pyrite can occur in the water column and in the sediments, for long 

periods after deposition. In this environment, preservation of sulphides and organic carbon 

is very good, and a much greater proportion of detrital iron minerals in the sediment are 

converted to pyrite. As a result, these sediments have much higher DOPE  values, and the 
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Figure 8.21: Scatter plot illustrates the sulphide sulphur-organic carbon relations of Myra Falls 
argillite. The cross-hatched area represents sulphur-rich samples, typical of diagenetic and 
epigenetic addition of sulphur (Leventhal, 1998). 
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Figure 8.22: Histogram shows the range of DOPR  values for the argillaceous caprock horizon. 
The Battle and HW basin argillites have higher DOP R  values than the regional argillites (Price, 
Thelwood Valley and South Flank argillites) and indicate inhospitable or euxinic conditions. The 
lower DOPR  values of the regional argillite indicate restricted to inhospitable conditions, but 
slightly more oxygenated than the Battle and HW basin argillites. 

299 



extent of pyrite formation is mainly limited by the reactive iron content (Raiswell et al., 

1988). 

8.8.4 Degree of pyritisation results 
Degree of pyritisation was calculated for 42 argillite samples from Myra Falls and the 

results are plotted in Figure 8.22. The HC1-soluble iron was measured using the 1 N HC1 

24 hour extraction method recommended by Leventhal and Taylor (1990). To test for 

problems with dissolution by this method, the 12 N HClboiling method of Berner (1970) 

was also used for 4 repeat samples (see Appendix 5.1). Although HC1-soluble iron contents 

were slightly higher in the 4 repeats, the DOPR  parameter was only affected by ± 0.01 

Therefore the HO-soluble iron values from the 1 N HC124 hour extraction method were 

used throughout. 

The greatest DOPR  values, >0.90, are displayed predominantly by argillite samples from the 

Battle and HW basins (Figure 8.22). Argillite from the Thelwood Valley and Price areas 

have DOPR  values from 0.83 to 0.93, while the South Flank samples have the lowest DOP R  

values with most below 0.85. Average DOP values, S, C and Fe data from the four main 

areas, are listed and compared with the average shale standard, SDO-1 (Huyck, 1990) in 

Table 8.4. The high DOPR  values displayed by the Battle and HW argillite samples, 

indicate inhospitable or euxinic conditions. The lower DOP E  values for the South Flank 

Battle basin 
argillite (ay.) 

(n = 11) 

HW basin 
argillite (ay.) 

(n = 13) 

Thelwood-Price 
argillite (ay.) 

(n = 8) 

South Flank 
argillite (ay.) 

(n = 9) 

SDO-1 
Shale 

standard 

Wt.% 

mono S 0.12 0 0.07 0.21 

di S 0.56 0.64 0.52 0.37 

TOC 0.25 0.32 0.19 0.20 9.68 

0.10 0.30 0.52 0.55 
CCARB 

1.26 1.13 0.82 0.72 5.35 
S 

FeToT 1.04 1.36 1.80 2.23 6.53 

0.28 0.33 0.26 0.19 
Py Fe 0.01 0.03 0.03 0.05 

HC1-sol Fe 

0.98 0.92 0.88 0.76 0.71 
DOPR  

Table 8.4: Average organic carbon, Fe, sulphur, and DOP values for Myra Falls argillite compared 
with the average shale standard, SDO-1 (Huyck, 1990). 
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and Thelwood Valley argillite samples indicate restricted to inhospitable conditions, but 

slightly more oxygenated than the Battle and HW basin. Although the DOP T  values are 

much lower, they also show a similar trend, with the Battle and HW basin argillites having 

higher DOPT  values than the South Flank and Thelwood Valley samples. 

8.8.5 Organic carbon -sulphur -iron relations 
Raiswell and Berner (1985) defined organic carbon-pyrite sulphur-iron relationships, based 

on work on Black Sea sediments. Figure 8.23 illustrates the various combinations of the 

parameters and describes the environments associated with these patterns. Iron commonly 

shows a positive correlation with organic carbon (TOC), which is partly due to the 

association of fine clays with both colloidal organic matter and colloidal iron-oxide 

particles. An increase in deposition of clay, results in an increase in deposition of organic 

matter and iron. This also results in a positive correlation of pyrite sulphur and organic 

Figure 8.23: Organic carbon-pyrite sulphur-iron relationships as defined by Raiswell and Berner 
(1985). The set of vertical figures indicate (A) a system with syngenetic and diagenetic formation of 
FeS 2 , organic C limitation, and no coupling of Fe and organic C; (B) a system with only syngenetic 
formation of FeS 2 , Fe limitation, and coupling of Fe with organic C; and (C) a system with only 
syngenetic formation of FeS 2, Fe limitation, and no coupling of Fe with Organic C. 
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carbon, as iron is the limiting factor and reactive Fe correlates with organic carbon 

(Raiswell et al., 1988). Therefore, the organic carbon-sulphide sulphur plot has two 

alternate interpretations: 1) all pyrite is syngenetic with Fe and C coupled and 2) syngenetic 

pyrite plus additional diagenetic, C-limited pyrite formation. The DOPR parameter 

distinguishes between the two types. 

The scatter plots in Figures 8.24, 8.25 and 8.26, illustrate the organic carbon-sulphur-Fe 

relations for argillite samples from the caprock horizon at Myra Falls. Although the 

organic carbon contents are low, the data still displays good correlations between Fe and 

sulphide sulphur. 

Battle argillite 

Argillite samples from Battle basin display a weak positive correlation between sulphide 

sulphur wt.% and organic carbon wt.% (n = 11, r 2  = 0.4942) and a positive intercept on the 

sulphide sulphur axis of 0.4 (Figure 8.24a). No correlation exists between DOP R  and 

organic carbon wt.% (Figure 8.24b), while a weak positive correlation occurs between total 
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Figure 8.24: Scatter plots illustrate the sulphur-iron-carbon relations of Battle basin argillite. 
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Fe wt.% and organic carbon wt.% (n = 11, r 2 = 0.5396) in Figure 8.24c. A good positive 

correlation is displayed by Fe wt.% and sulphur wt.% (n = 11, r 2  = 0.7963) in Figure 8.24d. 

These relationships suggest a system with only syngenetic pyrite formation, Fe limitation, 

and coupling of Fe with organic carbon (Raiswell et al., 1988). 

HW argillite 

Argillite samples from HW basin display a weak positive correlation between organic 

carbon wt.% and sulphide sulphur wt.% (n = 13, r 2  = 0.408) in Figure 8.25a, with a small 

positive intercept on the sulphide sulphur axis (0.3). There is no correlation between DOP R  

and organic carbon wt.% (Figure 8.25b), and total Fe wt.% and organic carbon wt.% 

(Figure 8.25c). A weak positive correlation is displayed by sulphur wt.% and total Fe wt.% 

(n = 18, r2  = 0.6642) (Figure 8.25d). These plots suggest a normal to slightly restricted 

environment, and the positive DOP R-organic carbon and flat Fe-organic carbon trends 

suggest a system with syngenetic and diagenetic pyrite formation, organic carbon limitation 

and no coupling between Fe and organic carbon. In this environment, there was enough 

reactive detrital Fe for some to survive reaction with H 2S in the bottom water, and be 

converted to pyrite diagenetically, after burial. Because of the abundant Fe, formation of 

pyrite was therefore limited by the local deposition of organic matter. 
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Figure 8.25: Scatter plots illustrate the sulphur-iron-carbon relations for HW basin argillite. 
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The very low organic carbon values of argillite samples from regional areas, make 

correlations between the various parameters difficult (Figure 8.26). There appears to be 

little correlation between organic carbon wt.% and DOP R  or total Fe wt.%. However, there 

may be a very weak positive correlation between organic carbon wt.% and sulphide sulphur 

wt.%, with an intercept close to zero on the sulphide sulphur axis. The lack of positive 

trends suggests a system with only syngenetic pyrite formation, Fe limitation and no 

coupling between Fe and organic carbon. However, this interpretation is hindered by the 

very low organic carbon contents. 

Figure 8.26: Scatter plots illustrate the sulphur-iron-carbon relations for regional argillite from the 
South Flank, Thelwood Valley and HW north areas. 

8.8.6 Metal ratios — paleoenvironmental indicators 
Vine and Tourtelot (1970) and other authors have used the presence of carbon/graphite, and 

metal enrichment in black shales to indicate anoxic sedimentary environments. However, 

the presence of carbon reflects the degree of production and preservation, and these 

processes can be affected by a number of factors, only one of which is the basin redox 

conditions (Quinby-Hunt and Wilde, 1994). For example, Calvert et al. (1996) describes 

the preservation of organic carbon in anoxic and oxic conditions. Quinby-Hunt and Wilde 

b) 

d) 
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(1994) also suggest that metal-carbon fixation can occur in both oxic and anoxic conditions, 

although the solubility-saturation behaviour of individual metals will vary. 

• The trace metal content of shales formed under oxic conditions differs markedly from 

unbioturbated black shales formed in anoxic conditions (Quinby-Hunt and Wilde, 1994). 

The bulk chemical composition of shales reflects, 1) the detrital or allochemical 

component; and 2) the chemistry of the depositional environment, controlled by early 

diagenetic processes and post-lithification processes such as hydrothermal alteration and 

metamorphism. In general, seawater redox reactions control the distribution of the various 

hydrothermal components, particularly Fe and Mn and other metals such as U, V, Cr and 

Mo (Whitehead, 1973; Force and Cannon, 1988). For this reason metal ratios, in 

combination with carbon and sulphur data, provide a good indication of the paleoredox 

conditions. 

Table 8.5 shows the average metal contents, metal ratios and DOP R  values for the three 

main argillite depo-centres, for comparison with the shale standard, SDO-1 (Huyck, 1990). 

The DOPR  value for SDO-1 (0.71), is similar to the South Flank argillite (DOP R  = 0.76), 

and suggests deposition under restricted bottom water conditions. The similarity of the 

SDO-1 shale standard to the South Flank argillite makes it a useful example for comparison 

with Myra Falls argillite. 

SDO-1 
Shale standard 

DOPR  = 0.71 

Battle basin 
Argillite (ay.) 

(n = 7) 
DOPR  = 0.98 

HW basin 
Argillite (ay.) 

(n = 16) 
DOPR  = 0.92 

South Flank 
Argillite (ay.) 

(n = 13) 
DOPR  = 0.76 

ppm 
Fe 65300 25493 16359 25807 

Mn 300 318.3 203.8 409.1 

V 160 715 150 110 

Ni 100 50 27 41 

Zn 64 1680 189 90 

Cr 66 54 58 51 

Fe/Mn 217.7 80.1 80.3 63.1 

Mn/Al 0.005 0.003 0.003 0.01 

V/Cr 2.4 13.3 3.7 2.2 

V/Ni 1.6 14.5 5.7 2.7 

V/(V+Ni) 0.62 0.94 0.84 0.73 

Table 8.5: Average metal values and metal ratios for argillites from the Battle basin, HW basin and 
the South Flank area. The shale standard, SDO-1, is from Huyck (1990). 

305 



Other shale types, representing shales deposited under a range of 0 2  bottom water 

conditions are shown in Table 8.6, and include a metalliferous black shale (the Stark Shale 

Member, Kansas, Hatch and Leventhal, 1992); and two Pennsylvanian shales, including the 

Mecca-type shale, deposited under restricted conditions with moderate to high Zn and Mo 

values; and the organic-poor Shanghai-type shale, deposited in relatively oxic bottom water 

conditions, with much lower metal values (data from Schultz and Coveney, 1992). 

The Fe content of Myra Falls argillite is lower than the average shale (SDO-1) and other 

shales in Table 8.6, while Mn values are similar in Myra Falls argillite. Metal values in the 

Battle basin argillite, including Zn, Cu, V, Pb, As and Cd, are much higher than the average 

shale (SDO-1), and the Pennsylvanian shales, and are most similar to the Stark Shale 

Member, which is classified as a metalliferous black shale. The DOPR  value of the Stark 

Shale Member (0.88) is the closest to the Battle argillite (DOP R  = 0.98). 

The South Flank argillite, with DOPR  = 0.76, has much lower Zn, Cu and Pb, than the 

Battle argillite, and is more similar to the average shale standard (SDO-1), with DOPR = 

0.71, and metal values generally <100 ppm. However, the South Flank argillite does have 

high Ba values, 1598 ppm. Other metals, such as Ni, Cr and U, are low in Myra Falls 

argillite, compared with the Mecca-type Pennsylvanian shale and the Stark Shale Member, 

and are more similar to the SDO-1 average shale and the Shanghai-type Pennsylvanian 

shale. The Battle basin argillite has lower P 205  values (average = 0.09, n = 7), than the 

South Flank average, 0.56 wt.%, and is similar to the Mecca-type shales (<0.3 wt.%), 

while the South Flank P 205  content is similar to the Shanghai-type shale, > 0.5 wt.% P 205  

(Schultz and Coveney, 1992). 

Mn/Al= 0.003 in Battle basin argillite, which is significantly lower than the South Flank 

argillite, which has Mn/A1 = 0.01. The South Flank argillite has similar Mn/A1 values to 

carbon-poor marine shales, Mn/Al= 0.01 (Solomon, 1999), and average shales, NASC, 

Mn/Al= 0.01 (Gromet et al., 1984); and PAAS, Mn/Al= 0.016 (Taylor and McLennan, 

1988). However, Mn/A1 values are uniformly low (<0.005) for the other shale types listed 

in Table 8.6, with no clear difference between Mecca-type and Shanghai-type shales. 

Fe/Mn values can be used to estimate the relative oxygen levels in a stratified basin (e.g., 

Whitehead, 1973; Maynard, 1983; Force and Cannon, 1988; Spry and Wonder, 1989). 

Changes in the Fe/Mn ratios reflect the fact that Mn is more soluble than Fe over a larger 

range of Eh and pH conditions, allowing chemical separation to occur (Krauskopf, 1957; 

Maynard, 1983; Spry and Wonder, 1989). Force and Cannon (1988) examined Fe/Mn 

values of oxic and euxinic facies in the Black Sea, and found that high Fe/Mn values (e.g., 
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Battle basin 
argillite 
(n = 7) 

DOPR = 0.98 

South Flank 
Argillite (ay.) 

(n = 13) 

DOPR = 0.76 

Organic-rich 
Mecca-type 

Pennsylvanian 
Shale (73) 

DOPR  = 0.65 

Organic-poor 
Shanghai-type 
Pennsylvanian 
Shale (Sill) 
DOPR = 0.21 

Metalliferous 
Black Shale 
Stark Shale 

Member (S-2-1) 
DOPR  =0.88 

SDO-1 
shale 

standard 

DOPR  = 0.71 

Wt.% 
Al203  10.16 9.95 8.80 35.89 9.07 12.27 

Na20 1.20 1.50 0.32 0.92 - 0.38 

CaO 1.75 2.01 0.77 2.81 3.92 1.05 

K20 2.12 2.12 2.06 4.39 - 3.35 

P2O5  0.09 0.35 <0.03 >0.05 0.27 0.11 

S 1.51 0.75 4.19 1.44 3.3 5.35 

TOC 

ppm 

0.29 0.14 25.15 4.74 29.5 9.68 

Mn 318 409 130 400 100 300 

Fe 25493 25808 33800 55400 38000 65300 

Ba 2675 1232 300 400 - 397 

Sc 11 27 12 18 - 13 

V 715 110 2850 180 3900 160 

Ni 50 41 530 190 600 100 

Cr 54 51 610 360 730 66 

U 7 3 165 14 180 49 

Zn 1680 90 3350 84 5500 64 	.,.. 
Cu 109 66 - - 170 60 

Pb 112 16 _ - 34 28 

As 103 16 35 26 - 69 

Fe/Mn 139.1 63.1 260.0 138.5 380 217.7 

Mn/AI 0.003 0.01 0.003 0.002 0.002 0.005 

V/Cr 13.3 2.2 4.7 0.5 5.3 2.4 

V/Ni 14.5 1.7 5.4 1.0 6.5 2.7 

V/(V+Ni) 0.94 0.70 0.84 0.49 0.87 0.73 

Table 8.6: Comparison of selected major and trace elements of Myra Falls argillite and other shale 
types. Pennsylvanian shale data from Schultz and Coveney, (1992) (73) and (SHI) = sample 
numbers of Pennsylvanian shales; metalliferous black shale from the Stark Shale Member of the 
Dennis Limestone, Kansas (Hatch and Leventhal, 1992) (S-2-1) = field number; average shale 
standard, SDO- I from Huyck (1990). 

>100) were associated with anoxic to euxinic facies, while low Fe/Mn values (e.g., < -50) 

were associated with oxic facies. Intermediate Fe/Mn values were indicative of a 

transitional environment with fluctuating redox conditions, typical in stratified, stagnant 

oceans with restrictied circulation. The Battle basin argillite has an average Fe/Mn value of 

139, similar to the euxinic Black Sea facies of Force and Cannon (1988), while the South 

Flank argillite has FeiMn = 63.1, similar to the transitional Black Sea facies. The lower 

DOPR  values for the South Flank argillite (0.76) are also consistent with a transitional 

environment with fluctuating redox conditions. 

Quinby-Hunt and Wilde (1994) suggest that black shales with low Mn and Fe values 

indicate that the Mn and Fe are reduced and relatively soluble, reflecting anoxic but non- 
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sulphate reducing conditions. High V levels, such as those observed in Battle basin 

argillites, with V >300ppm, combined with the low Fe and Mn values, suggest deposition 

under conditions of high organic preservation, with low pH and possible methanogenesis 

(Quinby-Hunt and Wilde, 1994). 

Lewan (1984) suggest that V accumulates at a greater proportion, relative to Ni (high V/Ni) 

in strongly reducing, H2S rich environments. Consistent with this analysis, Wenger and 

Baker (1986) determined that greater levels of anoxia favoured large V/Ni ratios (> 5) as 

well as larger contents of both metals. Hoffman et al. (1998) suggests V/(V+Ni) values of 

0.6-0.9 and V/Cr values of 1.0-5.0, in finely laminated, non-bioturbated Upper 

Pennsylvanian shales, represent deposition in the anoxic zone. In comparison, weakly 

bioturbated shales with V/(V+Ni) values < 0.6 and V/Cr < 1.0 represent deposition in the 

dysoxic zone. 

Hatch and Leventhal (1992) suggest that high Cd, Mo, U, V, Zn and S contents, combined 

with a high DOPR  > 0.75, and high V/(V+Ni) (> 0.8) indicate the presence of H 2S in a 

strongly stratified water column. Intermediate contents of metals and S, intermediate DOPR 

(0.67-0.75) and intermediate V/(V+Ni) (0.54-0.82) indicate a less strongly stratified anoxic 

water column, whereas low metal contents and low V/(V+Ni) indicate a weakly stratified, 

dysoxic water column. 

The Battle argillites have high metal contents, including V, Cu, Zn, Cd, Sb, As, Ag, Pb and 

Ba, moderate to high S contents, high DOP R  values (>0.75), V/Cr (>5.0), and high 

V/(V+Ni) (>0.8), which suggests strongly reducing conditions with free H 2S in a strongly 

stratified water column. The similar metal ratios and DOPR  values for the HW basin 

argillites, suggest similar bottom water conditions in this basin. Although Ba levels are 

high in both the Battle and HW basin argillites, barite is not observed; instead Ba resides in 

aluminosilicates. The absence of sulphate is also consistent with low 0 2  bottom water 

conditions. The much lower DOP R  and metal ratios in the South Flank area suggest a 

slightly more oxygenated depositional environment. A similar variation in metal ratios is 

observed between the organic-poor Shanghai-type shales deposited under oxic conditions, 

and the organic-rich Mecca-type shales and metalliferous Stark Shale Member deposited 

under anoxic bottom water conditions (Table 8.6). 

Elevated metal ratios, such as V/Cr, V/Ni and V/(V+Ni), in the Battle basin argillites most 

likely reflect a combination of hydrothermal and hydrogenous sources. Excess V would be 

derived from hydrothermal vents associated with Battle ore formation, but could also reflect 

the strongly reducing conditions in the basin. For example, argillites in the HW basin have 
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much lower V levels and no clear correlation between V and hydrothermally derived 

elements, such as Zn and Pb, but still have high V/Ni (5.7) and V/Cr (3.7) values, indicative 

of deposition under anoxic conditions (Wenger and Baker, 1986). 

8.8.7 Phosphate nodules 
Phosphate nodules are found in a number of discrete horizons in the upper part of the 

caprock horizon in the Battle and HW basins (see descriptions, Chapter 6), but appear to be 

more common in the regional argillites, such as the South Flank and Thelwood Valley 

areas. 

Hatch and Leventhal (1992) report that phosphate nodules in shales are best developed at 

the top of black shale units, indicating that nodule formation was enhanced near the 

boundary between anoxic and dysoxic conditions. This is similar to observations of 

Holocene phosphorites from the East Australian continental margin (O'Brien et al., 1990; 

Heggie et al., 1990). 

Phosphate nodules are thought to form by a process of Fe and P cycling. P is scavenged 

from the seawater by iron oxyhydroxides at the sediment surface and in the oxidised burial 

zone, and following burial to depths at which porewaters become anoxic, dissolution of.the 

iron oxyhydroxides releases both Fe and adsorbed P. Both components diffuse upward to 

be reprecipitated at depths about 10-18cm beneath the sediment-seawater interface 

(O'Brien et al., 1990). The redox related Fe cycling, retains the P within the shallow 

subsurface allowing sufficient time for slow growth of phosphate nodules. Therefore, the 

most favourable conditions for phosphate precipitation entails bottom waters which are 

oxygen depleted but not fully anoxic (O'Brien et al., 1990; Heggie et al., 1990). 

The restricted distribution of phosphate nodules, with most occurring in a discrete horizon 

near the top of the caprock horizon, suggests that conditions during deposition of the 

caprocks were not favourable for phosphate precipitation and nodule formation. Rapid 

sedimentation or low 02  bottom water conditions may have inhibited the formation of 

phosphate nodules at this time. 

8.8.8 Paleoenvironmental summary 
The paleoseafloor reconstruction in Chapter 5 indicates that the Battle and HW orebodies 

formed in small basins along a NW-trending ridge. The reconstructed paleoseafloor 

appears to deepen to the south, with much thicker argillite deposits in this area (South Flank 

and Thelwood Valley). Sedimentological features in the argillite and chert, such as the 

very fine parallel laminations, lack of bioturbation and turbidite facies, indicates deep quiet 
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depositional environments, at least below storm wave base (>80-100m depth). The lack of 

benthic fauna, and the presence of graphite and phosphate nodules, indicates low 0 2  to 

fluctuating 02  bottom water conditions. 

The geochemical parameters described in this section are also consistent with low 0 2  

bottom water conditions in the more restricted Battle and HW basins. Battle basin argillites 

contain the highest organic carbon contents, high DOP R  values (>0.8), high metal contents, 

including Zn, Pb, Cu, Cd, As, Sb, Ag, Ba and V, low Fe and Mn, and high metal ratios such 

as V/(V+Ni) >0.8. These geochemical parameters suggest strongly reducing conditions 

with free H2S in a strongly stratified water column. Elevated metal ratios, such as V/Cr, 

V/Ni and V/(V+Ni), in the Battle basin argillites most likely reflect a combination of 

hydrothermal and hydrogenous sources. Excess V would be derived from hydrothermal 

vents associated with Battle ore formation, but could also reflect the strongly reducing 

conditions in the basin. For example, argillites in the HW basin have much lower V levels 

and no clear correlation between V and hydrothermally derived elements, such as Zn and 

Pb, but still have high V/Ni (5.7) and V/Cr (3.7) values, indicative of deposition under 

anoxic conditions (Wenger and Baker, 1986). The DOP R  values for HW basin argillite 

(>0.8) are also consistent with anoxic conditions, similar to the Battle basin. The lower 

DOPR  and V-Ni metal ratios in the South Flank area indicate a slightly more oxygenated 

depositional environment. 

The low 02  bottom water conditions indicated by the geochemistry of the Battle and HW 

basin argillites, is consistent with areas of more restricted circulation, such as small deep 

basins, as shown by the paleoseafloor reconstruction (Chapter 5). The restricted seawater 

circulation would have allowed the formation of a stratified water column, either in terms 

of temperature or salinity, which would have greatly slowed any mixing of atmospheric 0 2  

into the bottow water and helped maintain euxinic or anoxic conditions (Leventhal, 1998). 

In comparison, the geochemistry of the South Flank argillites indicates a slightly more 

oxygenated environment, consistent with deposition in more open seafloor conditions, 

exposed to open seafloor circulation, as shown by the paleoseafloor reconstruction in 

Chapter 5. 

8.9 Sulphur isotopes 
Sulphur isotope data was collected from 21 argillite and black chert samples from the Myra 

Falls property to determine the source of the sulphur in the fine-grained caprock horizon. 

Sinclair (2000) described sulphur isotope variation throughout the Battle orebody, and the 

aim of this study was to compare the sulphur isotopic signature of the basin sediments with 

those of the orebody. 
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di-sulphide 
834S 

mono-sulphide 
834S 

Average 
metal values 

(PPm) 

Battle basin 
black chert 

-9.0 to -18.4 %o 
(ay. -10.9 %o) 

(n = 3) 

-5.4 to -7.4 % 
(ay. -6.4 %o) 

(n = 2) 

Pb = 1229 
Zn = 3564 
Cu = 456 

(n = 14) 

Battle basin 
argillite 

-15.1 to -26.0 %o 
(ay. -20.6 %o) 

(n = 2) 

-18.2 700 
(only one sample 

with mono-sulphide) 

Pb = 110 
Zn = 1579 
Cu = 109 

(n = 8) 

HW basin 
Argillite 

-14.1 to -35.2 %o 
(ay. -27.7 %is) 

(n = 4) 

Pb = 32 
Zn = 189 
Cu = 53 
(n = 16) 

Regional 
Argillite 

-10.3 to -31.7 %o 
(ay. -21.0 %o) 

(n = 6) 

-24.9 to -32.3 %o 
(ay. -27.7 %o) 

(n = 3) 

Pb = 16 
Zn = 90 
Cu =66 
(n = 13) 

Battle 
Orebody 
(sulphide) 

(Sinclair, 2000) 

-1.1 to +4.1 %o 
(ay. +2.1 %o) 

(with 2 exceptions: 
-3.2 and -7.9 %o) 

Massive 
. Sulphides 
(Zn-Pb-Cu) 

Battle Upper 
Lenses 

(sulphate) 
(Sinclair, 2000) 

+18.4 to +28.7 %o 
(ay. +22.1 %o) 

Massive 
sulphide + 
sulphate 

Zn-Pb-Cu 

Table 8.7: Summary of 834S analyses and average metal values of argillite and black chert samples 
from the HW Horizon, and the Battle orebody. Battle orebody and upper lens sulphur isotope data 
from Seccombe et al. (1990) and Sinclair (2000). 

8.9.1 Results 
Negative 834S values were recorded in all argillite and black chert samples, with a range of 

834S from -5.4 to -35.2 %o (Figure 8.27). The range of sulphur isotope values for each area 

is shown in Table 8.7. The regional argillite, which includes argillite from the South Flank 

and Thelwood Valley, has es values ranging from -10.3 to -32.3 %0, and is similar to the 

range for HW basin argillite, with 8 34S from -14.1 to -35.2 %o. The Battle basin argillite 

has a range of 834S from -15.1 to -26.0 700, while the black chert has distinctly heavier 8 34S 
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values, from —5.4 to —18.4 %o. No sulphide sulphur was collected from white chert 

samples, but Sinclair (2000) obtained a 834S value of +1.6 %o in pyrite in white chert above 

the Battle orebody, although the pyrite was most likely from crosscutting ore veins, with a 

different origin to disseminated sulphides in black chert and argillite. 

The regional argillite 8 34S values include mono- and di-sulphide samples, and as the mono-

sulphide 34S values were similar to the di-sulphides, no discernable isotopic difference was 

noted between the mono and di-sulphide samples. Only minor mono-sulphide was 

observed in Battle and HW basin argillites. However, mono-sulphides in the black chert 

are distinctly heavier than the di-sulphides. The mono-sulphides have 8 34S values ranging 

from —5.4 to —7.4 %o, while the di-sulphides range from-9.0 to —18.4 %o. The black chert 

is Pb-rich and galena overgrowths on pyrite framboids were observed in SEM images, and 

the mono-sulphide phase is most likely galena. 

A tight cluster of 43 34S values were reported for sulphides in the Battle orebody, ranging 

from —1.1 to +4.1 %0, with two exceptions, —7.9 and —3.2 %o (Seccombe et al., 1990; 

Sinclair, 2000). Sulphate 8 34S values from the Battle upper lenses, ranged from +18.4 to 

+28.7 %o, (average = +22.1 %o). A general increase in 8 34S values was observed with 

increasing stratigraphic height, from an average of +2.1 %o in the Battle main lens, to +2.6 

%o in the upper lenses and +3.0 %o in the Gap lens (Seccombe et al., 1990; Sinclair, 2000). 

The histogram, Figure 8.27, illustrates the variation in 8 34S values from the argillite and 

massive sulphides, and shows the much lighter sulphur isotope signature of the argillites, in 

comparison to the massive sulphides. Sulphur isotope values for sulphides in the black 

chert are intermediate between argillite and Battle orebody es values. Figure 8.28 

illustrates the lateral change in 834S values of the caprock horizon in the Battle basin. The 

heaviest values are found in pyrite in the white chert above the massive sulphides (es 
+1.6 700, Sinclair, 2000), with a shift to intermediate values in the black chert at the edge of 

the siliceous alteration (8345 = —10.9 %o), and lighter values in the unaltered Battle basin 

argillite to the south (8345 = —19.7 %o). 

8.9.2 Sulphur sources 
The three principal sources of sulphur in seafloor VHMS systems are considered to be 

from, 1) the reduction of seawater sulphate; 2) magmatic sulphur; and 3) sulphur derived 

from the leaching of hostrocks, which may or may not be igneous rocks (Ohmoto and Rye, 

1979; Goodfellow and Jonasson, 1984; Ueda and Sakai, 1984). 
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Figure 8.27: Myra Falls sulphide and sulphate 
analyses (inluding mono- and di-sulphides). 
Argillite and black chert analyses from this 
study, Battle orebody sulphide and sulphate 
data from Sinclair (2000). 
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Figure 8.28: Spatial variation of 834S of sulphides in the caprock horizon and Battle orebody and 

sulphate values in the Battle Upper lenses. Battle orebody 834S values from Sinclair (2000). 
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Sangster (1968) observed that the 8 34S values of VHMS deposits and that of 

contemporaneous seawater (based on evaporite deposits) varied with time in a parallel 

manner. Sangster (1968) demonstrated that, on average, the 8 34S values of seawater 

sulphate is 17.5 to ± 2.5 %o greater than that of contemporaneous sulphide minerals in 

VHMS deposits through time. The consistent shift between ambient seawater sulphate and 

the 834S values of the sulphide minerals in VHMS deposits is attributed to reduction of 

seawater sulphate. Both inorganic and organic reduction (via bacterial reduction) of 

seawater sulphate is possible, and fractionation effects during reduction result in markedly 

different 834S values, where reduction is incomplete. Inorganic reduction of seawater 

sulphate can result from the oxidation of ferrous iron or reduced carbon in the host 

volcanics or intercalated sediments (Ohmoto et al., 1983; Solomon et al., 1988). 

In general, 834S values resulting from bacterial reduction of seawater sulphate are much 

lighter and far more variable than those from inorganic reduction processes; bacterial 

reduction is a non-equilibrium process strongly favouring 32S (Ohmoto and Goldhaber, 

1997). The products.of low degrees of bacterial sulphur reduction are very depleted in 34S, 

producing a very large difference between coeval seawater sulphate and sulphides (up to 60 

%o) (McKibben, 1993). As VHMS sulphides do not generally contain values with this 

range, biogenic reduction of seawater sulphate is not considered a major source of sulphur 

(Ohmoto and Rye, 1979). Additionally, the typical hydrothermal fluid temperatures of 

VHMS systems (250-350°C), are far too high to allow bacterial activity. Although in the 

Guaymas Basin, bacterial sulphate reduction has been recorded in hydrothermal vent 

sediments at temperatures greater than 100°C (Jorgensen et al., 1992). Light isotopic., 

signatures in VIIMS systems, could be attained by the leaching of sedimentary sulphides 

(formed from bacterially reduced seawater sulphate), near the seafloor (Ohmoto and Rye, 

1979). 

Fractionation of sulphur isotopes results from the mass dependency of the chemical 

reaction rates and the differing reaction rates of isotopic species. Generally, molecules 

containing the lighter isotope species have the fastest reaction rates and therefore, the, initial 

products will be more enriched in the lighter isotope. If all the seawater sulphate was 

reduced the resulting, sulphides would have an average 8 34S value approximately , equal to 

the ambient seawater sulphate. In VHMS systems, the gap between coeval sulphate and 

sulphide values was thought to be the result of incomplete reduction of seawater sulphate 

(e.g., Ohmoto and Rye, 1979). However, measured H 2S/SO4  in exiting vent fluids is very 

high, suggesting complete reduction (Shanks and Seyfried, 1987). The sulphate-sulphide 

gap in VHMS systems is more likely to be due to the venting fluids containing up to 70- 
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80% rock sulphur (leached from host rocks) and 20-30% reduced seawater sulphate, which 

is completely reduced (Shanks and Seyfried, 1987). 

Magmatic sulphur in hydrothermal fluids could be sourced directly from magmatic 

emanations, or by the leaching of magmatic sulphur from the host rocks (Ohmoto and Rye, 

1979; Solomon et al., 1988). Magmatic sulphur generally has 8 34S values of 0 ± 5 %o in 

intracontinental settings, and 0 ± 4 %o in arc settings (Ueda and Sakai, 1984). Sulphides 

formed from magmatic sulphur will have 8 34S values ranging from —5 to +5 %o, while 

sulphides forming from combined sulphur sources will show a much wider range of values. 

8.9.3 Interpretation of Myra Falls sulphur isotopes 
The light sulphur isotope values of Myra Falls argillite, most likely indicate a sulphur 

source originating from bacterial reduction of seawater sulphate, which would have 8 34S 

values of 20-25 %o in mid-Upper Devonian times (Figure 8.29) (Claypool et al., 1982). The 

presence of organic carbon in the argillite is consistent with a biogenic source of sulphur. 

In comparison, the black chert has 8 34S values intermediate between the argillite and 

sulphides in the Battle orebody, consistent with a mixture of sulphur from different sources. 

Alternatively, light 834S values could be attained by stilphide precipitation under oxidised 

conditions at low H2S/SO4  ratios. However, this is not likely, given the abundant organic 

carbon and lack of oxidised phases in the black cherts. Sinclair (2000) suggested that the 

tight cluster of the Battle orebody 8 34S values indicated a very homogeneous source, which 

could be from 1) inorganic reduction of seawater sulphate; 2) leached magmatic sulphur; or 

3) direct input of magmatic sulphur. However, the source of the sulphur was not 

conclusively identified due to the similar values of inorganically reduced seawater sulphate 

during the mid-Upper Devonian and values of magmatic sulphur. 

The intermediate 834s values in the black chert provide further evidence of a replacement 

origin for the siliceous caprocks above the Battle orebody. The distinct shift to heavier 8 34S 

values in the black chert (-10.9 %o), from the light values in the unaltered Battle basin 

argillite (-19.7 %o), reflects input of hydrothermal sulphur into the sediments during 

alteration. The black chert also contains significant mono-sulphide with heavier 834S 

values (-6.4 %o). The high Pb content of the black chert suggests that the dominant mono-

sulphide phase is most likely galena, which was also observed as overgrowths on pyrite 

framboids in SEM images, and is associated with the hydrothermal alteration. 

As black chert represents a replacement of argillite, initial 8 34S values can be assumed to be 

similar to the Battle basin argillite (-19.7 %o), reflecting bacterial reduction of seawater 
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Figure 8.29: Variation of the isotopic composition of marine sulphate during Phanerozoic 
time with sulphate from the Battle Upper Lens (from Claypool et al., 1980). The sulphate 
data is from Sinclair (2000) and the 370 Ma date for the Myra Formation is from U-Pb 
dating  in  Juras (1987). 
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Figure 8.30: Scatter plot comparing the variations in sulphur concentration and 8 34S in argillite 
samples from the Battle Basin. HW Basin and regional areas  such  as the South Flank, with 
modem Black Sea sulphide. The upper dashed field represents Black Sea sediments overlain by 
an anoxic water column; the lower dashed field represents sediments overlain by an oxygenated 
water column. Black Sea fields from Ohmoto et al. (1990); diagram modified from Ohmoto and 
Goldhaber (1997). 
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sulphate in the seafloor sediments. The hydrothermal fluids have 8 34S values in the range, 

0 to +4 %o, reflecting magmatic sulphur and/or magmatic sulphur leached from the host 

rocks, with some inorganically reduced seawater sulphate. Mass balance calculations 

between the unaltered argillite and the black chert indicate mass gains of 70% Si0 2 (Figure 

8.13). A simple mass balance between hydrothermal 834S values (0 to +4 %o), and 834S 

values in the unaltered argillite (-19.7 %o), results in a shift from —19.7 700, to about —8 to — 

10 %o, for 70-80% mass gain in the black chert. 

The xy scatter plot, Figure 8.30, compares the 834S values with the sulphur content of the 

sediments to indicate the bottom water 02  levels. The two fields illustrate the range of 

sulphur-834S values for modem sediment samples from the Black Sea (Ohmoto et al., 

1990). The lower field indicates sediments, which have formed under an oxygenated water 

column, while the top field shows the field for sediments overlain by an anoxic water 

column. The seawater curve from Claypool et al. (1980) (Figure 8.29) indicates that the 

bulk 834S seawater values for the modern Black Sea and Mid to Upper Devonian seawater may 

have been similar (-20 %o for the modern Black Sea, and —20-25 %o for Devonian 

seawater). For this reason, Myra Falls 834S-sulphur wt.% values in argillite are compared 

to the anoxic and oxic sedimentary facies of the modern Black Sea. Although there are 

only a few Myra Falls sulphur isotope analyses shown, the regional argillite plots well 

within the more oxygenated field, compared to the Battle and HW basin argillites. This is 

consistent with other geochemical paleoenvironmental indicators, such as DOP R , organic 

carbon-sulphur relations and metal ratios, which indicate that the Battle and HW basins 

were euxinic or inhospitable, with slightly more oxidised conditions in the South Flank. 

Sinclair (2000)suggested that the increasing 834S values with stratigraphic height through 

the Battle orebody could reflect either: 1) a gradual increase in the 8 34S values of the 

ambient seawater during the Frasnian Stage (Claypool et al., 1980), (but this is unlikely to 

have occurred in the time frame of ore formation); or 2) an increase in the amount of 

oxygenated seawater mixing with the hydrothermal fluids, which formed the upper lenses; a 

similar effect has been observed at Roseberry (Solomon et al., 1988). The greater amount 

of seawater mixing could be due to the greater porosity of the coarse-grained rhyolitic 

sediments, which form the footwall to the upper ore lenses. A marked change in the ore 

mineralogy also occurs with stratigraphic height. Barite is rare or absent in the main Battle 

lenses, but becomes common in the upper ore zones. The absence of barite in the lower 

lenses is consistent with ore formation in low 07 bottom water conditions, whereas 

ubiquitous barite in the upper lenses could reflect changes in the redox conditions of the 

Battle basin, with more oxygenated seawater mixing with the hydrothermal fluids, and/or 
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changes in the f02  of the hydrothermal fluid. However, Ohmoto and Goldhaber (1997) 

suggest that in an open system, if the ratio of oxidised to reduced sulphur isotope species 

increases (i.e., due to oxidation), the 834S values of the individual fluid species will 

decrease if they remain in equilibrium. 

8.9.4 Comparison with other VHMS systems 
Typical average sulphur isotope values for a large number of Phanerozoic VHMS deposits 

range from —4.8 to +13.6 %o (Huston, 1999), overlapping the range reported for the Battle 

orebody, —7.9 to +4.1 %o (Sinclair, 2000). However, the hydrothermally altered black chert 

has much lighter 8 34S values (-18.4 to —5.4 %o), which fall outside the typical range of 834S 

values for VHMS deposits and reflect a mixture of sulphur sources. Light 8 34S values (-10 

to —20 %o) are recorded at a number of Devonian VHMS deposits, for example, the 

minimum 834S values of sulphides in the Iberian Pyrite Belt, is —20.3 %o, and in the 

Hodgkinson Province is —10.0 %0, (references for each district, in Huston, 1999). These 

light values may partly represent a biogenic contribution from the host sediments. 

8.10 Summary and conclusions 

• Immobile element pairs indicate that the siliceous caprocks above the Battle deposit, 

have a similar sedimentary signature to the adjacent Battle basin argillites. The chert 

most likely formed by silicification of pre-existing argillite, rather than as a primary 

`exhalite', and this is consistent with similar petrological and sedimentological features 

in the chert and argillite. Battle cherts plot in the non-hydrothermal or terrigenous field 

on the Al-Fe-Mn, and Fe/Ti-A1/(Al+Fe+Mn) Bostrom plots, largely due to their very 

low Fe and Mn contents. However, the high metal values of the chert suggest a 

significant hydrothermal component. 

• The siliceous caprocks above the Battle orebody are enriched in metals such as, Zn, Cu, 

Pb, Cd, As, S, U and V. The highest Zn, Cu and Cd levels are in the white-grey chert 

above the Battle orebody, and these metals decrease toward the outer edge of the 

siliceous zone. In the black chert, which forms the outer fringe of siliceous alteration, 

there is a marked increase in Pb, Ag and Sb. 

• Mass balance relationships between the Battle chert and unaltered Battle basin argillite 

indicate that with the addition of silica, most major and trace elements, including 

immobiles, display a net loss from dilution by the mass addition of silica. A mass gain 

of 200% and 70% Si is estimated for the white chert and black chert respectively. 

318 



• REE patterns of argillite and chert are similar across the property, most likely reflecting 

common sediment sources. However, Eu anomalies are only observed in Battle and 

HW basin argillites and chert, which most likely reflects the proximity to hydrothermal 

vents in these areas. This is consistent with the greater degree of metal enrichment in 

argillite from these areas, in comparison with the regional argillite samples. 

• Battle basin argillites are strongly enriched in Zn, Pb, As, Ag, Cu, Cd, Sb, Ba and V, 

whereas, the HW basin argillites are moderately enriched only in Ba, As, Zn, Cu and V. 

South Flank and Thelwood Valley argillites display little or no metal enrichment. 

• In the Battle basin argillite, Zn, Cu, Ag, As, S, Cd, U, Pb, V and Sb, are assigned a 

hydrothermal origin, due to the strong positive interelement correlations and negative 

correlations with detrital elements, such as Ti, Al, Zr, Mg, K, Mn, Ga, Sc, Y, Rb, Fe 

and Ba. Positive correlations of Ba with Al, K, and Rb, and negative correlations with 

S. indicate that Ba resides in white micas, rather than sulphate. 

• HW basin argillite also shows a degree of metal enrichment, with higher Zn, Cu, Ba, V 

and As, than regional argillites. Metals such as Zn, Pb and Cd are assigned a 

hydrothermal origin due to the negative correlation with detrital elements, such as Ti, 

Al, Zr, K, Ga, Sc, Y, Rb, Nb and Ba. 

• Geochemical parameters indicate much lower 0 2  bottom water conditions in the Battle 

and HW basins, compared to argillites from the South Flank area. Battle basin 

argillites contain the highest organic carbon contents, high DOP values (>0.8), high 

metal contents, including Zn, Pb, Cu, Cd, As, Sb, Ag, Ba and V, low Fe and Mn, and 

high metal 'ratios such as V/(V+Ni), >0.8. These geochemical parameters indicate 

strongly reducing conditions with free H2S in a strongly stratified water column. HW 

basin argillites, although not as enriched in metal contents, still have high V/(V+Ni), 

and relatively high DOP values (>0.8) indicating similar bottom water conditions in the 

IlW basin. The lower DOP and V-Ni metal ratios in the South Flank area indicate a 

slightly more oxygenated depositional environment. 

• Sulphur isotope values in argillites from the caprock horizon (300-320m from the 

orebody) are very light, with a range from —35.2 to —10.3 %o, whereas 8 345 values for 

sulphides in black chert (100m from the orebody) range from —18.4 to —5.3 %o. The 

black chert 834S values are intermediate between the unaltered argillite and Battle 

orebody values (-1.1 to +4.1 %o). The light sulphur isotope values in the argillite 

reflect bacterial reduction of seawater sulphate, whereas, the heavier sulphur isotopes 
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of the Battle orebody reflect magmatic sulphur and/or inorganic reduction of seawater 

sulphate. 

• The distinct shift from light 8 34S values in the unaltered argillite, to heavier 834S values 

in the black chert reflect input of hydrothermal sulphur (8 34S = —1.1 to +4 %o) into the 

seafloor sediments during hydrothermal alteration, and provide further evidence for a 

replacement origin for the Battle chert. 
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Chapter 9 • 

Fluid inclusion study of siliceous caprocks 

and Battle and HW orebodies 

9.1 Introduction 
Fluid inclusions are not commonly observed in siliceous caprocks or chert, due to their fine 

grained nature. However, at Myra Falls abundant fine inclusions were observed in spherical 

megaquartz patches in the siliceous caprocks above the Battle orebody. These megaquartz 

patches represent early infilling and replacement of radiolarian tests, prior to compaction. 

Most inclusions in the megaquartz were less than liam in size, but some ranged in size from 

3-10[tm, and were large enough to be studied. Although spherical megaquartz patches after 

radiolarians and/or algal cysts are described in cherts elsewhere (e.g., Adachi et al. 1986; 

Pollack, 1987; Schieber, 1996), fluid inclusions in these megaquartz patches are not 

reported. 

The presence of fine inclusions in spherical megaquartz patches in the chert or siliceous 

caprock above the Battle orebody, provides a unique opportunity to determine the trapping 

temperature and'salinity of the hydrothermal fluids associated with near-seafloor silica 

deposition above the VHMS deposit. Although trace element geochemistry and stable 

isotopes have been used to show genetic links between the massive sulphides and overlying 

caprocks or `exhalites' (e.g., Kalgeropoulous and Scott, 1983, 1989; Liaghat and MacLean, 

1992; Peter and Goodfellow 1996), direct measurement of fluid inclusions have not been 

possible, due to the fine grained nature of these siliceous deposits. 

At Myra Falls, fine euhedral apatite and rutile are also common within the spherical 

megaquartz patches, displaying good open space growth textures. Electron microprobe 

analyses of the euhedral apatite grains indicate elevated sulphur and barium levels, 

suggesting a hydrothermal, rather than diagenetic origin. Geothermal studies suggest that 

apatite and rutile growth is associated with hydrothermal fluids with temperatures of apatite 
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Figure 9.1: a) Spherical megaquartz (mgq) patches  after  radiolarian tests in chert above the 
Battle orebody, XPL (SJ161a, 18-1127, 39m); b) same view but PPL, bedding is defined by 
wispy carbonaceous layers and euhedral apatite (ap) grows within the megaquartz (mgq) 
patches, PPL (SJ161a, 18-1127, 39m); c) spherical megaquartz (mgq) patches randomly 
scattered in the microcrystalline groundmass, XPL (SJ161a, 18-1127, 39m); d) fluid inclusions 
in euhedral apatite (ap), PPL (SJ161a, 18-1127, 39m); e) fluid inclusions in megaquartz, 
interstitial to apatite, PPL (SJ161a, 18-1127, 39m); f-h) fluid inclusions measured in this study, 
from the spherical megaquartz patches in chert above the Battle orebody (SJ161a, 18-1127, 39m 
and SJ152, 18-1126, 61.4m). 
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formation ranging from 90 to 210°C, and rutile formation, greater than 200°C (Reyes, 1990). 

Fluid inclusions in the quartz interstitial to the euhedral rutile and apatite were examined to 

determine the nature of the hydrothermal fluid associated with the early precipitation of 

rutile, quartz and apatite in the semi-consolidated fine-grained sediment's above the Battle 

•ore horizon. 

Fluid inclusions were also examined in quartz interstitial to sphalerite-chalcopyrite-galena 

ore in samples from various levels in the Battle orebody, and compared-with data from the 

overlying caprocks. Inclusion data was also collected from various levels in the HW 

orebody forcomparison with the Battle orebody data, and previous data published by 

Barrett and Sherlock (1996). Crosscutting quartz veins, probably associated with a later 

metamorphic event, contain variable carbonate, chlorite, chalcopyrite and tetrahedrite'. Fluid 

inclusions in these veins were examined to determine whether they could be distinguished 

from inclusions in quartz interstitial to ore and in the siliceous caprocks. 

The aims of this chapter are to: 

1) Describe the fluid inclusions in the siliceous caprocks and compare with inclusion data 

from the underlying ore lenses; 

2) Describe the fluid inclusion data from the HW orebody and compare with previously 

collected data from this orebody (Barrett and Sherlock, 1996), and fluid inclusion data 

from the Battle orebody; 

3) Describe fluid inclusions in quartz in crosscutting metamorphic veins and determine 

, whether they can be distinguished from primary fluid inclusions; and, 

4) Compare fluid inclusion data from Myra Falls with other VHMS systems and active 

seafloor vent fluids. 

9.2 Methods 
Thirteen doubly polished thin sections (100 gm thick) were made from drillhole and 

underground samples. These were collected from various positions in the massive sulphide 

orebodies, the overlying caprocks, and late crosscutting quartz-chlorite-carbonate-

chalcopyrite-tetrahedrite veins and patches. All inclusions studied (about 350) were in 

quartz: 

Microthermometfic analysis was carried out on a Linkam MDS-600 heating freezing stage 

at CODES, University of Tasmania. The data reported here was reproducible to ± 2.0°C for 

heating and ± 0.3°C for freezing runs. 
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Figure 9.2: a) Interstitial quartz with sphalerite-chalcopyrite-galena-pyrite ore in the Battle 
orebody, PPL (18-979. 93.1m); b) close-up of same quartz patch with secondary inclusions 
defining deformation planes in the quartz, PPL (18-979. 93.1m); c) interstitial quartz with 
fme inclusions in sphalerite-chalcopyrite ore in the Battle orebody, PPL (18-979. 93.1m); 
d) interstitial quartz in sphalerite-chalcopyrite ore with fine ore inclusions, PPL (SJ639, drive 
S335C, HW mine); e-h) typical inclusions measured  in  interstitial quartz to ore from samples 
18-979, 93.1m, SJ152, 18-1126, 61.4m, Battle mine  and  SJ85, 23 Shop, HW mine. 
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9.3 Fluid inclusion characteristics 
Primary fluid inclusions were examined in quartz interstitial to euhedral apatite and rutile in 

spherical megaquartz patches in chert immediately above the Battle orebody (Figure 9.1a-c). 

The fluid inclusions were generally irregularly shaped and occurred in clusters, with 

individual inclusions, ranging from 3-8gm (Figure 9.1d-h). Fine inclusions were also 

observed in apatite, but as they were generally less than 1-2 gm, measurements were not 

possible. 

Abundant inclusions were also examined in quartz, interstitial to sphalerite-chalcopyrite-

galena ore in samples from the Battle and HW mines (Figure 9.2a-h). Inclusions in samples 

from different areas of the orebodies were examined, and compared with inclusions in late 

crosscutting quartz-chlorite-carbonate±chalcopyrite±tetrahedrite veins and patches (Figure 

9.3a-c and 9.4a-f). 

Primary, pseudosecondary and secondary inclusions were recognised in all types of quartz 

and were distinguished by the criteria summarised by Roedder (1984). Generally, the 

inclusions used in this study were of either primary or pseudosecondary origin, although in 

many cases it was difficult to distinguish the different types. Fluid inclusions that were 

most easily verified as primary, occupied quartz containing fine inclusions of the 

surrounding ore minerals (Figure 9.2d). However, secondary inclusions were common 

throughout, and often defined healed fracture planes developed during deformation events, 

especially during the D I  folding event (eg. Figure 9.2a-b and 9.4c). Care was taken to 

identify and,avoid these secondary inclusions. 

Fluid inclusions observed in this study were liquid-vapour type-2a (liquid > vapour) and 

usually Contained about 80% liquid and 20% vapour. Barrett and Sherlock (1996) 

recognised CO 2  and CH4  gas rich inclusions in ore samples from the HW orebody, but these 

inclusion types were not observed in this study. Daughter minerals were not seen in any 

inclusions. 

9.4 Results 
A broad range of homogenisation temperatures and melting temperatures were observed in 

fluid inclusions from Myra Falls, and the full results are listed in Appendix 7. 
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a 

Figure 9.3: a) Crosscutting 
quartz-chalcopyrite-carbonate 
vein at the upper contact of 
the massive sulphides and the 
overlying coarse-grained 
rhyolitic volcaniclastic 
unit (43 Block area, HW mine); 
b)  crosscutting quartz-
carbonate-chlorite-chalcopyrite 
vein in banded ore in the HW 
mine (23 level); c) crosscutting 
quartz-chlorite-carbonate-
tetrahedrite veins in the HW 
mine (drive B390). 
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Figure 9.4: a) Crosscutting quartz-carbonate-pyrite vein in the contact zone between 
sphalerite-chalcopyrite ore and the overlying chert, PPL, SJ513, drive ST183A, Battle 
mine; b) fluid inclusions from the previous quartz vein in previous photomicrograph, 
PPL (SJ513, drive ST183A, Battle mine); c) secondary fluid inclusions in a late quartz 
vein crosscutting chalcopyrite-rich ore in drive N357RP, HW mine, PPL; d-e) typical 
inclusions measured in late quartz veins from sample SJ513, drive ST183A, Battle mine 
and F20, N357RP, HW mine. 
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9.4.1 Temperature of homogenisation (Th) 

Siliceous caprocks above Battle orebody 

The results from heating experiments indicate that hydrothermal solutions ranged from 102 

to 250° C, in fluid inclusions from quartz in the siliceous caprocks above the Battle orebody. 

Homogenisation temperatures are shown in Figure 9.5a. 

Battle orebody 

Hydrothermal solutions ranged from 100-215° C in fluid inclusions from quartz interstitial 

to sulphides in the main lens of the Battle orebody (Figure 9.5b-c). Homogenisation 

temperatures measured in quartz in the Upper Zone massive sulphide lenses also display a 

similar range, from 101 to 210° C, and are shown in Figure 9.5d. 

There appears to be a slight shift in homogenisation temperatures with increasing depth in 

the main Battle ore lens. Fluid inclusions from samples at the upper ore contact display 

slightly lower homogenisation temperatures than the majority of inclusions from samples in 

the middle of the main Battle ore lens. However, in general, homogenisation temperatures 

from inclusions in quartz from the Battle orebody, are very similar to those measured in the 

overlying siliceous caprocks, indicating that the temperature of the hydrothermal fluids in 

the Battle orebody was similar to hydrothermal fluids flowing through the overlying 

caprocks. 

Inclusions in crosscutting quartz-carbonate-chlorite-chalcopyrite veins and patches display a 

wide 'range of homogenisation temperatures, 95 to 175°C, but in general, appear to be 

slightly lower than the majority of primary inclusions in quartz interstitial to ore and in.the 

siliceous caprocks (Figure 9:5e). 

HW orebody 

Homogenisation temperatures in quartz interstitial to ore in the HW mine range from 120 to 

215°C (Figure 9.6a-c), and are similar to Th measurements (145 to 210°C) recorded by 

Barrett and Sherlock (1996). This range of Th data is similar to Th data from the Battle 

orebody, and the HW orebody also displays a slight increase in Th with depth in the 

orebody, similar to the Battle deposit. In the HW mine, the majority of inclusions are less 

than 180°C at the upper ore contact, and greater than 160-180°C in samples from the basal 

part of the orebody and the stockwork feeder zone (stockwork samples from Barrett and 

Sherlock, 1996). 
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Inclusions in quartz interstitial to sph-ccp-gn-py ore 
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Figure 9.5: Histograms of fluid inclusions from selected samples from various locations  in  the Battle 
mine: a) inclusions in spherical megaquartz patches, after radiolarian tests (samples:  SJ161a,  18-1127, 
39.5m; SJ152, 18-1126, 61.4m); b) inclusions in quartz interstitial to sphalerite-chalcopyrite-galena ore 
at upper ore contact with chert (sample: Si 160, 18-1127, 39m); c) inclusions from  quartz  interstitial  to 
sphalerite-chalcopyrite-galena ore in the middle of the main ore lens (samples:  F18, 18-979,  93.1m; 
F22, 18-1006, 101.7m); d) inclusions in quartz interstitial to barite-rich ore  in  the  Upper  Zone,  Battle 
Mine (sample F16, section 1420E, drillhole 18-975, 77.5m); e) inclusions  in  late  crosscutting  quartz 
veins with variable carbonate, chlorite, chalcopyrite and tetrahedrite (samples F15,  18-1001  93.4m; 
SJ513, drive ST183A). Mineral abbreviations: car = carbonate; tet = tetrahedrite; q =  quartz; 
chl = chlorite; ccp = chalcopyrite; gn = galena; sph = sphalerite. 
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Fluid inclusions in crosscutting quartz-carbonate-chlorite-chalcopyrite veins and patches 

display a wide range of homogenisation temperatures, 95 to 195°C, but overall, appear to be 

slightly lower than the majority of primary inclusions in quartz interstitial to ore (Figure 

9.6d). 

9.4.2 Temperature of melting (Tm) and salinity 
Successful freezing runs were performed on over 350 inclusions and yielded melting 

temperatures (Tm), ranging from +2.3 to -8.6°C. Salinity determinations based on Tm, 

indicate that the quartz hosted inclusion fluids are dilute to saline, ranging from 0 to 12.4 eq. 

wt % NaCI. However, salinity estimates determined from Tm in relatively dilute fluids, can 

be significantly in error (up to —1.5°C) when CO 2  or other volatiles are present (Hedenquist 

and Henley, 1985). Preferential loss of CO 2  to the gas phase on effervescence can result in 

an increase in the ice melting temperature for the residual liquid and therefore give an 

apparent salinity decrease. Therefore, the salinities described above represent maximum 

values and could be up to 2.5 eq. wt % NaCI lower (-1.5°C = 2.5 eq. wt % NaC1). However, 

as gas hydrates were not observed in any freezing runs, the gas content in the inclusion 

fluids must be less than 4 wt.% CO2  (Hedenquist and Henley, 1985). No clathrates (Collins, 

1979) were observed in any freezing runs. 

Siliceous caprocks above the Battle orebody 

The majority of inclusions from the siliceous caprocks have salinities ranging from 2.5 to 

12.1 eq. wt % NaCl, with most greater than 4 eq. wt % NaCI (Figure 9.7a). A few 

inclusions display low salinities (<2 eq. wt % NaCl) and generally have lower 

homogenisation temperatures than the more saline inclusions. These lower salinity 

inclusions most likely represent secondary inclusions. 

Battle orebody 

Salinities, based on Tm, for inclusions throughout the Battle orebody are shown in Figure 

9.7b-c, and range from 0 to 12.4 eq. wt % NaCI. Salinities for inclusions in quartz from the 

Upper Zone sulphides also display a similar range, from 0 to 9.6 eq. wt % NaC1 (Figure 

9.7d). Fluid inclusions with very low salinities, less than 2-3 eq. wt % NaCl, are similar to 

the lower salinities measured in the crosscutting quartz veins (Figure 9.7e) and most likely 

represent secondary inclusions. 

There appears to be a slight increase in salinity with depth in the Battle orebody, with the 

majority of inclusions from the upper ore contact ranging from 3 to 9 eq. wt % NaCI; 

whereas, inclusions from the middle of the ore lens have salinities ranging from 2.5 to 12.4 
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Inclusions in py-ccp rich ore within the main 
HW ore lens, and in footwall stockwork veins 
(data from Barrett & Sherlock, 1996) 
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Figure 9.6: Histograms illustrating the variation in homogenization temperatures of inclusions from 
different areas of the HW orebody: a) data from inclusions in quartz interstitial to chalcopyrite-pyrite 
ore at the upper ore contact (samples: SJ638, drive S335C; SJ80, 23-488, 1.2m; SJ85, 23-488, 14.3m); 
6) inclusions in pyrite-chalcopyrite ore in basal zone of the main ore lens (sample F20, drive N357RP); 
c) inclusions in pyrite-chalcopyrite ore at base of the main ore lens and in footwall stockwork veins 
(data from Barrett and Sherlock, 1996); d) inclusions in crosscutting quartz-carbonate-chlorite-
chalcopyrite veins (sample: F20, N357RP; data from Barrett and Sherlock, 1996). Mineral 
abbreviations: car = carbonate; tet = tetrahedrite; q = quartz; chl = chlorite; ccp = chalcopyrite; 
gn = galena; sph = sphalerite. 
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Figure 9.7: Histograms illustrating the variation in salinity of fluid inclusions from selected samples 
from various locations in the Battle mine: a) inclusions in spherical megaquartz patches, after 
radiolarian tests (samples: SJ161a, 18-1127, 39.5m; SJ152, 18-1126, 61.4m); b) inclusions in quartz 
interstitial to sphalerite-chalcopyrite-galena ore at upper ore contact with chert (sample: SJ160, 18-1127. 
39m); c) inclusions from quartz interstitial to sphalerite-chalcopyrite-galena ore in the middle of the 
main ore lens (samples: F18, 18-979, 93.1m; F22, 18-1006, 101.7m); d) inclusions in quartz interstitial 
to barite-sphalerite ore in upper lens, Battle mine, (sample: F16, 18-975, 77.5m); e) inclusions in late 
crosscutting quartz veins with variable carbonate, chlorite, chalcopyrite and tetrahedrite (samples F15, 
18-1003, 93.4m; SJ513, drive ST183A). Mineral abbreviations: car = carbonate; tet = tetrahedrite; 
q = quartz; chi = chlorite; ccp = chalcopyrite; gn = galena; sph = sphalerite. 
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Figure 9.8: Histograms illustrating the variation in salinity of inclusions from different areas 
of the HW orebody: a) data from inclusions in quartz interstitial to chalcopyrite-pyrite ore at 
the upper ore contact (samples: SJ638, drive S335C: SJ80, 23-488, 1.2m; SJ85, 23-488.' 
14.3m); b) inclusions in pyrite-chalcopyrite ore in basal zone of the main ore lens (sample 
F20, drive N357RP); c) inclusions in pyrite-chalcopyrite ore at base of the main ore lens and 
in footwall stockwork veins (data from Barrett and Sherlock, 1996); d) inclusions in crosscutting 
quartz-carbonate-chlorite-chalcopyrite veins (sample: F20, N357RP; data from Barrett and 
Sherlock, 1996). Mineral abbreviations: car = carbonate; tet = tetrahedrite; q = quartz; 
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Figure 9.9: Th-salinity diagrams illustrating the variation in fluid inclusions from 
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eq. wt % NaCI. The range of salinities observed in the Battle orebody, is very similar to 

those measured in the overlying siliceous caprocks. 

HW orebody 

The range of salinities, based on Tm, for inclusions from quartz interstitial to massive 

sulphides in the HW orebody are shown in Figure 9.8. The majority of inclusions have 

salinities greater than 2 eq. wt % NaC1, and range from 2 to 8.8 eq. wt % NaCl. Salinities 

measured in samples from the upper ore contact appear to be slightly lower than the 

inclusion data from the middle and base of the orebody. At the upper ore contact salinities 

range from 2 to 7 wt.% equiv., whereas, the samples from greater depths in the orebody 

display a range from 4-9 eq. wt % NaCI. The very low salinity inclusions (<2 eq. wt % 

NaC1) most likely represent secondary inclusions. 

Salinites measured in inclusions from crosscutting quartz veins are generally lower than 5 

wt.% NaCl equiv, with most less than 2 wt.% NaC1 (Figure 9.8d). These values are similar 

to those recorded by Barrett and Sherlock (1996), shown in Figure 9.8d. 

Salinity and homogenisation temperature data for the siliceous caprocks, and the Battle and 

HW orebodies are shown in Figure 9.9. These plots illustrate the similar homogenisation 

temperatures of inclusions in the two orebodies. Inclusions in the siliceous caprocks and the 

Battle orebody display a broader range of salinities than the HW orebody. The plots also 

show the slight shift to lower salinities and homogenisation temperatures in samples at the 

upper ore contact. Fluid inclusion data from the crosscutting quartz veins form broad fields 

in both plots, but generally display lower salinities than the majority of fluid inclusions in 

the caprocks and ore, with the exception of probable secondary inclusions in these samples. 

9.4.3 Fluid densities 
The density of hydrothermal fluids can be estimated from the homogenisation temperatures 

and salinities of fluid inclusions,(Roedder and Bodnar, 1980; Brown, 19 . 89). Figure 9.10a 

shows the total Battle and HW orebody inclusion data, with density contours in g/cm 3 . A 

wide range of fluid densities is indicated by the inclusion data, ranging from 0.88 to 1.04 

g/cm3 . The highest density fluids occur in quartz interstitial to sulphides in the Battle 

orebody. Inclusion fluids in the overlying siliceous caprocks have a similar density to the 

majority of inclusions from the Battle orebody and are generally <1.0 g/cm 3 . The lowest 

density inclusion fluids occur in quartz interstitial to sulphides in the stockwork zone of the 

HW orebody, 0.81g/cm 3 . The effect of changing densities on the behaviour of the 

hydrothermal fluids is discussed in section 9.6.4. 
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Figure 9.10: Temperature-salinity plot showing densities (g/cm 3 ) of vapour-saturated NaCl-F1 20 
solutions (modified from Wilkinson, 2001). 

A comparison of fluid densities from inclusions in the caprocks and massive sulphides at 

Myra Falls with other VHMS deposits, including recent seafloor deposits, is shown in 

Figure 9.11. In general, inclusion data from Myra  Falls,  particularly from the Battle deposit 

and the overlying siliceous caprocks, appear to be more dense than many other VHMS 

deposits and are most similar to the range of fluid densities displayed by the Silvermines 

and Sullivan Pb-Zn deposits. Fluid densities of inclusion data from Myra Falls are close to 

the density of ambient bottom water at 2000m depth  and  2° C, which is 1.03 g/cm 3  (Scott, 

1997). The low density contrast of the hydrothermal  fluids  and the ambient bottom water 

will  affect the behaviour of the hydrothermal fluid  and  is discussed in Section 10.3.9. 

9.4.4 Eutectic temperature (Te) 
The composition of the fluids can be estimated from  the  eutectic temperature (Te), or 

temperature of first melt. However, eutectic temperatures were only clearly observed in a 

few inclusions, due to their small size. The eutectic temperatures observed, ranged from 

—21 to —24°C. This is slightly lower than those observed by Barrett and Sherlock (1996), 

who measured eutectic temperatures ranging from  —21.3  to —38.9°C (average —34.3°C). The 

results from this study suggest that the first melting temperature approximates the eutectic 

temperature of the salt-water system and is consistent  with  melting of salt hydrates in the 

H2O-NaC1 system (Davis et al., 1990). 

336 



2
°C

 2
0
0
 ba

rs
  

Lower Brine I 

Myra Falls 
VHMS 
camp 

Density (g/cm 3 ) 

0.6 	0.7 	0.8 	0.9 	1.0 	1.1 	1.2 
1 	I 	I 	I 	I' 	I 	f 

Siliceous caprocks 
Battle orebody 
HW orebody 

Millenbach steelwork I 

Mattagami Lake 
Kuroko 

Corbet 

Silvermines ■1111 
Sullivan MN 

Massive 
sulphide 
deposits 

vein • 

Windy Craggy 

Agrokipia steelwork 
Limni steelwork MO 

Alestos stockwork 

massive sulphide I 
stockwo rk 

as 
11 0N1 EPR as 

S. Juan de Fuca • 	 a) 
cn 

TAG NMI 

Guayrnas Basin II 
Escanaba Trough 

Atlantis ll Deep 

Atlantis II Deep F.I. 

Axial: ASHES II 
Axial: CASM 

Valu Fa 

Jade I 
Mariana Trouli 

Galapagos • 
(end member) 

Franklin Smt • 
Red Volcano II? 

Loihi I 

Kasuga 2 Smt. 

Mathematician Ridge 
Kane Fracture Zone MN 

Kane Fracture Zone 

1 	I 	I 	I 	I  
0.6 	0.7 	0.8 	0.9 	1.0 

Density (g/cm3 ) 

Lii 
Troodos 
ophiolite 

Semail 
ophiolite 

Sediment-
starved 
ocean-ridge 

Sedimented 
ocean ridge 

Seamount 

Back arc 

Fe-Si-Mn 
deposits 

Ocean ridge 

Figure 9.11: Densities of ancient and modern hydrothermal fluids, relative to seawater at 2°C and 
2000m water depth (200 bars Pf), modified from Scott (1997). Density estimates from fluid inclusion 
data from Myra Falls are also included. 

9.5 Metamorphic effects 
The sequence at Myra Falls has been affected by lower to mid greenschist facies 

metamorphism and multiple deformation episodes. Ore textures have been described in 

detail by Sinclair (2000), and display evidence of widespread recrystallization. However, 

many primary textures are still preserved including features such as, pyrite framboids, early 
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open-space filling by euhedral apatite and rutile in spherical megaquartz patches in chert 

(Figure 9.1a-c), and fine intergrowths of galena and pyrite (e.g., Figure 6.20e). The 

abundant crosscutting quartz-carbonate-chlorite±chalcopyrite±tetrahedrite veins are most 

likely related to the metamorphic event. The lower salinities and low to moderate 

homogenisation temperatures of fluid inclusions from these veins makes them clearly 

distinguishable from primary fluid inclusions in quartz interstitial to ore. This suggests that 

the primary inclusions in quartz interstitial to ore and in the siliceous caprocks, represent 

trapped fluids related to ore formation and do not reflect the late metamorphic event. 

Primary fluid inclusions have been recognised in other deformed VHMS deposits such as 

the Raul Mine, in Peru. Ripley and Ohmoto (1977) recorded homogenisation temperatures 

of 350±10°C in many primary inclusions, even though the host rocks had been 

metamorphosed to upper greenschist-lower amphibolite facies, with temperatures up to 400- 

500°C. Khin Zaw and Large (1992) recognized two major fluid systems in a fluid inclusion 

study of the South Hercules deposit in Western Tasmania. The first fluid type was 

associated with the Cambrian ore formation event, and was composed of low salinity, low 

temperature fluids (Th 125-210°C, <4.2 eq. wt % NaC1). The second fluid type, observed in 

inclusions in crosscutting veins, was associated with Devonian metamorphic fluids and/or 

granite related fluids. This fluid type had more variable temperatures, higher salinity and 

contained CO, (Th 125-300°C, up to 15 eq. wt % NaC1). 

9.6 Discussion 

9.6.1 Caprock fluid inclusions 
The presence of fine inclusions in spherical megaquartz patches in the chert or siliceous 

caprocks above the Battle orebody, provides a unique opportunity to determine the trapping 

temperature and salinity of the hydrothermal fluids associated with near-seafloor silica 

deposition above a VHMS deposit. However, as the megaquartz patches represent early 

infilling of primary pore space, predating the main silicification event, they only provide an 

approximate guide to temperature and salinities of silica-bearing fluids associated with the 

formation of the siliceous caprocks. 

Fluid inclusions in the caprocks at Myra Falls range from 2.1 to 12.1 eq. wt % NaC1, with 

Th ranging from 100 to 250°C. The salinities and Th values are very similar to those 

measured in quartz interstitial to sulphides near the top of the Battle orebody (2 to 12.4 eq. 

wf % NaCl, Th 100 to 215°C). The similar salinity and Th values indicate that the caprock 

silica and sulphides in the upper part of the Battle orebody were deposited from 

hydrothermal fluids with similar properties. 
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Caprock fluid inclusion data plots together with data from the Battle and HW orebodies on a 

Th-salinity plot (Figure 9.12) and lies in the Kuroko field, illustrating the similarity between 

these deposits. Fluid inclusion studies of the Kuroko deposits indicate that aqueous, two-

phase liquid-vapour inclusions with relatively low to moderate salinities, 1-8.4 eq. wt % 

NaC1, and low to moderate homogenisation temperatures, 80-340°C are dominant (Pisutha-

Amond and Ohmoto, 1983; Bryndzia et al., 1983; Foley, 1986). Fluid inclusion data from 

Myra Falls shows a slightly wider range of salinities and generally lower homogenisation 

temperatures than the Kuroko deposits. The relatively low temperatures may indicate 

significant mixing with seawater and/or conductive cooling of the hydrothermal fluids in the 

near seafloor environment. 

Table 9.1 provides a more detailed comparison between Myra Falls inclusion data 

(including the caprock inclusions) and other VHMS deposits and active seafloor 

hydrothermal fields. Th and salinity data from Myra Falls is most similar to the Eskay 

Creek deposit, which has Th ranging from 82 to 179°C, and salinity from 2.9 to 10.5 eq. wt 

% NaC1 (Sherlock et al. 1999). Most other VHMS deposits and active seafloor 

hydrothermal fields appear to have formed from higher temperature fluids. 

9.6.2 Salinity 
Salinity measurements in the siliceous caprocks (2 to 12.1 eq. wt % NaC1) and in quartz 

interstitial to massive sulphides in the Battle and HW orebodies (2 to 12.4 eq. wt % NaC1) 

are generally much higher than normal seawater, which is thought to be approximately 3.0 

eq. wt % NaC1, with a Tm of about —1.8°C (Roedder, 1984). 

Salinities, both above and below normal seawater, have been reported from other VHMS 

deposits. For example, 3.1 to 21 eq. wt .% NaCI in quartz from the Hellyer deposit, western 

Tasmania (Khin Zaw, 1996; Solomon et al. in press); 2 to 15 eq. wt NaC1 in quartz in the 

active Jade hydrothermal field, Central Okinawa Trough, Japan (Petersen et al. 2001); 3 to 9 

eq. wt % NaC1 in the ophiolite-hosted copper deposit in Guatemala (Wilson and Petersen, 

1989); up to 45 eq. wt % NaCl in vein quartz on Mathematician Ridge on the Mid Atlantic 

Ridge (Vanko, 1988); and 3.8 to 4.1 eq. wt % NaC1 in active seafloor vent fluids in the 

Guaymas Basin (Peter and Scott, 1988). Further examples are listed in Table 9.1. 

Large salinity variations in active seafloor vent fluids have been used as evidence for two-

phase separation at depth. For example, the Mid Atlantic Ridge (Vanko et al. 1992); 

Mathematician Ridge, EPR, (Stakes and Vanko, 1986; Bischoff and Rosenbauer, 1987); 
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TAG hdyrothermal field, Mid-Atlantic Ridge (Petersen et al. 2000); and the Jade 

hydrothermal field in the Central Okinawa Trough, Japan (Lueders et al. 2001). 

Boiling in geothermal systems is recognised as an effective process for increasing the 

salinity of the hydrothermal fluids, by producing residual, more saline liquids (e.g., Cathles, 

1993). Boiling is also an important process for metal deposition, such as in epithermal vein 

systems (e.g., Buchanan, 1981; Seward, 1989). Evidence for boiling is provided by 

mineralogical textures, such as bladed calcite (e.g., Simmons and Christenson, 1994) and 

the presence of coexisting vapour-rich and liquid-rich inclusions in the same healed fracture. 

However, these textures are not common in VHMS deposits, but two-phase separation is 

still inferred in seafloor geothermal systems where hydrothermal fluid temperatures are 

above the critical point of water, in water depths between 1-3km (Bischoff and Rosenbauer, 

1987). At depths of 2500-3000 m, the two-phase boundary of water is between 385-405°C 

(Herzig and Hannington, 2000). Lueders et al. (2001) suggest that the wide range of 

salinities measured in the Jade hydrothermal system is the result of two-phase separation at 

depth. The resultant brine favoured the transportation of other metals besides Pb, Zn, Fe 

and Cu, and lead to a complex tetrahedrite/tennantite and enargite-bearing sulfide orebody 

in the stockwork region. They also show that the fluid inclusions in the enargite have 

salinities more than three times higher than seawater. 

Wilkinson (2001) lists a number of processes, excluding boiling, which could also affect the 

salinity of a hydrothermal fluid and these include, 1) mixing of seawater with more saline 

liquids; 2) water loss/gain during rock hydration/dehydration reactions; and 3) buffering by 

a soluble Cl-bearing phase. The effects of these different processes on the salinity of the 

fluid are summarised in Figure 9.13. Cathles (1993) also suggests that narrow upflow zones 

in a hydrothermal system could make the physical system vulnerable to rapid chemical 

changes, especially fluctuations of discharge salinity, which could vary from 0.5 to 2x 

seawater salinity. 

No direct evidence of boiling was found at Myra Falls (co-existing pairs of vapour-rich and 

liquid-rich inclusions were not observed). However, the very wide range of salinities and 

the lack of a local brine source (e.g., evaporites), indicates that two-phase separation may 

have occurred at depth, resulting in a more saline fluid. However, the higher salinities could 

also reflect input of magmatic fluids. 

The slight increase in homogenisation temperatures and salinity with depth in the Battle and 

HW orebodies is similar to temperature shifts in inclusion data from the Kuroko deposits 

(Roedder, 1984). At Kuroko, in deposits such as the Fukazawa mine, Th and salinity values 
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Figure 9.12: Homogenisation temperature-salinity diagram illustrating the typical 
ranges for inclusions from different deposit types (modified from Wilkinson, 2001). 
Note that the HW and Battle mine data fall into the Kuroko field, although with 
slightly higher salinities in several samples from the Battle mine. 

DEPOSIT TYPE Th (°C) Tm (0C) REFERENCE 

Myra Falls (Canada) 
Siliceous caprocks 102-250 -1.0 to -8.1 
Battle orebody felsic vole. 100-215 -1.0 to -8.4 This study 
HW orebody 

Eskay Creek (Canada) 
felsic vole. 
mudstone-hosted 

120-215 

82-179 

-0.9 to -5.7 

-1.7 to -7.0 Sherlock et al. 1999 

Spooner and Bray, 1977; 
Cyprus ophiolite 288-380 -1.4 to -2.8 Spooner 1981 

Uwamuki 2 (Japan) Kuroko 243-347 -2.3 to -4.2 Bryndzia et al. 1983 

Pisutha-Amoud and 
Kuroko District (Japan) Kuroko 200-330 -2.1 to -3.7 Ohmoto, 1983 

Hellyer (Tasmania) felsic volc. 170-322 -1.8 to -17.7 Khin Zaw et al, 1996; 
Solomon et al. in press 

Oxec (Guatemala) ophiolite 250-357 -1.8 to -5.8 Wilson and Petersen, 1989 

MODERN SEAFLOOR DEPOSITS 

East Pacific Rise (140b1) ophiolite 160-350 -2.4 ay. Vanko et al. 1991 

Mid Atlantic Ridge young vole. 
seamount 290-362 -43.0 max. Vanko et al. 1992 

Lau Back Arc felsic-rpafic 
volcamcs 225-280 -2.5 to -4.0 Herzig et al. 1993 

(SW Pacific) 

Jade hydrothermal 
field 

Kuroko-type 270-360 -1.1 to -11 Lueders et al. 2001 

TAG hydrothermal 
field 

felsic-mafic 
volcanics 

191-364 -1.1 to -3.8 Petersen et al. 2000 

SEAWATER -1.7 to -2.2 Barrett and Sherlock, 1996 

Table 9.1: Comparison of fluid inclusion data from Myra Falls VHMS camp and other VHMS 
deposits and active seafloor hydrothermal fields. 
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tend to be higher in the basal stockwork zones, and decrease slightly in the upper parts of 

the ore system (e.g., Bryndzia et al. 1983). Similar increases in homogenisation 

temperatures with increasing depth are also reported from the TAG mound (Petersen et al. 

2000). The spatial variation in salinity and temperature with depth in the Battle and HW 

orebodies, could in part reflect the overprinting of earlier high temperature stages by cooler 

fluids as the hydrothermal system waned; or varying degrees of fluid mixing. The lower 

salinity-lower temperature zones may have had a greater component of cooler, more dilute 

seawater than the higher salinity-temperature zones in the middle of the ore lens. 

9.6.3 Water depth estimates 
Haas (1971) suggested that water depths, greater than 1000-1500m, are needed to prevent 

subseafloor boiling. A number of studies have used the lack of evidence of boiling to 

estimate the depth of the water above the deposits during ore formation, and estimates range 

from 50 to 1500m water depth, e.g., Marutani and Takenouchi (1978); Yoshida (1979) and 

Pisuth-Amond and Ohmoto (1980). Figure 9.14 shows the boiling point curves for H 20 

liquid (0 wt. %) and for brine of constant composition, given in wt. % NaCl. The 

temperature at 0 metres for each curve is the boiling point for the liquid at 1.013 bars (latm) 

load pressure which is equivalent to the atmospheric pressure at sea level (Haas, 1971). 

At Myra Falls, based on the boiling point curves, fluids with an average temperature'of 

200°C, and salinity of 5-10 eq. wt % NaC1, imply minimum water depths greater than 180- 

200m. This is consistent with sedimentological evidence, such as the fine parallel 

laminations and interbedded turbidites in argillite and chert overlying the deposits, which 

suggest water depths at least greater than storm-wave base, which is estimated to be about 

100m depth (Jones and Desrochers, 1992). 

9.6.4 Fluid source 
There is still debate on the source of ore fluids in VHMS systems, and the most common 

models presented are a magmatic origin vs recycled seawater origin, or a combination of 

both. These models present two alternative sources for the metals in VHMS systems, 1) 

metals leached from footwall volcanics and basement rocks by the convective circulation of 

heated seawater above a magmatic intrusion (e.g., Ohmoto and Rye, 1974; Solomon, 1976; 

Gemmell and Large, 1992, 1993), and 2) direct input of a magmatic volatile phase from the 

magma chamber (e.g., Henley and Thomley, 1979; Stanton, 1990). The source of the ore 

fluids has not been conclusively determined by either isotopic and geochemical studies as 

both have been presented to support the alternate models (e.g., Gulson and Porritt, 1987; 

Stanton, 1990). 
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Figure 9.13: Schematic diagram showing typical trends in Th-salinity space 
due to various fluid evolution processes (from Wilkinson, 2001). 

Figure 9.14: Boiling point curves for 1-120 liquid (0 wt %) and for brine of constant 
composition given in eq. wt % NaCI. The insert gives a detailed view of the relations between 
100-150°C. The temperature at 0 metres for each curve is the boiling point for the liquid at 
1.013 bars (1 atm) pressure, which is equivalent to atmospheric pressure at sea level 
(from Haas, 1971). 
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The origin of hydrothermal fluids is best determined by direct measurement of active 

venting fluids and comparison with present-day seawater (e.g., Hannington and Scott, 1988; 

Von Damm, 1990). Hydrothermal fluids differ markedly from seawater, often being 

depleted in Mg and enriched in K and Ca, relative to present-day seawater (Khin Zaw et al. 

1996). These differences, in combination with the higher salinities of the ore fluids, suggest 

that the hydrothermal fluids are not just seawater. Instead, they most likely represent 

recycled seawater, modified by leaching of elements from the volcanic pile and underlying 

basement rocks (Khin Zaw et al. 1996). 

There is also evidence for the direct input of magmatic fluid and gas contributions to. 

seafloor hydrothermal systems in back-arc vent fluids and precipitates (Gamo et al. 1997; 

Herzig et al. 1998). However, most magmatic components are difficult to identify as they 

are usually masked by the large amount of seawater in the circulation systems (Herzig and 

Hannington, 2000). Stuart et al. (1995) found that vent fluids are highly enriched in Ch 4 and 

3He over seawater, and that the 3He/4He ratios (7-9) are more typical of mantle values. 

These ratios indicate that the 3He originates from MORB magma which is degassing into the 

hydrothermal system (Baker and Lupton, 1990). A magmatic component is important as 

magmatic fluids and gases can be responsible for a significant input of metals into the 

hydrothermal system, as they are known to be highly concentrated (Herzig and Hannington, 

2000). At the Hellyer deposit in Tasmania, Solomon et al. (in press) suggest the circulation 

of modified seawater, together with the presence of an additional fluid, of probable 

magmatic origin, could account for the very high salinities of some inclusion fluids and their 

porphyry copper-like K/Na and K/Ca compositions. Varying degrees of mixing are thought 

to have occurred between the fluids to account for the range in salinities and element 

compositions. 

At Myra Falls the hydrothermal fluids may have a magmatic component, to account for the 

relatively high salinities. However, the wide range of salinities could also be the result of 

two-phase separation at depth and subsequent mixing between the fluids. 

9.7 Summary and conclusions 

• Fluid inclusions ranging from 3 to 10 I..tm are measured in spherical megaquartz patches 

in chert above the Battle orebody. The megaquartz patches most likely represent an 

early infill and replacement of radiolarian tests, prior to compaction; 

• Primary fluid inclusions in the spherical megaquartz patches in the chert have 

homogenisation temperatures (Th) ranging from 135 to 250°C, and salinities based on 
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melting temperatures (Tm) from 3 to 12.1 eq. wt % NaCl. These values are very similar 

to salinities and temperatures measured in inclusions in the underlying orebody and 

provide evidence of a genetic link between the chert and the massive sulphides; 

• In the Battle orebody, fluid inclusion homogenisation temperatures range from 140- 

250°C in quartz interstitial to ore and salinities range from 3-12.4 eq. wt % NaCl. 

Inclusion data from the HW orebody shows a similar range of salinities and 

temperatures (2.5-9.0 eq. wt % NaC1, and Th 145-210°C) and closely matches data 

collected by Barrett and Sherlock (1996); 

• Salinities and homogenisation temperatures from quartz in the siliceous caprocks have a 

similar range to data from the underlying orebody. Homogenisation temperatures 

measured in the caprocks are consistent with the temperature of formation of apatite and 

rutile (>200°C) estimated from geothermal systems (Reyes, 1990); 

• The Battle and HW orebodies display a slight increase in salinity and homogenisation , 

temperatures with depth in the ore horizons. This could in part, reflect the overprinting -= 

of earlier high temperature stages by cooler fluids as the hydrothermal system waned; or 

varying degrees of fluid mixing. The lower salinity-lower temperature zones may have 

had a greater component of cooler, more dilute seawater; 

• Although the sequence has undergone lower to mid greenschist facies metamorphism, 

primary textures are observed, suggesting primary fluid inclusions may still be 

preserved. The abundant crosscutting quartz-carbonate-

chlorite±chalcopyrite±tetrahedrite veins are may be associated with the metamorphic 

event. The distinctly lower salinities and low to moderate homogenisation temperatures 

of inclusions in the crosscutting quartz veins (generally <2 eq. wt % NaC1 and <170- 

180°C), suggest that the fluids associated with later metamorphism can be distinguished 

from Devonian ore fluids; 

• The range of salinities displayed by primary inclusions in the Battle and HW deposits 

(2-12.4 eq. wt % NaC1) is generally much higher than normal seawater (about 3.0 eq. wt 

% NaC1); 

• Fluid densities, estimated from Th and salinity, of inclusion fluids in the siliceous 

caprocks and in quartz interstitial to ore at Myra Falls, range from 0.88 to 1.05 g/cm 3 . 
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These values are higher than many other VHMS deposits and are close to that of 

ambient seawater at 2000m depth and 2°C (1.03 g/cm 3); 

• A minimum water depth of 180-200m is estimated from the lack of evidence of boiling 

in fluid inclusions, and boiling point curves; and 

• The source of the ore fluids is most likely modified seawater, possibly with some two-

phase separation at depth to account for the wide range of salinities, or a possible 

magmatic component. 
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Chapter 10 

Geological and geochemical model 

for the caprocks 

10.1 Introduction 
Fine-grained siliceous deposits are commonly documented from the VHMS environment, 

e.g., tetsusukei above the Kuroko deposits (Kalogeropoulous and Scott, 1983); ironstones 

associated with the Brunswick Horizon, Bathurst District (Peter and Goodfellow, 1996); or 

the silica-barite cap above the Hellyer Deposit, Tasmania (Sharpe, 1991; Gemmell and 

Large, 1992). However, few papers discuss their mechanisms of formation. This chapter 

provides a geological and geochemical model for the origin of the siliceous caprocks at 

Myra Falls. 

The structural and depositional setting of the caprock horizon is summarised to provide a 

framework, essential for the genetic model. This summary is followed by a description of 

the geochemical environment of siliceous caprock formation, the mechanisms of silica 

dissolution and deposition, metal zoning, metal transport and deposition, and the behaviour 

of the silica-bearing fluid. A genetic model is then presented for the formation of the Battle 

• orebody and associated siliceous caprocks. 

10.2 Structural and depositional setting of Myra Falls caprock horizon 
The caprock horizon forms a semi-continuous layer at the base of the HW Horizon, and 

consists of argillite, siltstone, chert and black chert. Siliceous caprocks are best developed 

above the Battle orebody, but are also observed in the Ridge and Extension zones. Minor 

chert and bleached argillite zones are also found above the HW orebody. Elsewhere the 

caprock horizon is composed of black argillite and interlayered siltstone. 

347 



10.2.1 Structural setting 
The volcanic sequence at Myra Falls, has been affected by numerous deformation episodes, 

which have folded and dissected the caprock horizon. Deformation events include D I  

folding, resulting in a predominantly E-W striking, N-dipping foliation; localised WNW 

oriented 132  shear zones; D3 strike-slip faulting; D4 normal fatiltS and D5 thrust faults and 

steep NE-oriented sinistral strike-slip faults. In order to determine the structural and 

depositional setting of the caprocks, the effects of deformation were removed and the 

paleoseafloor reconstructed (Chapter 5). 

The footwall, Price Andesite, represented the paleoseafloor close to the time of ore 

formation. The contoured top surface of the Price Andesite is shown with the major 

structures, which affected the present-day elevation of the footwall surface (Figure 10.1a). 

The block model below (Figure 10.1b) illustrates the reconstructed paleoseafloor, after the 

removal of the effects of the D 1 -D5  events. The Battle and HW orebodies were located in 

small paleo-basins along a NW trending ridge, and the seafloor progressively deepened to 

the south. Growth structures have been identified by rapid changes in the footwall 

elevation, facies changes and thickness variation in isopach maps. The location of the 

orebodies appears to coincide with a change in orientation of the major growth structures, 

from dominantly NW-oriented to E-NE oriented (Figure 10.1b). 

10.2.2 Depositional environment 
Facies maps of the caprock horizon indicate that the distribution of the fine-grained facies 

including argillite, siltstone and chert, coincides with the topographic lows on the 

reconstructed paleoseafloor, and most likely represent the major depocentres (Figure 10.2). 

The fine-grained horizon marks a time of tectonic and/or volcanic quiescence. 

Sedimentological features of the argillite and chert, such as the fine parallel laminations and 

turbidites, indicate that water depths were at least below storm wave base (>80-100m 

depth). 

A much greater water depth of 1000-1500m is indicated by the lack of evidence of boiling 

in fluid inclusion data from the Battle and HW orebodies (Chapter 9). Haas (1971) 

suggested that the water depth and associated fluid pressure deterinineS whether boiling 

takes place in the ascending hydrothermal fluid before it reaches the seafloor. To prevent 

subseafloor boiling of fluids with low to moderate salinity, water depths of 1000m or greater 

are necessary. If subseafloor boiling did occur, footwall brecciation and extensive sulphide 

precipitation in the stockwork zone should be evident. At Myra Falls, the stockwork zones, 

although well developed, are not brecciated and only contain minor sulphides. 
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Figure 10.1: a) Present day surface contours of Price Andesite (or paleoseafloor) showing the effects of 
deformation. The large topographic high in the centre of the block diagram is largely a result of D i  
folding (Myra Anticline), and the large topographic low to the north is due to large down throw on the 
North Fault. Uplift and lateral displacements also occur along the Myra-Price and Lynx-Phillips Faults. 
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Figure 10.1: b) Restored paleoseafloor (at time of deposition of the 'Thelwood Formation) showing the 
location of growth faults and VHMS orebodies. The orebodies are spatially associated with the growth 
faults and these structures most likely acted as ore fluid conduits. The HW orebody is located within a 
small basin, separated from the large topographic low to the south. The Battle orebody  is  also associated 
with a small basin, but appears to be located on the steep northern edge of the basin. Isopach maps indicate 
that the location of the orebody (on a slope) is most likely a result of subsequent uplift  on  younger growth 
faults at the edge of the basin. 
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The lack of benthic fauna, the common presence of graphite, and phosphate nodules 

suggests low 0 2  to fluctuating 02  bottom water conditions. Geochemical parameters 

measured in argillites from the Battle basin are also consistent with low 0 2  bottom water 

conditions. Battle basin argillites contain the highest organic carbon contents, high DOP 

values (> 0.90), high metal contents, including Zn, Pb, Cu, Cd, As, Sb, Ag, Ba and V, low 

Fe and Mn, and high metal ratios such as V/(V+Ni) > 0.8. These geochemical parameters 

indicate strongly reducing conditions with free H 25 in a strongly stratified water column. 

HW basin argillites, although not as enriched in 'metal contents, still have high V/(V+Ni), 

and relatively high DOP values (>0.8) suggesting similar bottom water conditions in the 

HW basin. The lower DOP and V-Ni metal ratios in the South Flank area indicate a slightly 

'more oxygenated depositional environment. 

The low 02  bottom water conditions indicated by the geochemistry of the Battle basin 

argillites, is consistent with areas of more restricted circulation, such as small deep basins, 

as indicated by the paleoseafloor reconstruction. In comparison, the South Flank argillites 

were deposited on a broad deepening zone of seafloor, which may have been more exposed 

to open ocean circulation. Therefore, bottom water conditions would most likely be slightly , 
more oxygenated than the more restricted Battle and HW basins. A similar change from 

localised anoxic zones to broader oxic zones is observed in the distribution of anoxic and 

oxic facies in the present-day Black Sea Basin, and reflects changes in the bottom water 0 2  

conditions (e.g., Force and Cannon, 1988). 

10.2.3 Metal distribution in the caprock horizon 
The caprock horizon, which predominantly consists of argillite, shows marked variation in 

metal contents across the property (Figure 10.3). The Battle basin argillites are strongly 

enriched in Zn, Pb, As, Ag, Cu, Cd, Sb, Ba and V (Chapter 8). The HW basin argillites are 

moderately enriched in Ba, As, Zn, Cu and V, whereas argillites from regional areas, such as 

the South Flank and Thelwood Valley areas, contain very low metal contents. 

In the Battle basin argillite, elements such as Zn, Cu, Ag, As, S, Cd, U, Pb, V, Sb, and Nb, 

are assigned a hydrothermal origin, due to the strong positive interelement correlations and 

negative correlations with detrital elements, such as Ti, Al, Zr, Mg, K, Mn, Ga, Sc, Y, Rb, 

Fe and Ba (Chapter 8). Positive correlations of Ba with Al, K, and Rb, and negative 

correlations with S, indicate that Ba resides in white micas, rather than sulphate. HW basin 

argillite also shows a degree of metal enrichment, with higher Zn, Cu, Ba and As, than 

regional argillites. Metals such as Zn, Pb and Cd are assigned a hydrothermal origin due to 

the negative correlation with detrital elements, such as Ti, Al, Zr, K, Ga, Sc, Y, Rb, Nb and 

Ba. 
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Figure 10.2: Interpreted paleogeography of the Myra Falls area, based on paleoseafloor reconstruction 
and fades mapping (Chapter 5). 

Figure 10.3: Distribution of the argillaceous caprock horizon (chert excluded), and property-scale 
variation in metal contents and geochemical paleoenvironmental indicators measured from argillite. 
Argillite at the base of the I-IW horizon (caprock horizon) is only present in the grey zones indicated, 
other areas are dominated by coarse-grained rhyolitic volcaniclastics. 
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The metal enrichment of argillites in the Battle and HW basins most likely represents 

deposition from hydrothermal plumes. The low metal values in argillites from regional 

areas, such as the South Flank, indicate that the hydrothermal plumes were not extensive; 

instead they were localised within the smaller basins. 

Elevated metal ratios, such as V/Cr, V/Ni and V/(V+Ni), in the Battle basin argillites most 

likely reflect a combination of hydrothermal and hydrogenous sources. Excess V would be 

derived from hydrothermal vents associated with Battle ore formation, but could also reflect 

the strongly reducing conditions in the basin. For example, argillites in the HW basin have 

much lower V levels and no clear correlation between V and hydrothermally derived 

elements, such as Zn and Pb, but still have high V/Ni (5.7) and V/Cr (3.7) values, indicative 

of deposition under anoxic conditions (Wenger and Baker, 1986). 

10.3 Formation of siliceous caprocks 
The Battle chert is best developed above the Battle orebody where it usually forms a 3-5m 

thick zone of strongly laminated chert. It forms a siliceous 'cap' to the underlying ore 

horizon, and is predominantly white to pale grey immediately above the orebody, grading 

latererally into dark grey to black chert about 120m from the Battle orebody (Figure 10.4). 

The black chert forms a narrow transitional zone, 10-15m wide, at the edge of the siliceous 

zone and then grades southward into the unaltered Battle basin argillite. Similar zones of 

chert are also developed above massive sulphides in the Ridge zone, the Extension zone and. 

in localised zones above the HW orebody (HW caprock alteration is discussed in section 

10.5). 

10.3.1 Siliceous caprock origin 
The Battle chert is spatially and temporally associated with the underlying massive Cu-Zn-

Pb sulphides. The gradual transition of the chert into the adjacent unaltered Battle basin 

argillite, their similar immobile element signature and similar petrological and 

sedimentological features, indicate that the chert formed by silicification of finely laminated 

argillite, overlying the Battle orebody. No chimney structures, resedimented chert, or slump 

features were identified in the cherts. The chert does not represent a 'true' exhalative silica 

deposit, precipitated from a hydrothermal plume, e.g., exhalites of the Brunswick Belt (Peter 

and Goodfellow, 1996), or white smoker deposits (Hannington et al., 1998). The lack of 

discrete silica horizons, and the high detrital component of the Battle chert, indicated by Al-

Mn-Fe and Fe/Ti — A/(Al+Fe+Mn) plots, is also consistent with a replacement origin 

(Chapter 8). However, the very low Fe contents of the cherts, shown on these plots, may 

also partly reflect the low 07 bottom water conditions of the Battle basin (Section 10.3.7). 
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The relatively high base metal content of the cherts reflects a large hydrothermal 

component. 

The Battle chert typically contains >90% Si0 2, very low Fe and Mn, but moderate to high 

trace metal contents, including Cu, Zn, Pb, Cd, Ag, As and Sb. These elements usually 

occur as fine anhedral sulphides disseminated throughout the microcrystalline quartz 

groundmass. Although metal contents are not high enough in the chert to be classified as 

ore grade, distinct metal zonation is observed in the chert, indicating that metals were 

transported and deposited from the silica-bearing fluids.- The very fine-grained nature of 

metallic minerals in chert, such as sphalerite and chalcopyrite, support coprecipitation, 

rather than later precipitation (post silicification). Metal contents vary with increasing 

distance from ore, with high Cu and Zn contents in the white-pale grey chert immediately .  

•above the orebody, grading out into Pb-Ag-Sb-rich black chert, in a 10-20m wide zone, at 

the edge of the siliceous horizon (Figure 10.4b). This zone typically has galena overgrowths 

on fine pyrite framboids, often with very fine sub-micron Ag inclusions in the galena 

(Chapter 6). The lower metal contents of the chert, relative to the underlying ore horizon, 

most likely reflects lower temperatures of formation (<200° C) and prior deposition of 

sulphides in the underlying coarse-grained rhyolitic volcaniclastic layer. 

Sulphur isotope values in Battle basin argillite, 300-320m from:the Battle orebody, are very 

light, ranging from —35.2 to —10.3 %o; whereas 8 .34S values for sulphides in black chert 

(100m from the orebody) range from —18.4 to —5.3 %0. The black chert 834S values are 

intermediate between the unaltered argillite and Battle orebody values (-1.1 to +4.1 %o). 

The light sulphur isotope values iii the argillite most likely reflect bacterial reduction of 
, 

- seawater sulphate; Whereas, the heavier sulphur isotopes of the Battle orebody reflect' • 

magmatic sulphur and/or inorganic reduction of seawater sulphate. The distinct shift frOm 

light es values in the unaltered argillite, to heavier 8 34S values in the black chert reflect 

input of hydrothermal sulphur (834S = —1.1 to +4 %o) into the seafloor sediments during 

hydrothermal alteration, and provide further evidence for a replacement origin for the Battle 

chert. 

10.3.2 Timing of silicification 

The timing of formation of the siliceous caprocks is most likely early in the 

depositional/diagenetic history of the fine-grained sediments. Silicification clearly postdates 

deposition-of the fine sediments and occurred during ore formation. There is good evidence 

of hydrothermal fluid flow through the uncompacted fine-grained sediments overlying the 

massive, sulphides, with deposition of hydrothermal rutile, apatite and minor sulphides, in 
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Figure 10.4: Battle basin caprock horizon; a) distribution  map  of the Battle chert, with the pale grey-
white  chert located immediately above the Battle orebody  and  the black chert forming a transitional 
zone into the unaltered Battle basin argillite; b) Metal  zoning  in the caprock horizon along composite 
section 1260-1420E. Note the gradual decrease in metals  such  as Zn, Cu and Cd with distance from 

ore,  but  metals such as V and Ni show a marked increase. The black chert has much higher Pb, Ag 

and Sb than the adjacent white-grey chert (metal values  are  averages for each unit, in ppm); c) 34 S 

values for the Battle caprock horizon and the underlying  Battle  orebody (Battle orebody 834S values 
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primary pore spaces, such as radiolarian tests. In other geothermal systems, estimated 

temperatures of formation of apatite range from 90 to 210°C, and rutile greater than 200°C 

(Reyes, 1990). Evidence that these textures formed prior to silicification, and were 

overprinted by the silicification event, is presented in Chapter 6. The incorporation of 

1-30cm diameter chert clasts into the overlying mass flow units, is perhaps the most 

compelling evidence for the early silicification of the seafloor muds. The ubiquitous 

presence of bedding-parallel micro-stylolites also indicates that silicification occurred prior 

to compaction. 

Mass balance calculations between the Battle basin argillite and chert indicate mass gains in 

the chert of up to 200%. This degree of mass gain is observed in intensely silicified 

footwall sedimentary rocks at the Brunswick No. 12 deposit, and is thought to be consistent 

with formation near the paleoseafloor at or near hydrostatic pressures (Lentz and 

Goodfellow, 1996). 

10.3.3 Physicochemical conditions of Battle chert formation 
The physicochemical conditions at the site of chert formation can be determined by the 

mineral assemblages, fluid inclusion microthermometry, and comparisons with fluid 

chemistry measured from active seafloor vent systems. The mineral assemblage of the 

Battle chert is relatively simple, consisting predominantly of silica, muscovite, pyrite and 

minor sphalerite, chalcopyrite and galena. 

Fluid inclusion microthermometry provides estimates of the temperature and salinity of the 

silica-bearing hydrothermal fluids. Although direct measurement of fluid inclusions was not 

possible in the microcrystalline chert, inclusions in associated quartz were measured 

throughout the Battle orebody, and in early infills of primary pore space in the fine-grained 

host sediments (Chapter 9). Evidence for the early precipitation of silica, rutile and apatite 

in primary pore space, followed by the overprinting silicification event is presented in 

Chapter 6. Temperatures ranged from 140-250°C, with a wide range of salinities from 2 to 

12.4 eq. wt % NaCl. A slight decrease in homogenisation temperature and salinity was 

noted in inclusions from the centre of the sheet-like orebody to inclusions measured near the 

top contact and in the overlying fine sediments. These fluids appear to be more saline than 

other VHMS deposits, such as the Kuroko district, which has salinities ranging from 3.5.to 

6.7 eq. wt % NaC1 (Pisutha-Arnoud and Ohmoto, 1983). 

The muscovite stability field provides an estimate of the pH conditions, between about 3 to 

5.8, assuming the maximum fluid temperature of 250°C. An estimate of the oxidation-state 
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during ore and caprock formation can be made from the sulphide mineralogy, with the 

dominance of pyrite and the absence of pyrrhotite and magnetite indicating moderately 

reducing f0 2  conditions. The log f02-pH diagrams in Figure 10.5, from Cooke et al. 

(2000), illustrate the stability fields for muscovite, and other minerals, such as pyrite, 

pyrrhotite, magnetite, siderite, hematite for two different sets of conditions. The first 

diagram (Figure 10.5a) is for a temperature of 150°C and salinity of 25 eq. wt % NaCI; the 

second diagram (Figure 10.5b) is at 250°C and 10 eq. wt % NaCl. The temperature and 

salinity of Myra Falls ore fluids are probably closest to conditions in the second diagram. 

However, the first diagram, with lower temperature conditions and higher salinity, is still 

useful, as it illustrates the broader redox field of pyrite stability at lower temperatures. Myra 

Falls hydrotherrnal fluids, with lower salinities, would have lower concentrations of Pb-Zn 

chloride species (Pb-Zn transport, is discussed in Section 10.3.6). 

Minor pyrrhotite is found in unaltered argillite adjacent to the Battle chert, indicating more 

strongly reducing f02  conditions. At the edge of the siliceous alteration zone, fS 2  might 

also increase as very little S was deposited in the chert; instead S was leached from the 

argillite precursor during hydrothermal alteration, as indicated by the S isotope data 

(Chapter 8). 
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Figure 10.5: Log f02 -pH diagrams illustrating the stability field for sulphides, Fe oxides, siderite, 
kaolinite, muscovite and orthoclase, solubility contours and the metal transport window for galena 
and sphalerite (from Cooke et al., 2000). The diagrams also show the predominance fields for the 
main aqueous sulphur-bearing species, and the stability fields for water and H2(g) (PH2 = I bar); 
a) Conditions for this diagram are 150° C, m (Na+) = 4.76; ni (10 = 0.46; m (Ca2+) = 0.31; m (Cr) = 
5.83 (=25 wt % NaCI equiv); b) conditions for this plot are 250° C, m (Na+) = 1.58; m (10 = 0.15; in 
(Ca2+) = 0.10; m (CI - ) = 1.94 (= 10 wt % NaCI equiv). Diagrams calculated for ES = 0.001 in and EC 
= 0.256 m. Abreviations: kaol = kaolinite, Kf = K feldspar, ms = muscovite, po = pyrrhotite. 
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10.3.4 Silica deposition 
The dominantly microcrystalline to cryptocrystalline nature of the Battle chert may indicate 

that it formed from precipitation of amorphous silica, rather than quartz (e.g., Lentz and 

Goodfellow, 1996). Within the microcrystalline groundmass, rare relict patches containing 

'gel-like' features are present, and may represent preserved amorphous silica textures. As 

amorphous silica (opal-A) is thermodynamically unstable, it eventually recrystallizes to the 

more stable silica forms (chalcedony and quartz), through the transformation sequence; 

opal-A 	opal-CT 	quartz (Williams et al., 1985). 

The silica polymorphs, opal-A, opal-CT, and chalcedony have significantly higher 

solubilities than quartz (Figure 10.6), but all display similar solubility trends with 

temperature, pressure, pH and salinity (Fournier, 1985). Quartz solubility is virtually 

independent of pH below about 8 (Figure 10.7), and is only affected by increasing salinity at 

temperatures greater than about 350°C (Figure 10.8a). Increasing salinity at higher 

temperatures has the effect of slightly increasing the peak temperature of retrograde 

solubility (Figure 10.8b), which could result in the fluid containing a greater amount of 

dissolved silica from the source area (Fournier, 1983; Rimstidt, 1997). 

If the Battle chert formed by the precipitation of amorphous silica, rather than quartz, the 

fluids may have been much cooler than those precipitating quartz. Generally, higher 

temperature solutions (>150°C) precipitate silica almost exclusively as quartz (Rimstidt, 

1997). The precipitation of amorphous silica from low temperature fluids (15-100°C) has 

been observed in modern seafloor settings (e.g., Janecky and Seyfried, 1984; Alt et al., 

1987; Hannington and Scott, 1988) and epithermal deposits, where it is much better 

documented (e.g., Ohaki-Broadlands hydrothermal area, New Zealand, Browne and Ellis, 

1970; Browne, 1978). These low temperature fluids represent mixtures of relatively high 

temperature (>150°C) quartz-saturated hydrothermal fluids and cold seawater. For example, 

silica chimneys at the Galapagos spreading centre, form by precipitation of large volumes of 

non-sulphidic silica from very low temperature fluids fluids (32 to 42° C), whereas silica 

intimately associated with sulphides, precipitates from hotter fluids, around 100° C (Herzig 

et al., 1988). 

Vent fluids from a range of tectonic settings, typically contain a major silica component, 

with values ranging from about 17 to 22.9 mmol/kg silica, at typical hydrothermal 

temperatures of about 350° C (Scott, 1997). The relatively consistent silica component most 
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Figure 10.6: Calculated silica solubilites of the various silica polymorphs, from Fournier (1985). 

Figure 10.7: The solubility of quartz as a function of pH and temperature along the three-phase curve 
(quartz + solution + vapour), from Fleming and Crerar (1982) and Rimstidt (1997). The diagram 
shows a solubility maximum at about 225°C and pH > 8.5, and that at values < 8.5, pH is not an 
important control on the solubility of silica. 
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Figure 10.8: a) The solubility of quartz as a function of sodium chloride concentration and 
temperature at 1 kbar, from Rimstidt (1997). The diagram shows that the solubility of quartz 
increases with increasing temperature and sodium chloride concentration. 
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Figure 10.8: b) The solubility of quartz as a function of sodium chloride concentration and 
temperature at 1 kbar, from Rimstidt (1997). The diagram shows that the solubility of quartz 
increases with increasing temperature and sodium chloride concentration. 
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likely reflects silica saturation with respect to quartz, as most hydrothermal fluids become 

saturated with respect to quartz in the high temperature (>350°C) reaction zones. Silica 

dissolution in the source region is controlled by quartz solubility and the quartz is most 

likely mobilised as H4SiO 4  and alkali silica hydroxide complexes (Fournier, 1983; Rimstidt, 

1997). The common reaction for silica mineral dissolution is: 

Si02(S) 2H 20 = H4SiO4 	 (I) 

Although silica dissolution in the source region is controlled by quartz solubility, 

precipitation on or near the seafloor can be controlled by the much higher solubility of 

amorphous silica. Rimstidt (1997) suggests that as the hydrothermal fluids cool below 

350°C, the fluids become supersaturated with respect to quartz, but for kinetic reasons, 

quartz commonly does not precipitate. Instead, once the silica solution becomes 

supersaturated enough to reach the amorphous silica saturation curve, that phase nucleates 

and grows instead of quartz. Generally, considerable conductive cooling as well as mixing 

with seawater is necessary before the amorphous silica saturation curve is reached (Figure 

10.9). Large supersaturations with respect to quartz usually occur in fluids with 

temperatures less than 200°C, due to the increased quartz precipitation rates in higher 

temperature fluids (Rimstidt, 1997). 

Lentz and Goodfellow (1996) suggest that high degrees of silica supersaturation may be 

achieved by three main mechanisms: 

1) Thermal quenching of a silica-bearing fluid by conductive cooling or mixing with 

seawater (Figure 10.9); 

2) Rapid drop in geostatic pressure as the fluid ascends adiabatically toward the seafloor; 

3) Boiling/effervescence of the fluid due to depressurization that reduces the liquid water 

volume and induces chemical changes in the buoyant stockwork fluid in the upper levels 

of the - stockwork zone. 

The precipitation of amorphous silica is greatly affected by kinetic effects. Amorphous 

silica forms first as colloidal particles, which then accumulate as amorphous masses in low 

flow rates. Rimstidt and Barnes (1980) show that during simple cooling, silica precipitation 

increases in proportion to the available nucleation surface area, expressed as the ratio of 

surface area to the mass of Si0 2-bearing water. For example, large volumes of silica will 

precipitate from slow cooling fluids in areas with large available surface areas, such as fine 

unconsolidated muds (e.g., clastic layers of tetsusukei, Kuroko deposits, Kalogeropoulous 

and Scott, 1983), or the fractured stockworks below some VHMS ores (e.g., cherty footwall 

alteration beneath the Brunswick No. 12 deposit, Bathurst, Lentz and Goodfellow, 1996). In 
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Figure 10.9: Diagram illustrating the various cooling paths of two different fluids at Guaymas Basin. 
Variable cooling paths result from differing amounts of conductive cooling combined with mixing, 
and lead to the precipitation of amorphous silica in chimneys (from Peter and Scott, 1988; Scott, 
1997). Quartz does not precipitate due to kinetic reasons, and amorphous silica does not precipitate 
from mixing alone (e.g., line A); instead amorphous silica precipitates from fluids cooled 
conductively and by mixing with seawater (Scott, 1997). 

comparison, in systems where the ratio of the available surface area to the mass of SiCY,- 

bearing fluid is low, silica precipitation is minimal. For example, in a hot buoyant 

hydrothermal plume (e.g., black smoker), mixing and dilution with cold seawater will 

greatly reduce the available nucleation surfaces, resulting in only minor silica precipitation. 

The typically thin nature of 'true' exhalites, most likely reflects this process (Davidson, 

1992). 

The microcrystalline to cryptocrystalline nature of the Battle chert, the relict `gel-like' 

textures, and the low homogenization temperatures from fluid inclusions (most <200°C) 

indicate that the Battle chert may have formed by the precipitation of amorphous silica. The 

silica most likely precipitated from relatively low temperature hydrothermal fluids with low 

flow rates. The temperature of formation is estimated to be between 80-150°C, based on 

typical silica concentrations of 15-20 mmol/kg in hydrothermal fluids (Scott, 1997), a 

starting temperature of 200-250°C, and a mix of conductive cooling and mixing with cold 

seawater. 
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The silica replaced highly porous muds on the seafloor, similar in many aspects to formation 

of the clastic tetsusukei of the Kuroko deposits (Kalogeropoulous and Scott, 1983). 

Intercalated sandstone layers within the chert are only weakly silicified, reflecting the 

kinetic effects of silica precipitation. In the slightly more permeable sandstone layers 

precipitation would be slower than in the muds, because of the lower surface areas of the 

large grains. Rapid flushing by pore fluids in sandy domains would have inhibited the 

development of silica-supersaturated pore fluids. In the adjacent muds, the much higher 

surface area and lower permeability, likely decreased flow rates and enhanced the 

development of silica-supersaturated pore waters and silica precipitation. 

10.3.5 Metal zoning in Battle chert 
Metal zoning observed in the Battle chert, can be used to estimate changing 

physicochemical conditions during chert formation. Figure 10.10 illustrates the lateral 

changes in metal contents in the basal metre of the Battle chert. In the white-pale grey chert 

above the Battle orebody, Zn, Pb, Cd, Ag, Sb, V and Ni contents are low, whereas Cu values 

are highest in this zone. After a small decrease in the Cu content, Zn, Cd and Cu increase 

steadily and peak at about 340m from the orebody, whereas Pb, Sb and Ag remain at very 

low levels until a sharp increase at 380m from the orebody, at the edge of the siliceous 

horizon. V, Ni and to some extent As and Cr, show a steady increase away from the 

orebody, out into the unaltered Battle basin argillite. The very different trend of V, Ni and 

As, most likely reflects their precipitation from a hydrothermal plume. As residence time in 

the water column increases with distance from the vent, plume particulates have a greater 

opportunity to scavenge metals such as V, Ni and Cr, from the seawater. 

The Cu-Zn-Cd-Pb-Sb-Ag Zoning pattern in the cherts is most readily interpreted as the 

result of precipitation of metals, transported as chloride complexes, from a cooling 

hydrothermal fluid. Chloride complexes are very temperature dependent, and are 

considered to be the most important transport mechanism for these elements in — 

hydrothermal fluids, especially above about 250° C (Ruaya and Seward, 1986; Seward and 

Barnes, 1997; Hanor, 1994; 1998; Cooke, 2000). The steep temperature dependence of the 

stabilities of metal-chloride complexes results in the efficient deposition of metals from 

chloride complexes, with decreasing temperature (in neutral to weakly acid solutions with 

low HS and HS -  concentrations) (Seward and Barnes, 1997). 

e.g., ZnCl f,2-n  + H2 S(aq)  <=> ZnS (, ) + 2 H+  + n Cl - 	(2) 
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Figure 10.10: Plots 
showing the lateral variation 
in metal concentrations 
(ppm) along the basal lens 
of the Battle chert (based on 
samples from composite 
section 1260 - 1420E). 
The white pale grey chert 
is located immediately 
above the ore lens, and 
grades out to the black 
chert, at the edge of 
the siliceous alteration. 
and out to the unaltered 
argillite to the south of 
the Battle orebody. 

A distinct spike in Pb, 
Ag and Sb values occurs 
in the black chert, 
adjacent to a Zn, Cu, Cd 
high. The highest Cu 
values occur in the 
proximal zone, which 
has much lower Zn, Cd 
and Pb values. As shows 
a similar trend to Cd and 
Zn. In comparison, V 
and Ni display a steady 
increase away from the 
orebody (see 
discussion in text). 

It is unlikely that the metal zoning in the Battle chert is the result of deposition from 

bisulphide complexes, as metals transported as bisulphide complexes are not readily 

deposited via a temperature gradient. Giordano and Barnes (1981) suggest that ore forming 

solutions at temperatures <200°C with dissolved S <imolai (about 32000 mg/1) cannot 

transport significant Pb and Zn as bisulphide complexes, and that high pH levels are 

necessary for extensive complexing by bisulphides. Studies of geothermal systems, such as 

Broadlands in New Zealand also indicate the importance of chloride complexes for the 

transport and deposition of metals such as Ag and Sb. For example, amorphous antimony-

sulphide rich siliceous precipitate, containing up to 500ppm Ag, deposits from dilute sodium 

chloride waters, and chloride-silver complexes probably account for much of the Ag 

(Seward, 1976). 
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Metal zoning in base metal deposits is thought to result from differences in the solubilities 

of metal-chloride complexes (Ruaya and Seward 1986; Scott, 1997). Hemley and Hunt 

(1992) predict outward zoning of Cu-Zn-Pb-Fe, based on the fluid temperature and 

solubilities of chloride complexes. Figure 10.11 (redrawn from Hemley and Hunt, 1992) 

shows a composite of metal-chloride complexes based on 1 kbar saturation curves on the 

KMQ buffer, lm total chloride concentration. They suggest that this diagram can be used as 

a general illustration of metal solubilities with changing temperature. As chloride 

concentrations increase, the mutual relations are constant, but the curves rise appropriately, 

provided the same metal chloride species distribution applies. In general, a higher pH buffer 

control and increased fS 2  conditions will lower the curves and vice versa. However, the 

relative positions of the saturation curves could be significantly different with some changes 

in the pH-fS2-f02  buffer assemblage and chloride concentrations, and at lower 

temperatures, there is much greater uncertainty about choride speciation and equilibrium 

conditions. The field for Pb-Zn transport under conditions ranging from 150-250°C and 10 

to 25 eq. wt % NaC1 are also shown in Figure 10.5. The diagrams indicate that under pyrite-

stable conditions, such as those in the Battle chert, Pb-Zn transport as chloride species, 

would be virtually independent of redox variation, and precipitation would be more likely 

due to decreasing temperature and/or changes in the pH conditions. 

In Figure 10.11, the fluid transport paths are horizontal, and the fluids are undersaturated in 

the various metals until they intersect their respective saturation surfaces. In general, Fe 

precipitates first, then Cu, then Fe plus Cu and Zn (although Fe becomes progressively 

depleted with less Fe coprecipitated with Zn than with Cu), and Zn and Pb (Hemley and 

Hunt, 1992). Reasonable Pb-Zn transport paths would intersect their saturation surfaces at 

about 150°C. Hemley and Hunt (1992) describe Pb-Zn zonation in the outermost zones of 

Butte-type orebodies in Utah, with the Butte Main Stage veins having a sphalerite zone 

followed by a galena zone. The width of the sphalerite zone, produced before the start of 

galena precipitation, would have been dependent on the relative concentrations, but after the 

fluid reached the Pb saturation surface, coprecipitation of Pb and Zn resulted. Cu-Zn-Pb 

zoning has also been described in many VHMS deposits, such as the Rosebery deposit in 

Western Tasmania (Smith and Huston, 1992), which has a stratigraphically lower high 

temperature Cu-Bi-Fe zone and an upper, lower temperature Zn-Pb-Ag-Sb rich zone. Smith 

and Huston (1992) suggest that the Cu-Bi-Fe precipitated during slow cooling of hotter 

fluids —300°C, while Pb-Zn-Cd and Ag deposited from rapid cooling of warm (-250° C) 

fluids caused by seawater mixing. 
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Figure 10.11: a) Solubility diagram using the K feldspar-muscovite-quartz buffer in the mixed 
sulphide system, at 1 kbar, 1 m total chloride, modified from Hemley and Hunt (1992). The diagram 
illustrates the implied transport, deposition and zoning relationships for Zn, Cu, Pb and Fe as a 
function of temperature. The horizontal arrows are undersaturated transport paths for the metals in an 
increment of migrating, cooling solution, with precipitation occurring down the saturation curves 
once the curves are intersected. The dotted curves are hypothetical saturation curves for Fe and Cu 
under different buffering conditions, as discussed in text. b) This diagram shows the same 
relationships for Zn, Cu, Pb and Fe as Figure 10.14a, but is instead plotted as a cross section of a 
hypothetical Butte-type orebody at a given point in time, with the curves representing solubility 
fronts (from Hemley and Hunt, 1992). 

At Myra Falls the Cu-Zn-Cd-Pb-Ag-Sb zonation in the Battle chert, can be described by a 

temperature-solubility model (Figure 10.12), modified from Hannington et al. (1999). The 

model provides a thermal profile along the chert and is based on chloride complex 

solubilities (data from Hannington et al. (1999), and references within), physicochemical 

conditions indicated by the observed mineral assemblage, and estimates of fluid 

compositions, based on measurements of active vents from the Lau Basin. Metal 

concentrations are 100ppm Fe, 50ppm Cu, 5Oppm Zn, lppm Pb, 1 ppm As, 10 ppb Ag, and 

the physicochemical conditions are estimated at: pH=4, lm NaCl. H 2S activity and fO, are 

buffered by the assemblage py-po-mt and fluid temperatures around 300°C, reflecting 

conditions close to that of modern vent fluids. These fluids were slightly more reducing 

than those that formed the Battle chert, as pyrite dominates, with no pyrrhotite observed. 

Although differences exist in the f0 2  and H2S activity of the Battle chert, the order of 

mineral precipitation in the model matches the metal zonation observed in the chert. Fluid 
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inclusion data from the caprock horizon also suggest  a  similar range of temperatures for the 

Battle chert, and indicates that the model is a good approximation to account for the metal 

zonation. 

The model indicates that at the low metal concentrations predicted for the silica-bearing 

fluids, most of the sphalerite would be precipitated below about 170°C, with the galena and 

Ag precipitated at lower temperatures <100°C. Hannington et al. (1999) suggest that Ag is 

transported as AgC1 2 -  over a wide range of temperatures, pH and f0 2 . The low metal 

content of the chert is consistent with relatively low temperatures (<200°C) of the silica-

bearing fluid. Metal zoning, combined with metal solubility data, indicates that the lower 

temperature metal assemblage (Pb-Ag-Sb) is located further from the vent than the higher 

temperature metal assemblage (Cu-Zn-Cd). The lack  of  separation of a Zn and Cu zone, 

indicates a very steep thermal gradient in this zone.  The  changing metal assemblages most 

Figure 10.12: Temperature-solubility model for sulphide minerals in the Battle chert, with mineral 
solubilities based on chloride complexes of the major metals (modified from Hannington et al., 
1999). The composition of the fluid is based on the composition of modern vent fluids from the Lau 
Basin (Von Damm, 1990). The shaded region shows the likely temperatures of deposition for the 
main ore minerals, based on their solubilities. The dashed  lines  indicate the range of temperatures for 
ore formation within the Cu-rich and Zn-rich zones. A thermal profile for the different zones can be 
constructed according to the mineral solubilities. Note  that  Pb and Ag are precipitated at much lower 
temperatures than sphalerite and chalcopyrite. 
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likely represent precipitation from the same end-member fluid during progressive cooling. 

Lateral and vertical metal zonation is also observed in the underlying Battle orebody 

(Sinclair, 2000). Vertical zonation in the Battle main lens consists of a high Cu-Fe zone, 

overlain by a high Zn zone, which is in turn overlain by an area enriched in Pb-As-Ag-±Bi. 

Lateral zonation consists of a central Zn-Cu rich core flanked by zones of higher Pb and As. 

Lateral flow of the silica-bearing fluid through the porous seafloor muds above the massive 

sulphides, would have resulted in the migration of a thermal front. In studies based on fluid 

modelling, Cathles (1997) indicated that significant deposition of silica and metals can be 

expected only where thermal anomalies are immobilised. This could be achieved by mixing 

of hot hydrothermal fluids and cold seawater. It is also likely that the thermal front was 

accompanied by a chemical front, such as a marked pH gradient into the more acid 

hydrothermal fluid. In the Battle chert, the migration of a chemical and thermal front is 

indicated by a rapid decrease in organic carbon, from the unaltered Battle basin argillite to 

the Battle chert (Figure 6.32). 

10.3.6 Organic carbon degradation and metal complexes 

Organic carbon contents (TOC) are much lower in the Battle chert above the massive 

sulphides, than the adjacent black chert and Battle basin argillite. The Battle basin argillite 

has TOC values up to 0.60 wt.%, while the black chert at the edge of the siliceous alteration 

zone has TOC values up to 0.16 wt.%, and the white chert, proximal to ore, contains very 

low TOC values; maximum 0.07 wt.% (Chapter 8, Appendix 5.1). Sedimentological, 

petrological and geochemical evidence indicates that that the Battle chert is the altered 

equivalent of the adjacent argillite (Chapters 6 and 8). Therefore, original TOC contents in 

the chert would have been similar to the adjacent argillite. This section examines the 

processes, which resulted in the destruction and removal of the organic carbon in the Battle 

chert. The sequence has undergone greenschist facies metamorphism and the organic 

carbon in the argillite and chert is now predominantly graphite. However, at the time of 

chert formation, the organic carbon was relatively immature, as diagenesis was incomplete. 

Therefore the solubility of immature organic ligands must be examined rather than graphite. 

A number of experimental investigations have determined the dominant processes which 

degrade organic ligands (e.g., Price et al., 1983; Sanders, 1986; Bell and Palmer, 1994; 

Hofmann and Bernasconi, 1998; Simoneit, 2000; McCollom et al., 2001). Three dominant 

processes have been identified and include oxidation, thermal degradation and bacterial 

digestion, generally at temperatures less than 80° C (Seward and Barnes, 1997). However, 

in the reduced hydrothermal ore-transporting environment, thermal degradation dominates. 
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Bell and Palmer (1994) presented experiments on the kinetics of decarboxylation of the 

acetate ligand as a function of temperature, and representative reactions for this process 

include; 

the decarboxylation of acetic acid 

CH 3COOH (aq) <=> CH4 (g) ± CO2 (ac ) 	 (3) 

or degradation of the acetate anion 

CH3C00" + H20 0)  <=> CH4  (g) HCO3 - 	 (4) 

High concentrations of CH 4  and CO 2  have been recorded in some hydrothermal fluids (e.g., 

Sakai et al., 1990; Simoneit et al., 1988). At Myra Falls, fluid inclusions from quartz 

interstitial to Battle ore and in the siliceous caprocks were generally CO 2  poor. However, 

CO2  and CH4  gas-rich inclusions were observed in quartz interstitial to sulphides in the HW 

orebody (Barrett and Sherlock, 1996). 

The alteration and degredation of organic matter in hydrothermal systems is thought to 

occur over a temperature range from 60 to > 400°C (Simoneit, 2000). Experiments have 

shown H20 to be an effective organic solvent and the aqueous solubility of organic 

compounds iricreased as the temperature approached the critical point to essentially 

complete miscibility (Simoneit, 2000). For example, at 300° C, the solvent properties of 

H20 approached those of acetone (Siskin and Katritzky, 1991; Landais and Gize, 1997). 

Hydrothermal products migrate with the fluids as they are formed, and have been observed 

in venting fluids. For example, oil globules were collected under in situ conditions (200 

bars, 2-3° C) in Guaymas Basin vent fluids (Simoneit et al., 1988). Peter et al. (1991) 

suggest that formation and migration of the hydrothermal products of organic matter is a 

rapid process, taking place over time scales ranging from days to years. 

Giordano and Barnes (1981) suggested that organic complexes in hydrothermal systems, 

especially below 250° C, may have had a significant role in the transport of metals, 

particularly zinc and lead. However, the role of organic acids as potential ligands for metal 

complexation and transportation in low temperature hydrothermal fluids is still debated 

(Giordano and Kharaka, 1994). Most experiments have been concentrated on carboxylic 

ligands such as acetate, which is the most abundant organic acid species; constituting 80- 

90% of total dissolved organic acid anions in formation waters (Hofmann and Bernasconi, 

1998). Seward and Barnes (1997) suggest that a general sequence of stabilities is observed 

in carboxylate complexes, Al>Pb>Zn>Fe 2+ , and that the dicarboxylate complexes are more 

stable (ie stronger and relatively more soluble) than monocarboxylate complexes. However, 
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the decreased persistence of dicarboxylate complexes at higher temperatures diminish their 

hydrothermal importance (Seward and Barnes, 1997). Hofmann and Bernasconi (1998), 

also indicate that organic acid complexes such as oxalates are not stable over temperatures 

of about 140° C. 

The much lower TOC contents of the chert, reflect thermal degradation of organic matter by 

lateral flow of hot hydrothermal fluids. The rapid change from white-grey chert to black 

chert at the edge of the siliceous alteration zone most likely reflects a steep thermal gradient, 

rather than a redox front, due to the low 0 2  bottom water conditions in the Battle basin at the 

time of chert formation (Chapter 8). The development of organic ligand-metal complexes 

may have occurred during chert formation, but most likely did not result in significant metal 

transport, due to the instability of many organic complexes in hydrothermal fluids with 

temperatures >150 to 240° C (e.g., Seward and Barnes; Hofmann and Bernasconi, 1998; 

Simoneit, 2000). Instead, metal transport by chloride complexes was more likely in the 

reduced siliceous fluids above the Battle orebody. The metal zonation observed at the edge 

of the chert is also better explained by transport of Zn-Pb as chloride complexes, which are 

independent of redox conditions (e.g., Figure 10.5), but strongly affected by a rapid decrease 

in temperature. 

10.3.7 Effects of low 02 bottom water conditions 
The marked absence of sulphate and oxides in the Battle orebody and overlying chert may 

reflect the low 0 2  bottom water conditions in the Battle basin during ore formation. The 

Battle chert has very low Fe and Mn levels and highly variable Cu-Zn-Pb-Cd-Ag-Sb-Ba 

contents (up to several 1000 ppm Zn, Cu and Pb in places). Although Ba levels are 

relatively high in the Battle chert and adjacent argillite, no barite is observed. Instead, Ba 

resides in white mica, with positive correlations with Al, K, Rb and Zr, and negative 

correlations with S. However, fine rectangular megaquartz patches (after anhydrite or 

barite?) do occur in a single fine layer in the laminated chert above the orebody (e.g., 

Figures 6.13d-f). If the rectangular megaquartz patches were originally sulphate, they may 

represent precipitation during a period of fluctuating 0 2  conditions. 

The paucity of sulphates in the Battle Main lens and overlying caprock horizon reflects the 

low 0 2  bottom water conditions, as relatively oxidised conditions are necessary for the 

stability of sulphates, such as anhydrite and barite (e.g., Cooke and Simmons, 2000). The 

lack of sulphates may have enhanced the sheet-like morphology of the orebody, due to the 

absence of chimney or mound structures, which are formed predominantly by the 

precipitation of early anhydrite, barite, sulphides and silica. Mounds, chimney structures 
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and breccias are also absent in the HW orebody (pers. comm., M. Hannington, 2000). This 

orebody has a lack of sulphate and also formed in a deep anoxic basin, similar to the Battle 

orebody (Section 10.5). In the Battle basin, barite becomes common in the Battle upper 

lenses, which are located near the top of the HW Horizon (Figure 10.4). The presence of 

barite most likely reflects more oxidised bottom water conditions during formation of the 

upper lenses. 

In normal, oxidised seawater, Fe-Si-barite deposits commonly form above VHMS orebodies 

and active seafloor vents. For example, the Fe-rich tetsusukei above the Kuroko deposits 

(Kalogeropoulous and Scott, 1983), Fe-Si-barite caps above many Australian VHMS 

deposits such as Rosebery, Hellyer, Scuddles (e.g., Sharpe, 1991; Gemmel] and Large, 

1992; Large, 1992) or Fe-Si deposits active seafloor vents such as the silica chimneys at the 

Galapagos spreading centre (Herzig et al., 1988). End-member, high temperature seafloor 

vent fluids are reduced, acidic and predominantly Fe-rich (Von Damm, 1990). Fe is very 

soluble in hydrothermal fluids and very high Fe values are measured in some saline 

hydrothermal systems, especially >250°C, e.g., Fe = 21-1710 grnol/kg in back arc vent 

fluids (Fouquet et al., 1993; Campbell et al., 1994; Ishibashi and Urabe, 1995) or Fe = 600 

to 2400 innol/kg in fluids from seafloor Fe-Si-Mn oxide deposits, (e.g., Von Damm, 1990; 

Binns et al., 1993; McMurtry et al., 1993). At typical vent fluid temperatures of 50-200° C, 

Fe ll-  dominates; at temperatures <50° C, iron is soluble as Fe 2+  and as Fe(OH) + at alkaline 

pH (Barnes, 1979). 

In normal, oxidised seawater, f0 2  is too high, and Pc02 WO low to permit significant 

transport of Fe2+ , and very little Fe remains in solution (Garrels, 1987). Typical Fe contents 

of normal seawater are <0.001 limol/kg (Von Damm, 1990). However, the low 02 

conditions of the bottom water in the Battle basin could have allowed significant transport 

of Fe2+, and most likely accounted for the lack of Fe in the siliceous caprocks above the 

Battle orebody. Although there is little or no Fe in the Battle chert, finely laminated angular 

jasper clasts (up to 10-30cm size) are relatively common in the mass flow units overlying 

the siliceous caprocks. The finely laminated jasper clasts also contain radiolarians in some 

layers and most likely formed by pelagic sedimentation. Bedded jasper deposits have not 

been observed in situ, anywhere within the Battle basin. The ubiquitous presence of 

laminated jasper clasts in the units immediately overlying the Battle cherts, indicates that 

there was a significant Fe component in the seawater, close to the time of ore formation. 

However, deposition of these Fe-deposits was distal to the ore body and did not occur within 

the Battle basin. 
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Battle Basin - Fe transport in low 02 conditions 
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Figure 10.13: Model for the formation of bedded Fe-Si deposits on clastic-free shelves at the edge of 
the Battle basin. Deeper water, enriched in Fe 2+  from volcanic and diagenetic sources, migrates out 
of the anoxic basin and precipitates Fe, Si and carbonate as a result of oxidation. 

A model for the formation of distal Fe-Si deposits (finely bedded jasper) at the edges of the 

Battle basin is illustrated in Figure 10.13. Upwelling of the relatively Fe-Si(?) rich water 

into more oxidised conditions, above the oxic-anoxic boundary, may have resulted in the 

deposition of Fe and Si ± carbonate by oxidation (Maynard, 1983). This model has 

similarities to the Fe-oxide deposits observed at the edge of the reduced Atlantis II Deep 

(Zierenberg, 1990). Within the Battle basin the dominant source of the iron would most 

likely be from the release of Fe 2-F  from venting fluids, but also from remobilisation of the 

ferric iron adsorbed on the surface of clastic particles (Maynard, 1983). However, in the 

present-day anoxic environment of the Black Sea, most of the Fe is precipitated in the deep 

water as Fe-sulphides. In other anoxic environments, Fe could still be transported if, 1) all 

or most of the Sin the deep water was precipitated as Fe-sulphides, but excess Fel  (added 

to seawater by rivers) was available for transportation to shallower environments, and/or, 2) 

the deeper zones had an oxidation potential low enough to convert Fe 3-F  to Fe2+ , but was not 

low enough to allow the reduction of SO 42-  to H2S (Dreyer, 1974). The preservation 

potential of finely bedded Fe-Si deposits at the edges of the Battle basin would most likely 

be low as this is a tectonically/volcanic active area. Instead, these deposits would be easily 

eroded and redistributed within the basin by mass flow deposits. 

In summary, anoxic bottom water conditions affected the form and mineralogical character 

of the upper parts of the Battle main lens and overlying siliceous caprocks. The absence of 

sulphate in the reduced conditions may have enhanced the sheet-like morphology of the 

orebody, with a lack of sulphate-sulphide chimney or mound-like features. The siliceous 

caprocks have very low Fe contents, most likely reflecting the low 0 2  bottom water 
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conditions. Laminated jasper deposits do occur, but are only seen as clasts in mass flow 

units above the caprock horizon. The anoxic water column also served to protect freshly 

precipitated sulphides on the seafloor and just below the sediment-seawater interface from 

oxidation, enhancing the base metal signature of the Battle basin argillites. 

10.3.8 Fluid behaviour 
Several authors have suggested that the morphology of a VHMS system reflects the 

behaviour of the hydrothermal fluid (e.g., Sato, 1972; Solomon and Walshe, 1979; and 

Turner and Campbell, 1987). The behaviour of the hydrothermal fluid is dependent on fluid 

properties, such as temperature, density, flow velocity and phase behaviour, and the physical 

properties of the host rock (e.g., porosity, permeability). 

Sato (1972) outlined three main types of fluid behaviour (type 1,11 and III), based on fluid 

densities (Figure 10.14a). 

Type I fluid: a very saline, dense, bottom-hugging fluid, which remains denser than 

seawater, forming density currents and brine pools. This fluid forms thin (low aspect ratio), 

well layered, tabular base metal deposits, such as those forming in the Red Sea. Although, 

an alternative model for the thin tabular deposits is by dispersed hydrothermal discharge 

from many small vents as suggested for the Rosebery deposit, Tasmania (Huston, 1988). 

Type II fluid: a hot saline fluid, initially more buoyant than seawater, but on mixing with 

seawater, displays a buoyancy reversal. Fluid modelling by Turner and Campbell (1987), 

shows that all fluids >300°C will at first be more buoyant than seawater, but if the 

temperature is <-300°C, the fluids display buoyancy reversal when mixing with seawater. 

Type III fluid: a hot buoyant plume, which is less dense than seawater. For example, a black 

smoker, which undergoes .turbulent mixing with seawater results in mineral precipitation 

high in the plume, and dispersal over a wide area. 

The density of ambient bottom water at 2000m depth and 2° C is 1.03 g/cm 3  (Scott, 1997). 

The majority of most measured vent fluids are lower than this value, although some 

approach this density (e.g., Figure 9.14). However, even the most saline fluids, such as the 

hydrothermal fluids of the Atlantis II Deep, vent as buoyant plumes due to their high 

temperatures (type II to III behaviour of Sato, 1972). The lower density of most active vent 

fluids results in the dominance of type III behaviour at active vents. For example, black 

smoker vent fluids have a density contrast with the ambient seawater of about 0.2-0.3 g/cm 3 , 

and therefore form high velocity buoyant plumes. However, fluids from Fe-Si-Mn oxide 

deposits have a much lower density contrast, only 0.01 g/cm 3  and flow velocities are much 

lower, only a few cm/sec (Binns et al., 1993). Type I or II fluid behaviour (Sato, 1972) is 
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Figure 10.14: a) Schematic diagram of three fluid types, modified from Sato (1972). Type I fluids 
are dense bottom-hugging brines; type II fluids are have intermediate salinities and exhibit buoyancy 
reversal on mixing with seawater; type III fluids are less dense than seawater and form buoyant 
plumes. b) Diagram illustrating the various models used to explain the genesis of sheet- or blanket-
style VHMS deposits (from Large, 1992). 

likely for the formation of the Fe-Si-Mn deposits. Figure 10.14b, from Large (1992), 

summarises a number of models used to describe the morphology and formation of VHMS 

systems. These models are based on fluid behaviour and diffuse or focussed flow through 

the footwall rocks. 

Although the majority of measured vent fluids appear to exhibit type II or III behaviour, 

bottom-seeking hydrothermal fluids have been observed. For example, Lonsdale et al. 
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(1982) describe an unanalysed 10-15°C bottom-seeking fluid emitted from an iron oxide 

deposit in a submarine caldera. Fluid inclusion data from the Pb-Zn Silvermines and 

Sullivan deposits also suggest that the ore-forming fluids barely exceeded the density of 

seawater, and may have behaved as a type Ito II fluid (Figure 9.14). Myra Falls data also 

plots close to ambient seawater on this diagram (Figure 9.14), suggesting a relatively low 

density contrast between the ore-forming fluids and the ambient seawater. 

Fluid behaviour can be estimated from a comparison of fluid densities from Battle and HW 

orebody inclusions and the ambient seawater at 2° C (p = 2.08g/cm 3), on a diagram 

modified from Sangster (in press) (Figure 10.15). Myra Falls data predominantly lies in the 

'intermediate brine' and 'buoyant brine' fields, with a few plotting in the 'dense brine' field, 

indicating that the hydrothermal fluids may have behaved in a number of ways. For 

example, there is evidence of buoyant hydrothermal plumes (type III behaviour of Sato, 

1972), including 1) the elevated base metal signature of the Battle basin argillites, indicating 

wide dispersal of plume particulates; 2) fine sulphide-rich mud entrained into the base of an 

overlying turbidite. However, there is much evidence for the formation of the Battle 

orebody and associated siliceous caprocks to be the result of diffuse lateral flow through the 

porous substrate at or near the seafloor. This evidence includes, the sheet-like morphology 
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Figure 10.15: Temperature versus salinity plot modified from Sangster (in press). Point A is the 
position of seawater at 2° C. Line AB is the seawater isodensity line; points on this line have the 
same density of seawater at 2°C (p = 1.208 g/cm3). Ore  fluids  plotting in the field below this line are 
less  dense than seawater; fluids plotting above the line are denser than seawater. Line AC defines the 
lower limit of the field of buoyancy reversal. The field between AB and AC represents fluids which 
are initially less dense than seawater and form a buoyant plume. Upon mixing with cold dense 
seawater, the plume collapses, with the fluid sinking down and collecting on the seafloor as a dense 
brine. 
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of the Battle orebody and associated siliceous caprocks; replacement textures in ore and 

chert; lateral metal zonation in the chert and Battle orebody (Sinclair, 2000); relatively high 

salinity (and density) of ore fluids; and the porous nature of the seafloor muds overlying the 

Battle orebody, prior to silicification. Hydrothermal fluid flow through the porous seafloor 

sediments would most likely have been diffuse and unfocussed, resulting in lower flow 

velocities, as diffuse flow does not reach the velocities of channelised flow. The lower flow 

velocity combined with relatively high salinities (3 to 12.4 eq. wt % NaCI) and moderate 

temperatures (150-250°C) may have enhanced lateral fluid flow rather than buoyant venting, 

and resulted in the sheet-like morphology of the Battle orebody. 

Evidence has been suggested for type III buoyant behaviour (Sato, 1972), but some buoyant 

hydrothermal fluids, after venting and mixing with seawater may have experienced 

buoyancy reversal and sunk back down to the seafloor (type II behaviour, Sato, 1972), and" 

formed a brine pool (e.g., McDougall, 1984), or percolated back down into the porous 

seafloor muds (e.g., Sangster, in press). If the rising hydrothermal fluids mixed with 

seawater within the porous seafloor sediments, venting may not have occurred, instead 

fluids would flow laterally through the porous seafloor sediments. Mixing between the 

rising hydrothermal fluids and seawater, within the sediments, is suggested by a progressive' 

decrease in homogenisation temperatures and salinities of fluid inclusions from the centre of 

the Battle main lens to the upper ore contact and siliceous Caprbeks (Chapter 9): 
-;, 

10.4 Genetic model for Battle orebody and associated siliceous caprocks 

A genetic model for the formation of the Battle orebody and overlying caprocks is shown in 

a series of illustrations in Figure 10.16. 

Stage I: Basin development 

A basin began to form by normal movement on growth structures located at the northern 

edge of the basin. The onset of rhyolitic volcanism resulted in early basin infill of coarse-

grained rhyolitic volcaniclastics. A period of tectonic and/or volcanic quiescence began, 

with the deposition of several metres of finely laminated muds, silts, and minor interbedded 

turbidites. Within the deep basin, restricted from open-ocean circulation, a stratified water 

column began to develop with low to fluctuating 0 2  bottom water conditions. 

Stage 2: Onset of hydrothermal activity 

During deposition of the seafloor muds, hot hydrothermal fluids began to percolate through 

the sediments from a vent at the northern edge of the basin. The sheet-like form of the Battle 

orebody, the relatively weak footwall alteration and good ore-replacement textures indicate 

that the orebody formed by diffuse lateral flow of ore-forming fluids through a coarse- 
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Stage 1: Formation of Battle Basin 

Figure 10.16a: Stage 1: A basin began to form by normal movement on growth faults located at the 
northern edge of the basin. The onset of rhyolitic volcanism resulted in early basin infill of coarse-grained 
rhyolitic volcaniclastics. A period of tectonic and/or volcanic quiessence began, with the deposition of 
several metres of finely laminated muds, silts and minor interbedded turbidites. Within the deep basin, 
restricted from open ocean circulation, a stratified water column developed, with low to fluctuating 02 
bottom water conditions. 

Figure 10.16b: Stage 2: During deposition of the seafloor  muds,  hot hydrothermal fluids began to percolate 
through the sediments from  vents  at the northern edge of the basin. The sheet-like form of the Battle 
orebody, the relatively weak footwall alteration and good ore-replacement textures indicate the dominance 
of diffuse lateral fluid flow, rather than channelised flow through a coarse-grained layer of rhyolitic detritus. 
The hydrothermal fluids also percolated through the overlying muds, depositing rutile, apatite and minor 
sulphides in primary pore space. Buoyant venting into the overlying water column also occurred and is 
indicated by the spatial  distribution  of metals in the Battle  Basin  and the presence of fine sulphide-rich layers 
in  the mudstone. The buoyant  plumes  may have collapsed  on  mixing with cold seawater, and sunk back onto 
the seafloor, possibly forming a brine pool. Fe-Si-CaCO3 deposition occurred at the margins of the Battle 
Basin, above the oxic/anoxic boundary to form laminated jasper beds. 

Stage 3: Battle chert formation - hydrothermal alteration 

Figure 10.16c: Stage 3: Subsequent low to moderate temperature, saline silica-bearing fluids flowed laterally 
through the unconsolidated seafloor muds to form the Battle chert. The timing of silicification is constrained 
by the presence of chert rip-up clasts in overlying mass flow  units.  Silicification overprints early 
hydrothermal mineral textures in the fine-grained caprocks and it is likely that the silica-bearing fluids had a 
similar origin to the ore fluids. The low metal contents of the chert reflects relatively low temperatures 
(<200°C) and prior deposition of sulphides in the underlying coarse-grained rhyolitic layer. 
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grained layer of rhyolitic detritus. Diffuse lateral flow rather than buoyant venting may 

have been enhanced by the relatively high salinities and low to moderate temperatures of the 

hydrothermal fluids, which ranged from 3-12.4 eq. wt % NaCI and 120-250° C. At the time 

of ore formation the coarse-grained rhyolitic detritus was overlain by 1-3m of fine-grained 

muds. The hydrothermal fluids percolated upwards, depositing rutile, apatite and minor 

sulphides in primary pore spaces in the overlying fine-grained pelagic sediments. Some 

venting onto the seafloor also occurred, resulting in the development of fine sulphide-rich 

mud layers. In places, these sulphide-rich muds were entrained into overlying sandstone 

turbidite layers. Buoyant plumes are also indicated by the metal-rich signature of the Battle 

basin argillites, up to 300-350m away from the source vents. 

The percolation of hydrothermal fluids through the seafloor muds, indicate that the muds 

were relatively porous and did not act as an impermeable cap. Hydrothermal fluid flow 

through the sediments would have been diffuse and unfocussed, resulting in lower flow 

velocities, as diffuse flow does not reach the velocities of channelised flow. The lower flow 

velocity combined with relatively high salinities (3 to 12.4 eq. wt % NaC1) and moderate 

teMperatures (150-250°C) may have enhanced lateral fluid flow rather than buoyant venting, 

and resulted in the sheet-like morphology of the Battle orebody. The lateral flow of 

hydrothermal fluids during ore formation resulted in only weak footwall alteration away 

from the main vent zone. There is no intense footwall alteration pipe, like that described at 

the Hellyer deposit, Tasmania (Gemmel] and Large, 1992), or the very intense footwall 

alteration observed in zones beneath the Rosebery deposit, frorii . coalescing mounds 

(Huston, 1988). Instead, concordant weakly to moderately altered zones are observed in the 

footwall beneath the Battle orebody. A moderately developed stringer zone, about 20-50m 

wide, is observed 100-200m beneath the northern part of the Battle orebody in the Battle 	• 

mine (24 level). The stringer zone consists of steep quartz veins and moderately to strongly 

chlorite-silicaLSericite altered andesite. 

Stage 3: Formation of siliceous caprocks 

Subsequent low to moderate temperature, saline silica-bearing fluids flowed laterally 

through the unconsolidated seafloor muds to form the Battle chert. Silicification occurred 

close to the paleo-seafloor, early in the diagenetic history, as chert rip-up clasts are 

incorporated into the overlying mass flow units. Mass gains of up to 200% (190g/100g) 

SR), in the Battle chert are also consistent with formation near the paleoseafloor at or near 

hydrostatic pressures (e.g., Lentz and Goodfellow, 1996). Silicification overprinted early 

hydrothermal mineral textures in the fine-grained caprocks and it is likely that the silica-

bearing fluids had a similar origin to the ore fluids. The low metal contents of the chert, 
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reflect relatively low fluid temperatures (<200° C) and prior deposition of sulphides in the 

underlying coarse-grained rhyolitic volcaniclastic layer. Silicification took place by lateral 

fluid flow through the fine sediments, rather than buoyant venting onto the seafloor. Lateral 

fluid flow is indicated by the metal zoning in the chert, with a (higher temperature Cu-Zn-

Cd zone grading out to a lower temperature Pb-Ag-Sb zone at the edge of the chert), the 

gradual transition from chert to argillite, and their similar immobile element signatures. 

Lateral fluid flow through the porous seafloor muds would be 

enhanced by the lower velocities of diffuse flow, rather than channelised flow, and the low 

density contrast between the silica-bearing fluid and the ambient seawater, similar to those 

of modern Fe-Si-Mn seafloor deposits (e.g., Binns et al., 1993). The diffuse lateral flow 

resulted in the sheet-like morphology of the Battle orebody and the overlying siliceous 

caprocks. The sheet-like morphology of the orebody could also partly reflect the lack of 

mound and chimney structures due to the paucity of sulphate (e.g., anhydrite and barite) in 

the low 02  bottom water conditions. 

Plugging of the porous seafloor sediments by precipitation of silica, changed the 

hydrothermal flow regime from diffuse to more focussed flow, leading to enhanced lateral 

flow of subsequent ore-bearing fluids beneath the silica cap. Massive sulphides crosscut the 

basal contact of the chert in places. 

Stage 4: Sedimentation of Battle basin 

Formation of the siliceous caprocks on the seafloor was followed by renewal of tectonism 

and volcanism, with the rapid deposition of thick rhyolitic mass flow units, interlayered with 

rhyolitic sandstones, siltstones and volcaniclastics. Finely laminated jasper clasts are 

relatively common in the overlying mass flow units and most likely originated from Fe-Si 

deposits forming on the margins of Battle basin, above the anoxic-oxic boundary. The end 

of rhyolitic volcanism is marked by the intrusion of a massive quartz-feldspar porphyry 

body at the top of the rhyolitic volcanic sequence. 

Stage 5: Late-stage hydrothermal activity 

Ore deposition continued throughout the deposition of the HW Horizon rhyolitic 

volcaniclastics and intrusion of the quartz-feldspar porphyry. The more focussed fluid flow 

resulting from the formation of the silica cap above the Battle orebody, lead to the 

development of the Gap lens at the northern edge of the basin. This lens displays a 

markedly different style to the Battle main lens and appears to be structurally controlled. 

The barite-rich Gap lens formed during the last stage of ore formation, from the upflow of a 

more focussed hydrothermal fluid along the main growth structure at the northern edge of 

the basin. Upper ore lenses, beneath the massive quartz-feldspar porphyry, were most likely 
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also forming at this time. Their formation appears to be a result of diffuse fluid flow 

through the coarse-grained rhyolitic sediments and ponding beneath the less permeable 

massive quartz-feldspar porphyry. Diffuse fluid flow through the volcaniclastic pile, is 

indicated by silicification of fine-grained layers throughout the HW Horizon, and the 

alteration of jasper clasts, with patchy haematite destruction. The continued flow of 

hydrothermal fluids resulted in a distinct alteration halo in the HW Horizon above the Battle 

orebody. This alteration halo is shown by white mica and chlorite compositions, and is 

easily mapped using SWIR spectral characteristics. 

Barite is common in the upper lenses and most likely indicates 1) changing bottom water 

conditions in the Battle basin, with the development of a more oxygenated environment 

during deposition of the upper zone sulphides, and/or 2) a change in f0 2  of the 

hydrothermal fluids, as suggested by Sinclair (2000). 

10.5 Comparison with the HW basin 
The HW orebody also formed within a basin and is overlain by fine-grained sediments, 

predominantly composed of argillite and fine siltstone interbeds. However, the timing of 

ore formation, relative to the deposition of the fine-grained caprock horizon differs 

markedly to the Battle deposit. Massive sulphides were deposited in the coarse-grained 

rhyolitic detritus in the shallow subseafloor, and directly on the seafloor, prior to deposition 

of the fine caprock horizon. The top surface of the HW orebody is eroded in places, and ore 

clasts are commonly entrained into the overlying mass flow units. Elsewhere, the sharp 

contact between the massive sulphides and the finely laminated argillite is preserved, 

presumably in zones protected from mass flows. 

Geochemical parameters measured in the HW basin argillite, indicate low 0 2  bottom water 

conditions during deposition of the argillite. The lack of sulphate and oxides in the 

overlying sediments, and in the upper part of the orebody, suggest reducing conditions in the 

HW basin at the time of ore formation. No chimney and mound structures or chimney 

breccias were observed in the massive sulphides (pers. comm., M. Hannington, 2000), 

which may reflect the lack of sulphate (pers. comm., M. Solomon, 2001). Ba appears to 

reside in white micas (microprobe data, Appendix 5.2), with good positive correlations with 

Al, K, Rb and Zr, and a negative correlation with S. 

Fluid inclusion data shows the similar nature of ore-bearing fluids in the HW orebody to the 

Battle orebody, with a similar range of homogenization temperatures and slightly lower 
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salinities (Figure 10.15). The sheet-like morphology of this orebody suggests that it may 

have also formed from type Ito type II fluids (Sato, 1972), with a large component of lateral 

fluid flow. As the orebody formed at or very close to the seafloor, there was no 

impermeable cap to enhance lateral fluid flow. Instead, the initially buoyant hydrothermal 

fluids may have vented into the water column and after mixing with cold dense seawater, 

sunk back onto the seafloor, possibly forming a brine pool or sinking back down into the 

porous seafloor sediments (e.g., McDougall, 1984; Solomon et al., in press; Sangster, in 

press). The rising hydrothermal fluids may also have mixed with seawater within the 

porous seafloor sediments, with only minor venting, and lateral fluid flow dominating. 

Footwall alteration is relatively minor beneath the orebody, but a well-developed stockwork 

zone occurs in an 80-100m wide zone beneath the southern edge of the orebody, close to a 

large growth structure. The stockwork zone consists of numerous steep quartz veins and 

moderate to strong chlorite-sericite-quartz alteration of the footwall andesite. 

There is evidence for late hydrothermal fluid flow through the argillaceous caprocks. 

However, this was more limited than the fluid flow above the Battle orebody, with 

silicification and bleached argillite forming in a few localised zones, close to growth 

structures. These altered caprock zones most likely represent the final stages of the 

hydrothermal system and may have acted as feeder zones for the smaller upper mineralised 

lenses. Other evidence for minor hydrothermal fluid flow through the overlying argillite is 

the infilling of primary voids (e.g., radiolarian tests) with pyrite. 

Finely laminated jasper clasts are also common in the mass flow units immediately above 

the orebody and overlying argillite layers. A similar origin to the Battle basin jasper clasts, 

is suggested, due to the reduced nature of the HW basin. 

10.6 Comparison with other VHMS deposits 
Silica caps are a common feature of many VHMS deposits such as Hellyer (Sharpe, 1991; 

Gemmel! and Large, 1992), Rosebery (Huston, 1988), Scuddles (Barley, 1992) and Kuroko 

deposits (Kalogeropoulous and Scott, 1983; Tsutsumi and Ohmoto, 1983). However, they 

are usually associated with barite and iron. In comparison, the Battle chert has a very low 

Fe content and little or no sulphate, instead Ba resides in white micas. 

Hydrothermal fluids associated with the Battle and HW deposits have similar and higher 

salinities (and densities) than other VHMS deposits. The higher densities, the sheet-like 

morphology of the Battle and HW orebodies, and the fact that they formed on the seafloor, 

suggests type Ito II fluid behaviour (Sato, 1972), with lateral flow dominant over buoyant 

hydrothermal pluming. Although the Battle cherts have much lower Fe and barite contents 
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than the Kuroko tetsusukei, they may have formed in a similar manner, with formation by 

lateral fluid flow through highly porous seafloor muds. The major difference between the 

Kuroko tetsusukei and the Battle chert, is the lack of Fe and barite in the Battle chert, 

reflecting formation under strongly reducing conditions. Fe 2+  is transported away from the 

vent zone, with Fe 3+  deposition above the anoxic-oxic boundary at the edge of the Battle 

basin, rather than close to the vents, e.g., Kuroko tetsusukei (Kalogeropoulous and Scott, 

1983). 
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Chapter 11 

Conclusions 

11.1 Conclusions 
The following conclusions were made from the caprock study at Myra Falls: 

1) Paleoseafloor reconstructions indicate that the Battle and I-1W orebodies formed in small 

basins along a NW-trending ridge. Argillite deposits above the orebodies coincide with 

paleo-topographic lows and represent depocentres. The thick argillite deposits in the 

South Flank and Thelwood Valley areas represent much larger depocentres and coincide 

with an area of progressively deepening paleoseafloor, away from the NW-trending 

ridge. 

2) Paleoseafloor reconstructions and recognition of major growth faults was possible after 

the removal of the effects of multiple deformation. Five separate deformation events 

were recognised: 

Early extension and formation of growth faults; 

D I  folding and variable development of E-W oriented foliation; 

D, localised shear zones; 

D3a  and D3b compression resulting in steep strike-slip faults and shallow 

N-S dipping thrust faults; 

D4 extension with abundant steep planar normal faults; and 

D5 compression resulting in large gouge-rich, shallow N-S dipping 

thrusts and steep NE-oriented strike-slip faults. 

3) The `caprocks' form a distinct fine-grained horizon across the property and the horizon 

commonly occurs immediately above, or within 1-2m above the ore horizons, and close 

to the contact with the Price Andesite in areas distal to ore. Chert (siliceous caprock) is 

best developed above the Battle deposit, but is also present in the Ridge and Extension 

• ore zones. Only minor chert occurs above the HW deposit, instead, the orebody is 

overlain by a thick,sequence of argillite. 
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4) Siliceous caprocks above the Battle deposit are replacement cherts (after mudstone), 

rather than true 'exhalative deposits or biogenic cherts. The Battle basin argillites and 

Battle chert share similar sedimentological and petrological features, such as abundant 

parallel laminations, interbedded turbidites, radiolarian-rich layers, soft-sediment 

deformation, scours, flame structures and small phosphatic concretions. 

5) Immobile elements indicate a similar provenance for the argillite and chert, which is 

significantly different from the Price Andesite, rhyolitic volcaniclastics and the quartz-

feldspar porphyry bodies. 

6) Trace element geochemistry and the spatial association of the Battle cherts with the 

underlying Battle orebody indicate that the chert represents hydrothermal alteration of 

seafloor muds. 

7) The timing of silicification was early in the depositionalldiagenetic history of the fine-

grained sediments, indicated by the incorporation of chert into the overlying mass flow 

units. Silicification postdated deposition of the fine sediments and occurred during ore 

formation. Mass gains in SiO, of up to 200% in the chert, is also consistent with 

silicification on or very close to the seafloor at hydrostatic pressure. Ubiquitous 

bedding-parallel micro-stylolites indicate that silicification occurred prior to 

compaction. 

8) The gradational change from white chert above the Battle orebody; to black chert, 80- 

100m south of the orebody; and to argillite in the Battle basin, reflects the lateral flow of 

hydrothermal fluids through the seafloor muds. Lateral fluid flow is also indicated by 

the lateral metal zonation in the Battle chert, reflecting precipitation from a cooling 

hydrothermal fluid. A higher temperature Cu-Zn-Cd zone is present in the white chert, 

and a lower temperature Pb-Ag-Sb zone is observed in the black chert at the edge of the 

siliceous alteration. 

9) At the time of ore formation and caprock deposition, bottom water conditions in the 

Battle basin were moderately anoxic to euxinic. These conditions are indicated by 

paleoenvironmental parameters including DOP values (average = 0.98), Fe-sulphur-

carbon relations, low Fe and Mn values, and high V/Cr, V/Ni and V/(Ni+V) ratios. 

Barite and haematite, which are common in VHMS caprocks, are absent in the Battle 

cherts, most likely reflecting the low 0 2  bottom water conditions. 

10) Sulphur isotope values in Battle basin argillite, 300-320m from the Battle orebody, are 

very light, ranging from —35.2 to —10.3 %o; whereas 834S values for sulphides in black 

chert (100m from the orebody) range from —18.4 to —5.3 %o. The black chert 634S 
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values are intermediate between the unaltered argillite and Battle orebody values (-1.1 

to +4.1 %o). The light sulphur isotope values in the argillite most likely reflect bacterial 

reduction of seawater sulphate; whereas, the heavier sulphur isotopes of the Battle 

orebody reflect magmatic sulphur and/or inorganic reduction of seawater sulphate. The 

distinct shift from light 834S values in the unaltered argillite, to heavier 8 34S values in 

the black chert reflect input of hydrothermal sulphur (5 34S = —1.1 to +4 %o) into the 

seafloor sediments during hydrothermal alteration, and provide further evidence for a 

replacement origin for the Battle chert. 

11) Fluid inclusions in spherical megaquartz patches in the siliceous caprocks above the 

Battle orebody indicate that hydrothermal fluids had temperatures between 135 to 250°C 

and salinities ranging from 3 to 12.1 eq. wt % NaCI. This is similar to inclusion fluids 

measured in quartz interstitial to sulphides in the underlying Battle orebody with 

homogenisation temperatures ranging from 140 to 250°C and salinities from 3 to 12.4 

eq. wt % NaCI. Therefore the temperature and salinity of the hydrothermal fluids which 

formed the siliceous caprocks was very similar to the ore-forming fluids. 

12) Inclusions in quartz within the HW orebody also showed a similar range of 

homogenisation temperatures, ranging from 145 to 210°C, but with slightly lower 

salinities, ranging from 2.5 to 9.0 eq. wt % NaCI. Inclusions in late stage metamorphic 

quartz, are distinguished from the hydrothermal fluids, by their low salinities, generally 

less than 3 eq. wt % NaCI. 

13) Homogenisation temperatures and salinities indicated by the fluid inclusions in the 

siliceous caprocks and the Battle and HW orebodies, suggest fluid densities ranging 

from 0.88 to 1.05 g/cm 3 . This is very close to, or above the density of ambient seawater 

at 2°C at 2000m depth (1.03 g/cm 3). 

14) The wide range of densities indicated by fluid inclusions, suggests that the hydrothermal 

fluids displayed a range of behaviour types, from buoyant plumes to type II lateral fluid 

flow. However, the sheet-like morphology of the Battle orebody, replacement textures, 

and lateral metal zonation in the massive sulphides and overlying siliceous caprocks, 

suggest that diffuse lateral fluid flow through the sediments dominated over buoyant 

venting. Most hydrothermal fluids at Myra Falls can be described as 'intermediate 

brines' (from Sangster, in press). These fluids are initially less dense than seawater, but 

upon mixing, experience buoyancy reversal, and sink back onto the seafloor to form a 

dense brine pool, or percolate back into the porous seafloor sediments. Mixing between 

the rising hydrothermal fluids and seawater also occurred within the sediments, and may 

have enhanced lateral flow over buoyant plumes. 
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15) The HW orebody also formed within an anoxic basin, similar to the Battle orebody, 

with average DOP values = 0.92, low Fe and Mn values and high V/Cr, V/Ni ratios. 

However, the timing of ore formation, relative to the deposition of the fine-grained 

caprock horizon differs markedly to the Battle deposit. Massive sulphides were 

deposited in the coarse-grained rhyolitic detritus in the shallow subseafloor, and directly 

on the seafloor, prior to deposition of the fine caprock horizon. The top surface of the 

HW orebody is eroded in places, and ore clasts are commonly entrained into the 

overlying mass flow units. Elsewhere, the sharp contact between the massive sulphides 

and the finely laminated argillite is preserved, presumably in zones protected from mass 

flows. Hangingwall alteration is restricted to small zones consisting of bleached and 

silicified argillite, most likely representing the final stages of hydrothermal activity. 

The alteration halo over the HW deposit is patchy and more localised than alteration 

above the Battle deposit, reflecting the more limited alteration above the HW deposit. 

16) The Battle basin argillites are enriched in Zn, Pb, Cu, As, Ag, V, and Cd, and the HW 

basin argillites are enriched in Cu, Zn and Ba, and these elements have been assigned a 

hydrothermal origin. Argillites from the South Flank show no metal enrichment, 

reflecting a lack of hydrothermal activity in this area. 

17) SWIR spectral mapping, based on AlOH and Fe0H wavelength variation in white mica 

and chlorite, indicates two distinct zones of hydrothermal alteration in the HW Horizon 

above the Battle and HW deposits. The altered hangingwall zones are indicated by 

AlOH values <2197nm, and Fe0H values <2243nm. The alteration halo over the Battle 

mine is much better developed than the one over the HW mine, reflecting the relative 

timing of ore formation and deposition of hangingwall rocks. 

18) A genetic model for the formation of the Battle orebody and overlying caprocks is 

described in five stages, listed below: 

Stage I: Basin development 

A basin began to form by normal movement on growth structures located at the 

northern edge of the basin. The onset of rhyolitic volcanism resulted in early basin 

infill of coarse-grained rhyolitic volcaniclastic rocks. A period of tectonic and/or 

volcanic quiescence began, with the deposition of several metres of finely 

laminated muds, silts, and minor interbedded turbidites. Within the deep basin, 

restricted from open-ocean circulation, a stratified water column began to develop 

with low to fluctuating 0 2  bottom water conditions. 
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Stage 2: Onset of hydrothermal activity 

During deposition of the seafloor muds, hot hydrothermal fluids began to percolate 

through the sediments, via diffuse lateral flow, from a vent at the northern edge of 

the basin. At the time of ore formation the coarse-grained rhyolitic detritus was 

overlain by 1-3m of fine-grained muds. The hydrothermal fluids percolated 

upwards, depositing rutile, apatite and minor sulphides in primary pore spaces in 

the overlying fine-grained pelagic sediments. Some venting onto the seafloor also 

occurred, resulting in the development of fine sulphide-rich mud layers. In places, 

these sulphide-rich muds were entrained into overlying sandstone turbidite layers. 

Buoyant plumes are also indicated by the metal-rich signature of the Battle basin 

argillites, up to 300-350m away from the source vents. 

The lower flow velocity combined with relatively high salinities (3 to 12.4 eq. wt 

% NaC1) and moderate temperatures (150-250°C) may have enhanced lateral fluid 

flow rather than buoyant venting, producing the sheet-like morphology of the 

Battle orebody. The lateral flow of hydrothermal fluids during ore formation 

resulted in only weak footwall alteration away from the main vent zone. 

Stage 3: Formation of siliceous caprocks 

Subsequent low to moderate temperature, saline,silica-bearing fluids flowed 

laterally through the unconsolidated seafloor muds to form the Battle chert. 

Silicification occurred close to the paleo-seafloor, early in the diagenetic history, 

as chert rip-up clasts are incorporated into the overlying mass flow units. 

Silicification overprinted early hydrothermal mineral textures in the fine-grained 

caprocks and it is likely that the silica-bearing fluids had a similar origin to the ore 

fluids. The low metal contents of the chert, reflect relatively low fluid 

temperatures (<200° C) and prior deposition of sulphides in the underlying coarse-

grained rhyolitic volcaniclastic layer. 

The gradual transition from chert to argillite, their similar immobile element signatures, and 

lateral metal zoning in the chert indicate that silicification took place by lateral fluid flow 

through the fine seafloor muds. Plugging of the porous seafloor sediments by precipitation 

of silica, changed the hydrothermal flow regime from diffuse to more focussed flow, leading 

to enhanced lateral flow of subsequent ore-bearing fluids beneath the silica cap. Massive 

sulphides crosscut the basal contact of the chert in places. 
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Stage 4: Sedimentation of Battle basin 

Formation of the siliceous caprocks on the seafloor was followed by renewal of 

tectonism and volcanism, with the rapid deposition of rhyolitic mass flow units, 

interlayered with rhyolitic sandstones and volcaniclastics. Finely bedded jasper 

clasts are common in the overlying mass flow units and most likely originated 

from Fe-Si deposits forming on the margins of Battle basin, above the anoxic-oxic 

boundary. The end of rhyolitic volcanism is marked by the intrusion of a massive 

quartz-feldspar porphyry body at the top of the rhyolitic volcanic sequence. 

Stage 5: Late-stage hydrothermal activity 

Ore deposition continued throughout the deposition of the HW Horizon rhyolitic 

volcaniclastics and intrusion of the quartz-feldspar porphyry. The more focussed 

fluid flow resulting from the formation of the silica cap above the Battle orebody, 

lead to the development of the Gap lens at the northern edge of the basin. The 

barite-rich Gap lens formed during the last stage of ore formation, from the upflow 

of a more focussed hydrothermal fluid along the main growth structure at the 

northern edge of the basin. Upper ore lenses, beneath the massive quartz-feldspar 

porphyry, formed by diffuse fluid flow through the coarse-grained rhyolitic 

sediments and ponding beneath the less permeable massive quartz-feldspar 

porphyry. The continued flow of hydrothermal fluids resulted in a distinct 

alteration halo in the HW Horizon above the Battle orebody. This alteration halo 

is shown by white mica and chlorite compositions, and is easily mapped using 

SWIR spectral characteristics. 

Barite is common in the upper lenses and most likely indicates 1) changing bottom 

water conditions in the Battle basin, with the development of a more oxygenated 

environment during deposition of the upper zone sulphides; and/or 2) a change in 

f02  of the hydrothermal fluids, as suggested by Sinclair (2000). 

11.2 Implications for exploration at Myra Falls 
Facies mapping of the HW Horizon, reconstruction of the paleoseafloor, and recognition of 

major growth structures in the Myra Falls area, will increase the general understanding of 

this VHMS district. Knowledge of the main growth fault trends, and the structural and 

depositional setting of the VHMS orebodies at Myra Falls, will aid in the location of 

prospective drilling sites. For example, basins with significant argillite deposits along the 

NW-trending ridge, are clearly the most prospective zones for future exploration. The 

anoxic nature of bottom water conditions in these basins would enhance the preservation 

388 



potential of sulphide deposits. Other areas are less prospective, such as the area of elevated 

topography to the north, which has no significant depocentres in the HW Horizon, or to the 

south, where the topography progressively deepens away from the NW-trending ridge. 

The argillite deposits are useful for locating depocentres, but can also provide a record of 

hydrothermal activity in a basin. The higher metal contents in argillites of the Battle and 

HW basins compared with argillite from the South Flank indicate their proximity to 

hydrothermal activity. Metals such as Zn, Pb, Cu, Sb, As, Ag, V, and Cd were found to be 

useful indicators. Argillites in other areas of the Myra Falls property could also be analysed 

for trace elements to test for a possible hydrothermal input. For example, in the Marshall 

Zone, argillite was found in drillhole L10-2023 (49501 -11N, 350mE), at the base of the HW 

Horizon, close to a reconstructed paleoseafloor low. The argillite may indicate a depocentre 

to the west, and the trace element geochemistry of the mudstone could be used to identify 

possible hydrothermal activity in this area. 

An understanding of the deformation history and the different fault styles at Myra Falls is • 

also useful for mine-scale and property-scale exploration and mining. Although the fault -;• 

maps presented in this study are not applicable for mine-scale work, the separation and 

description of individual fault styles and kinematics, should aid in the mapping of 

underground fault movements and the interpretation of drillhole sections. 

SWIR analysis is an effective exploration tool for mapping alteration halos associated with 

VHMS orebodies in the Myra Falls district. The systematic trends in mineral compositions, 

identified by SWIR analysis, can be used as mine-scale vectors to ore. At Myra Falls, 

compositional variation in white mica and chlorite can be mapped in felsic and mafic 

lithologies, in the hangingwall and footwall. The most prospective area highlighted by the 

SWIR mapping, would be the Price-Thelwood area, which lies on the NW trend of the 

Battle and HW orebodies and has many low AlOH wavelength zones in the HW Horizon. 

11.3 Future work 
The success of SWIR mapping of alteration halos above VHMS deposits at Myra Falls, 

suggests that a follow-up study looking at footwall alteration would be a useful exercise. 

White mica and chlorite compositional variation in the Price Andes ite could be used to 

identify hydrothermally altered zones. One of the main disadvantages of mapping alteration 

in hangingwall rocks (HW Horizon), was that the size and intensity of the alteration halo 

was dependent on the timing of ore formation in relation to deposition of the hangingwall 

sediments. An alteration study of the footwall andesite would avoid this problem. 
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Further study on the trace element geochemistry and carbon-sulphur-iron contents of the 

argillites at Myra Falls would also be useful. The argillites provide a record of basin 

conditions and in future studies, the variation in trace element geochemistry with 

stratigraphic height, could also be examined. For example, in the South Flank area, argillite 

samples were selected close to the base of the HW Horizon, in a similar stratigraphic 

position to argillite samples in the Battle and HW basins. However, a more detailed study 

of the entire argillite sequence in the South Flank area would be useful to determine how the 

bottom water conditions varied over time. A similar chemostratigraphic study of the thick 

HW basin argillite sequence could also be undertaken for comparison with the South Flank 

area. 
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Appendix 1: 

Drill logs and underground maps 

This section gives a list of the drill holes logged and the metres logged in each 

drillhole (logging was concentrated on the HW Horizon). Examples of typical drill 

logs and underground maps are also given. The complete set of drill logs and 

underground maps are with the author and can be accessed by request. 
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APPENDIX 1 
List of drillholes logged 
(In the deeper exploration holes, only the HW horizon was logged) 

HOLE # Area E N elevation azimuth dip m logged 
BG18 1032 Battle mine 1420 4240 3032 180 -86 0-123.5 
BG18 1033 Battle mine 1420 4240 3032 0 -87 0-158.5 
BG18-1256 Battle mine 1885 4210 3026 0 -24 0-152.4 
BG18 1101 Battle mine 1870 4105 2990 180 -24 30-56 
BG18 1126 Battle mine 1855 4222 3025 180 -40 55-97 
BG18 1127 Battle mine 1855 4222 3025 180 -62 0-48 
BG18 480 Battle mine 1600 4122 3030 0 -74 0-77.7 
BG18 483 Battle mine 1600 4120 3030 180 -56 0-60 
BG18 541 Battle mine 1561 4141 3040 214 -59 0-94.5 
18-980 Battle mine 1420 4165 3044 179 -63 0-134.6 
18-981 Battle mine 1420 4165 3044 179 -71 0-124.4 
18-982 Battle mine 1420 4165 3044 179 -80 0-99.9 
18-983 Battle mine 1420 4165 3044 0 -90 0-102.2 
18-1000 Battle mine 1423 4167 3044 0 -86 0-103.6 
18-1001 Battle mine 1423 4167 3044 0 -79 0-112.8 
18-1002 Battle mine 1423 4168 3044 0 -72 0-113.8 
18-1003 Battle mine 1423 4168 3044 0 -66 0-112.8 
18-1004 Battle mine 1423 4168 3044 0 -61 0-118.9 
18-976 Battle mine 1420 4164 3044 179 -40 0-153.3 
18-1035 Battle mine 1420 4240 3032 0 -72 0-123 
18-1034 Battle mine 1420 4240 3032 0 -80 0-126.5 
L14 680 Battle south 1260 4393 3247 0 -74 298-382 
L14-681 Battle south 1263 3842 3247 353 -67 314-408 
L14-682 Battle south 1263 3842 3247 0 -59 300-396 
L14-683 Battle south 1263 3842 3247 356 -48 308-428 
L14-676 Battle south 1263 3842 3247 180 -78 219-276 
L14-677 Battle south 1263 3842 3247 185 -62 207-232 
L14-675 Battle south 1263 3842 3249 0 -90 220-291.5 
L14-678 Battle south 1263 3842 3249 180 -43 185-240 
L14-679 Battle south 1263 3842 3249 0 -83 235-331 
BG18 1082 Extension 2530 3847 3077 178 16.5 0-114.3 
BG18 1085 Extension 2530 3847 3077 182 6 0-79.2 
BG18 1086 Extension 2530 3847 3077 182 -8 0-76.2 
BG18 1087 Extension 2530 3847 3077 184 -19.5 0-70 
BG18 1088 Extension 2530 3848 3077 183 -41 0-70.1 
BG18 1089 Extension 2530 3849 3077 185 -62 0-70.1 
BG18 1090 Extension 2530 3850 3077 173 -78 0-79.2 
BG18 1091 Extension 2530 3850 3077 180 -90 0-91.4 
W148 Extension 2365 3750 3520 360 -60 505-538 
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HOLE # Area E N elevation azimuth dip m logged 
HW23 488 NW mine 3568 3669 2835 45 30 0-60 
HW23 489 HW mine 3563 3664 2837 225 45 0-38 
HW23 493 HW mine 3565 3666 2837 0 -90 0-35 
HW23 494 HW mine 3565 3666 2837 270 56 0-36 
HW23 496 HW mine 3565 3660 2836 90 23 0-48.2 
HW23 503 HW mine 3565 3666 2836 315 30 0-61 
HW23 533 NW mine 3577 3640 2832 180 30 0-45.5 
HW23-553 HW mine 3655 3660 2835 90 50 0-56.4 
HW23-554 HW mine 3655 3660 2835 0 90 0-39.6 
HW23-560 HW mine 3655 3660 2845 35 30 0-44 
HW23-561 HW mine 3655 3660 2845 35 60 0-39.9 
HW23-514 NW mine 3485 3815 2910 0 30 0-108.1 
21-2072 NW mine 3416 3865 2930 52 -50 0-107.6 
P13309 NW mine 3932 3718 3292 180 -88 390-500 
P13315 HW mine 4085 3717 3293 180 -69 375-396 
P13 320 HW mine 3932 3719 3292 360 -82 303-431 
P13-310 HW mine 3796 3565 3292 180 -71 360-452 
W132 NW mine 3635 3959 3396 0 -90 522-618 
HW23-562 HW mine 3654 3658 2837 215 30 0-49.4 
W113 1-IW mine 3010 3648 3356 0 -90 293-375 
W117 HW mine 3191 3651 3356 0 -90 362-408 
20-845 43 Block 4405 3975 2995 0 -81 0-111.25 
20-675 43 Block 4390 3971 2995 0 -84 0-109.7 
HW23-679 43 Block 4282 3920 2895 20 -50 0-61 
HW23-684 43 Block 4282 3920 2895 20 0 0-100.6 
HW23-683 43 Block 4282 3920 2895 20 -10 0-85.3 
HW23-681 43 Block 4282 3920 2895 20 -30 0-68.6 
HW23-680 43 Block 4282 3920 2895 20 -40 0-61 
HW23-685 43 Block 4282 3920 2895 20 20 0-123.4 
HW23-682 43 Block 4282 3920 2895 20 -20 0-91.5 

PR111 Thelwood V. 5573 4366 3270 280 -86 314-510.5 
PR13-68 Price Hillside 5244 3828 3291 180 -80 0-94.5 
CR88-4 Thelwood V. 6696 2441 3368 195 -82 514-608 
PR109 Thelwood V. 6455 4472 3277 0 -90 511-651 
PR101 Thelwood V. 5575 4364 3271 0 -90 390-488 
PR107 Thelwood V. 6069 4233 3271 160 -71.5 254-311 
PR124 Thelwood V. 5876 3717 3286 102 -88 70-159 
PR126 Thelwood V. 6924 3489 3283 235 -87.5 75-170 
16-33 South Flank 2195 3176 3151 0 -90 0-221.3 
W151 South Flank 2660 3108 3364 360 -65 370-397 
W202 NW North 4540 4372 3723 228 -82.5 995-1061 
W143 NW North 3979 4716 3360 0 -90 680-856 
L102001 Ridge Zone 519 3910 3436 67 -50.5 570-655 
L10 2011 Ridge Zone 363 4483 3430 40 -50 756-814 
L14633 Ridge Zone 182 4086 3250 43 -72 193-312 
L15431 Ridge Zone 823 4359 3203 180 -73 246-256 
L15-501 Marshall Zone 1010 4492 3204 356 -52 344-557 
L14-631 Ridge Zone 181 4084 3250 340 -62 242-362 
L12-2023 Ridge Zone -549 3921 3345 0 -45 275-315.2 
L14-625 Sth Fk-Ridge 181.4 4081 3250 182 -58 225-306.9 
L14-641 Sth Fk-Ridge 156.4 3338 3248 180 -75 705-852.8 
L14-624 Sth Fk-Ridge 181.4 4079 3250 181 -33 343-458 
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Appendix 2: 

Sample locations 

Sample locations, catalogue numbers, field numbers and samples descriptions are 

given in the following table. 
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Catalog# 	Field# 	DDH 	Northing 	Easting 	Depth (m) 	Lithology Area 	Rock description 
147867 	F15 	 18-1003 	4168 

4160 	
1420 

	

1420 	
93.4 	sphalerite ore HW UHnoirtizon 	Battle main massive sulphides-py-sphal-ccp 

147868 	F16 	 18-975 77.5 	barite ore 	HW Horizon 	Battle main Upper zone barite-rich massive sulphides 
4162 	4160 147869 	F18 	 18-979 	 93.1 	chalcopyrite 	HW Horizon 	Battle main massive sulphides - ccp rich 

147870 	F20 	N357RP 	3640 	3680 23 level 	quartz vein 	HW Horizon HW main lens q-tet vein in main HW ore lens 

	

1420 	
' 

147871 	F22 	 18-1006 	4170 	 101.7 	chalcopyrite 	HW Horizon 	Battle main ccp-rich massive sulphides, Battle main lens 
147872 	P189b-G111 	L14-641 	3338 	152 

	

1420 	
772.97 	argillite 	HW Horizon 	South Flank black massive to laminated argillite 

147873 	SJ004b-G84 	18-1032 	4240 

	

1420 	
43.6 	siltstone 	HW Horizon 	Battle main diffusely laminated white siliceous siltstone 

147874 	SJ009bc-G85 18-1032 	4240  
4240 

	

1420 	
62.3 	chert 	HW Horizon 	Battle main massive chert, weakly laminated, grainy texture 

147875 	SJ010b-G86 	18-1032 	 66 	 HW Horizon 	Battle main massive to weakly laminated white chert 

	

1420 	74 147876 	SJ017a-G82 	18-1032 	4240 	
chert 
chert 	HW Horizon 	Battle main strongly laminated white-pale grey chen 

147877 	SJ017c 	18-1032 	4240 1420 .... 	74.3 	cher! 	HW Horizon 	Battle main strongly laminated white-pale grey chert 
4240 147878 	SJ024-G81 	18-1032 	 1420 . 	92.65 

	

1420 	
siltstone 	HW Horizon 	Battle main massive white to pale grey siltstone 

147879 	SJ025-G29 	18-1032 	4240 97 	 HW Horizon 	Battle main white opaque chert, just above mz 
1420 147880 	SJ026683 	18-1032 	4240 	 98 	

chert 
Chen 

	

HW Horizon 	Battle main white massive Opaque cher1 
147881 	SJ034 	18-1101 4150 	1870 	40 	 HW Horizon 	Battle main white massive opaque chert 

3565 147882 	SJ044-G115 	23-493 	3666 	 14.1 	
chert 

	

HW Horizon 	HW mine 	dark grey argillite, weakly laminated 
999.5 147883 	SJ048 	W202 	4372 	4540 	

argillite 

	

sandstone 	HW Andesite 	HW North graded beds, green andesitic sandstone 
4540 147884 	SJ052-G95 	W202 	4372 	 1012.3 	argillite 	HW Horizon 	HW North 	black massive to laminated silicified argillite 

147885 W202 	4372 SJ066-G94 	 45401054 	argillite 	HW Horizon 	HW North 	black massive to laminated silicified argillite 
147886 	SJ074-G113 	23-489 	 3565 14 	argillite 	HW Horizon 	HW mine 	black massive to laminated silicified argillite 
147887 	SJ075-G93 	23-489 	

3664 
3664 	3565 	19.9 HW Horizon 	HW mine, weakly laminated argillite, just above sulphides 

SJ080 	23-488 	3669 	3568 	2 147888 	
argillite 

ore 	HW Horizon 	HW mine 	massive sulphides, ccp rich 
147889 	SJ083-G116 	23-488 	36693568 	11.2 	 HW Horizon 	HW mine 	black massive to weakly laminated argillite 
147890 	SJ085 	23-488 	3669 

	

3568 	14.3 	
argillite 

	

argillite 	HW Horizon 	HW mine 	black massive to weakly laminated argillite 
147891 	SJ090 	S335A-06 	3620 	3280 	23 level 	rhyolite 	HW Horizon 	HW mine 	pale grey, medium to cg, poorly sorted rhyolite 
147892 	SJ092 	S335A-06 	3620 	3280 	23 level 	rhyolite 	HW Horizon 	HW mine 	pale grey, medium to cg, poorly sorted rhyolite 
147893 	SJ093 	6335A-06 	3620 3280 23 level 	jasper 

	

1420 	
Mixed Volc 	NW mine 	dark red jasper clasts in rhyolitic volcaniclastic 

147894 	SJ113 	18-1033 4240 	 56.5 

	

sandstone 	HW Horizon 	Battle mine medium grey, medium grained rhyofitic sst 
147895 	SJ129 	18-480 	4122 	1600  37 	 HW Horizon 	Battle mine pale grey-white massive cher! 

1600 147896 	SJ134 	18-483 	4120 	 36 	
chert 
chert 	HW Horizon 	Battle mine pale grey-white massive chert 

147897 	SJ150 	18-1086
SJ151 	 2 

18-10863847 

	

 1855 	
chert 
chert 

2530 	40.5 	 HW Horizon Extension Zone pale grey-white massive chert 
4 147898 	 18-1126 	
4222 	1855 	

59.5 	 HW Horizon 	Battle mine pale pink-grey to white chert, with siltstone 
61.4 	chert 147899 	SJ152 	18-1126 	

4222 	
HW Horizon 	Battle mine white chert, strongly laminated, py-sphal stringers 

147900 	SJ158 	18-1127 	
4222 	1855 

1855 	38 	chert 	HW Horizon 	Battle mine white massive chert 
38.5 	chert 147901 	SJ159 	18-1127 	

4222 	1855 	
HW Horizon 	Battle mine white massive chert 

39 	chert 147902 	SJ160 	18-1127 	 HW Horizon 	Battle mine white massive chert 
147903 	SJ161 	18-1127 	4222 	1855 	39.4  chert 	HW Horizon 	Battle mine white massive chert 
147904 	SJ161a 	18-1127 	4222 	1855 	39.5 chert 	HW Horizon 	Battle mine white massive cher1 

SJ179 	18-1091 	3850 	2530 	18 	chert 147905 	 HW Horizon Extension Zone white massive chert 
3717 	 argillite 147906 	SJ221-G103 	PR124 	 5876 	136.5 

	

HW Horizon 	Thelwood V. black massive to weakly laminated argillite, silicified 
147907 	SJ223b-G120 PR1243717 	5876 

	

3565 	
126.2 	 HW Horizon 	Thelwood V. black massive to weakly laminated argillite, silicified 

147908 	SJ248-G96 	23-503 3666 	 7.6 	
argillite 

	

siltstone 	HW Horizon 	HW mine 	pale and dark brown banded silstone, just above mz 
147909 	SJ250-G97 	23-503 	3666 	3565 

	

3565 	
8 	chertisillstone HW Horizon 	HW mine 	pale grey chert/siltstone, laminated 

147910 	SJ251-698 	23-503 	3666 8.8 	siltstone 	HW Horizon 	HW mine 	tan to brown laminated siltstone 
3666 	3565 	1 147911 	SJ252a-G79 	23-503 	 4.8 HW Horizon 	HW mine weakly bedded dark grey mudstone 

147912 	SJ253-G80 	23-503 	3666 	3565 	47 	
argillite 

	

argillite 	HW Horizon 	HW mine 	medium to dark gray weakly laminated arqillite  



Catalog# Field# DDH Northing Easting Depth (m) Lithology Unit Area 
147913 SJ254a-G76 23-503 3666 3565 55 argillite HW Horizon HW mine 
147914 SJ254b-G88 23-503 3666 3565 57 Siltstone HW . Herizon HW mine 
147915 SJ260 23-503 3666 3565 148 argillite HW Horizon HW mine 
147916 SJ261 23-503 3666 3565 135 sandstone HW Horizon HW mine 
147917 SJ287 15-431 4359 823 252.2 cherVsiltstone HW Horizon Ridge Zone 
147918 SJ304-G128 L14-680 4393 1260 312.1 siltstone HW Horizon Battle south 
147919 SJ305-G58 L14-680 4393 1260 313.7 mudstone NW Horizon Battle south 
147920 SJ307-G129 L14-680 4393 1260 318 sillstone HW Horizon Battle south 
147921 SJ308-G130 L14-680 4393 1260 320.6 siltstone HW Horizon Battle south 
147922 SJ309-G131 L14-680 4393 1260 324 rhyofite HW Horizon Battle south 
147923 SJ310-G132 L14-680 4393 1260 327.3 siltstone HW Horizon Battle south 
147924 SJ311-G133 L14-680 4393 1260 331.1 siltstone HW Horizon Battle south 
147925 SJ312-G134 L14-680 4393 1260 336.7 siltstone HW Horizon Battle south 
147926 SJ313-G46 L14-680 4393 1260 338.9 chert HW Horizon Battle south 
147927 SJ315-G20 L14-680 4393 1260 343.5 siltstone HW Horizon Battle south 
147928 SJ316-G31 L14-680 4393 1260 347.9 siltstone MW Horizon Battle south 
147929 SJ317-G11 L14-680 4393 1260 352 black chen HW Horizon Battle south 
147930 SJ319 23-N35013 3670 3575 23 level siltStone HW Horizon HW mine 
147931 SJ327 14-633 4086 182 293 chert HW Horizon Ridge Zone 
147932 SJ388-G70 18-1003 4168 1420 45.4 chen HW Horizon Battle main 
147933 SJ390-G69 18-1003 4168 1420 47.6 chert HW Horizon Battle main 
147934 SJ391-G64 18-1003 4168 1420 62.45 siltstone HW Horizon Battle main 
147935 SJ394-G63 18-1003 4168 1420 67.4 siltstone HW Horizon Battle main 
147936 SJ396-G68 18-1003 4168 1420 72.5 chen HW Horizon Battle main 
147937 SJ399-G67 18-1003 4168 1420 77.15 chert HW Horizon Battle main 
147938 SJ403-G66 18-1003 4168 1420 83.45 chert HW Horizon Battle main 
147939 SJ404-G33 18-1003 4168 1420 84.4 chert HW Horizon Battle main 
147940 SJ406-G65 18-1003 4168 1420 88.1 chert HW Horizon Battle main 
147941 SJ409 18-1003 4168 1420 103 andesite Price Andesite Battle main 
147942 SJ427 18-1004 4168 1420 14.6 QFP HW Horizon Battle main 
147943 SJ432-G121 PR124 3717 5876 132 argillite HW Horizon Thelwood V. 
147944 SJ432-G122 PR124 3717 5876 132.1 argillite HW Horizon Thelwood V. 
147945 SJ434 18-1004 4168 1420 49.5 chart HW Horizon Battle main 
147946 SJ440 18-1004 4168 1420 70.6 chart HW Horizon Battle main 
147947 SJ441 18-1004 4168 1420 73 chert HW Horizon Battle main 
147948 SJ441b 18-1004 4168 1420 73.8 chert HW Horizon Battle main 
147949 SJ446 18-1004 4168 1420 82 siltstone HW Horizon Battle main 
147950 SJ447 18-1004 4168 1420 95.6 andesite Price Andesite Battle main 
147951 SJ448b-G73 18-1004 4168 1420 96.2 chert/siltstone MW Horizon Battle main 
147952 SJ448a-G72 18-1004 4168 . 1420 96.4 siltstone HW Horizon Battle main 
147953 SJ449 18-1004 4168 1420 98 siltstone HW Horizon Battle main 
147954 SJ454-G62 18-980 4165 1420 74.7 chert HW Horizon Battle main 
147955 SJ458-G77 18-980 4165 1420 82.3 chart HW Horizon Battle main 
147956 5J460 -G78 18 -980 4165 1420 85.2 siltstone HW Horizon Battle main 

147957 SJ469-G71 18-1000 4167 1420 58 chert HW Horizon Battle main 
147958 SJ477 23-514 3815 3485 10.2 ore -clast bx Mixed volc HW mine 

Rock description 
dark grey siltstone, weakly laminated 
dark grey weakly laminated siltstone 
dark grey weakly laminated sittstone and sandstone 
medium grained sandstone, and argillite 
interbedded chert, siltstone and sandstone 
pale grey weakly laminated sillstone (sst removed) 
Medium to dark grey siltstone bed above chart 
dark grey weakly laminated sillstone 
dark grey weakly laminated siltstone/sandstone 
medium to pale grey rhyolitic volcaniclastic rock 
dark grey angular felsic clasts in argillaceous matrix 
pale to medium grey, med to cg sst-volcaniclastic 
pale to medium grey, med to cg sst-volcaniclastic 
massive to weakly laminated chert/siltstone 
pale to dark grey diffusely bedded siltstone 
pale grey weakly bedded siltstone, silicified 
black siliceous argillite/chen, weakly laminated 
strongly laminated silt/sandstone (oriented sample) 
strongly laminated to cm bedded white chert 
white massive opaque chert, weakly laminated 
white massive opaque chert, weakly laminated 
white massive siltstone with a grainy texture 
weakly laminated fine-grained siltstone/chert 
white massive opaque chert 
pale grey and white chart, diffuse pale brown banding 
white massive opaque chert 
white opaque chart 
brecciated top of massive opaque chart 
pyrite altered andesite 
massive quartz-feldspar porphyry, silicified 
v bk may to my lam arg - only wy aid 
v bk msv to wy lam arg - only wy aid 
white opaque chert 
white opaque chert 	' 
white opaque chert - with argillite jellybeans 
white opaque chert - with argillite jellybeans 
fine medium grey silstone 
medium-dark grey green, coarse-grained andesite 
white massive opaque chert, with fine sat removed 
medium brown, tan and pale green sillstone 
brown massive siltstone just above mz 
massive to weakly laminated chert, grainy texture 
white massive opaque chart 
strongly laminated fine-grained siltstone/chen 
pale grey and white chert, diffuse pale brown banding • 
med grained to coarse grained ore clast breccia 



Catalog# 
147959 
147960 
147961 
147962
147963 
147964 
147965 
147966 
147967 
147968 
147969 
147970 
147971 
147972 
147973 
147974 
147975 
147976 
147977 
147978 
147979 
147980 
147981 
147982 
147983 
147984 
147985 
147986 
147987 
147988 
147989 
147990 
147991 
147992 
147993 
147994 
147995 
147996
147997 
147998 
147999 
148000 
148001 
148002 
148003 

Field# 
SJ491-G119 
SJ492a-G117 
SJ492b-G118 
SJ513 
SJ525 
SJ526 
SJ527 
SJ528 
SJ529 
SJ530 
SJ531 
SJ534a 
SJ534b 
SJ535 
SJ539-G87 
SJ542-G135 
SJ545 
SJ550 
SJ552-G139 
SJ553ab-G14 
SJ555-G144 
SJ556-G145 
SJ558-G146 
SJ558A-G136 
SJ559-G148 
SJ561-G137 
SJ565-G138 
SJ566 
SJ568-G141 
SJ570-G142 
SJ571-G143 
SJ572-G147 
SJ588 
SJ601 
SJ605-G101 
SJ607 -G92 
SJ608-G17 
SJ620 
SJ621-G126 
SJ621-G127 
SJ624-G102 
5J629-G89 
SJ629-G90 
SJ629-G18 
SJ630-G91 

DON 
23-514 
23-514 
23-514 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
18-980 
20-845 
20-845 
20-845 
20-845 
20-845 
20-845 
20-845 
20-845 
20-675
20-845 
20-675 
20-675 
20-675 
20-675 
20-675 
20-675 
20-675 

L15-501 
16-33 
16-33 
16 -33 

L10-2024 
PR 13-68 
PR 13-68 
PR13-68 
PR13-68 
CR88-4 
CR88-4 
CR88-4
CR88-4 

Northing 
3815 
3815 
3815 
4080 
4080 
4080 
4080 
4080 
4080 
4080 
4080 
4080 
4080 
4080 
4165 
3975 
3975 
3975 
3975 
3975 
3975 
3975 
3975 
3971  
3975 
3971  
3971 
3971 
3971 
3971 
3971 
3971 
4492 
3176 
3176 
3176 
5100 
3828 
3828 
3828
3828 
2441 
2441 
2441  
2441 

Easting 
3485 
3485 
3485 

• :, 1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 , : 
1830 
1420  
4405 
4405 
4405  
4405 
4405 
4405 
4405 
4405 
4390 
4405 
4390 
4390 
4390 
4390 
4390 
4390 
4390 
1010  
2195 
2195 
2195 
420 
5244  
5244 
5244  
5244 
6695 
6695 
6695 
6695 

Depth (m) 
94.5 
95 

95.1 
18 level 
18 level 
18 level 
18 level
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 

61 
3.7 
11.3 
21 

42.9 
57.7 
85.5 
89.4 
97.8 
5.9 
110 
13.5 
27 
28 

64.7 
71 

81.5 
103.7 
365 
26 

117.1 
164.3 
845 
30.4 
34.4 
34.55 
81.3 
552.4 
551.8 
552.4 
557.7 

Lithology 
argilfite 
argillite 
argillite 

siltstone/pyrite 
chert 
chert 
chert  
chen 
chert 

cheertrt ch 
rhyolite 
rhyolite 
rhyolite 
chert 

andesite 
andesite 
dacite 
FOP 

sandstone 
sandstone 
sandstone 

Price Andesite 
volcaniclastics 
Price Andesite 

Dacite 
siltstone 
siltstone 

ore 
ore 
ore 

Price Andesite 
FOP 

conglomerate 
argillite 
argillite 

QFP 
dacite 
argilfite 
argillite 
argillite 
siltstone 
argillite 
siltstone 
argilfite 

Unit 
HW Horizon 
HW Horizon 
NW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Andesite 
HW Andesite 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 

Price Andesite 
HW Horizon 

Price Andes ite 
HW Horizon 
HW Horizon 
HW Horizon 
NW Horizon 
HW Horizon 
HW Horizon 

Price Andesite 
NW Horizon 
HW Horizon 
HW Horizon 
NW Horizon 
NW Horizon 
Upper dacite 
NW Horizon 
NW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
NW Horizon 
HW Horizon 

Area 	Rock description 
HW mine 	black massive to weakly laminated argillite 
NW mine 	dark grey argillite, weakly laminated 
HW mine 	dark grey argillite, weakly laminated 

Battle mine laminated dark grey siltstone and contact with mz 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine strongly laminated to massive white-pale pink chen 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine strongly laminated to massive white-pale pink chert 
Battle mine coarse-grained, poorly sorted rhyolitic volcanidastic 
Battle mine cg poorly sorted rhyolitic volcanics and chert contact 
Battle mine sulphide-rich mud and overlying felsic sandstone 
Battle main white massive opaque chert 

HW 43 Block msv and sst (mud layers removed) 
HW 43 Block cg, poorly sorted angular andesite clasts 
Hvy 43 Block massive, medium grey green, chl-ep rich dacite 
HW 43 Block massive feldspar-quartz porphyry 
HW 43 Block strongly foliated pale grey, sericitic altered rhy sst 
NW 43 Block pale grey-green graded sandstone, rhy-dac 
HW 43 Block pale grey-green graded sandstone, rhy-dac 
NW 43 Block cg andesitic volcaniclastics, angular clasts 
NW 43 Block rhyolitic clasts in a dacitic matrix 
NW 43 Block cg and. volcs, angular clasts in gn matrix, bleached 
HW 43 Block massive dactite, med green, minor haematite 
NW 43 Block Dark-pale grey-green, laminated silt (andesitic?) 
HW 43 Block Dark-pale grey, laminated siltstone, arg jellybeans 
NW 43 Block semi-massive sphalerite-rich sulphides 
NW 43 Block top of sulphides, gradational contact into cg rhyolite 
HW 43 Block basal contact of sulphides with cg rhy volcaniclastics 
NW 43 Block cg andesitic volcaniclastics, angular clasts 
Marshall Zone massive, medium grey, feldspar phyric 
South Flank basal contact rhyolite and dark green andesite 
South Flank black finely laminated argillite 
South Flank black finely laminated argillite 

Marshall Zone p gy sy sil msv qfp with very fine q-f pno' 
Price Hillside massive medium green weakly feldspar phyric dacite 
Price Hillside bk msv to wy lam arg - my to sy sid w mn py vng It 
Price Hillside bk may to wy lam arg - my to sy sid w mn py vng It 
Price Hillside bk msv to wy lam arg - wy sid 
Thelwood V. grey massive to weakly bedded silicified siltstone 
Thelwood V. black silicified argillite 
The!wood V. grey massive to weakly bedded silicified siltstone 
Thelwood V. black silicified argillite 



Catelog# 
148004 
148005 
148006 
148007 
148008
148009 
148010 
148011 
148012 
148013 
148014 
148015 
148016 
148017 
148018 
148019 
148020 
148021 
148022 
148023 
148024 
148025 
148026 
148027 
148028 
148029 
148030 
148031 
148032 
148033 
148034 
148035 
148036 
148037 
148038 
148039 
148040 
148041 
148042 
148043 
148044 
148045 
148046 
148047 
148048 
148049 

Field# 
SJ634 
SJ635 
SJ637-G36 
SJ638-G27 
SJ639 
SJ642-G22 
SJ643-G23 
SJ644-G21 
SJ646-G19 
SJ646T-G25 
SJ648-G24 
SJ650-G26 
SJ658 
SJ660-G114 
SJ669-G28 
SJ670 
SJ696 
SJ716 
SJ717-G74 
SJ718-G75 
SJ719 
SJ722-G15 
SJ723a-G38 
SJ723b-G14 
SJ731-G99 
SJ732-G112 
SJ733-G100 
SJ740 
SJ749 
SJ751 
SJ752 
SJ753 
SJ754-G32 
SJ755 
SJ757 
SJ758 
SJ759 
SJ760 
SJ761-G30 
SJ763-G37 
SJ764a-G07 
SJ764b-G45 
SJ765a-G34 
SJ765b-G44 
SJ766a-G08 
SJ766b-043 

DDH 
Karst Creek 
Price Hillside 
21 L manway 

S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 

. S335C 
S335C 

S353DD 
23 SHOP 
23 SHOP 
23 SHOP 

18-976 
L14-641 
L14-641 
L14-641 
L14-641 
L14-682 
L14-682 
L14-682 ' 
21-2072 
21-2072 
21-2072 
21-2072 
G171XS 
0171 XS 
G171XS 
G171XS 
G171XS 
G171XS 
G171XS 
G171XS 
G171XS 
0171 XS 
G171XS 
L14-677 
L14-677 
L14-676 
L14-676 
L14-676 
L14-676 
L14-676 

Northing 

3795 
3680 
3680 
3680 
3680 
3680 
3680 
3680 
3680 
3680 
3620 
3795 
3795 
3795 
4164 
3338 
3338 
3338 
3338 
3842 
3842  
3842 
3865 
3865 
3865 
3865 
4070 
4070 
4070 
4070 
4070 
4070 
4070 
4070 
4070 
4070 
4070 
3842 
3842 
3842 
3842 
3842 
3842 
3842 

Easting 

3400 
3380 
3380 
3380 
3380 
3380 
3380 
3380 
3380 
3380 
3500.... 
3440 
3440 
3440 
1420 
156 
156 
156 
156 
1260 
1260 
1260 
3416 
3416 
3416 
3416 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1260 
1260 
1260 
1260 
1260 
1260 
1260 

Depth (m) 

21 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level 
23 level
23 level 

e1 4  273 213ev.  5 7  

779.5
785.8 
782.2 
342.8 
350.8 
351.3 

44 
44.2 
45.3
105.6 

18 level 
18 level
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 
18 level 
216.8 
220.7 
220.7 
231.3
231.3 
233 

233.3 

Lithology 
limestone 

volcaniclastics 
argillite 

cherVsiltstone 
mz/chert 

chert/siltstone 
siltstone 

chert/siltstone 
chert/siltstone 
chert/siltstone 

Sandstone 
cherVsiltstone 
jasper clast 

argillite 
argillite 
argillite 
OFP 

argillite 
argillite  
argillite 

silt/argillite/mz 
sandstone 

chert 
siltstone 
argillite 
argillite 
argillite 
andesite 

cheq 
chert  
cher! 
chert 
chert 
chert 
cheq 
chert 
chert  
chart 

m udstone 
siltstone 
argillite 
siltstone 
argillite 
argillite 
argillite 
argillite 

ti Karst nCikt  Fm 
Upper mafics 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
1-1W Horizon 
HW Horizon 
Mixed volc 

HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
11W Horizon 
HW Horizon 
11W Horizon 
11W Horizon 
H W Horizon 
HW Horizon 
11W Horizon 
HW Horizon 
HW Horizon 
HW Horizon 
11 W Horizon 
1-1W Horizon 
11W Horizon 
NW Horizon 
HW Horizon 
HW Horizon 

Area 	Rock description 
Karst Creek pale grey, medium to coarse-grained, crinoidlst 

Jim Mitchell Rd medium and dark green, chi-ep rich, cg andesite 
HW mine 	black cm scale bedded graphitic argillite 
HW mine 	pale grey-brown siltstone-chert just above mz 
HW mine 	top of massive sulphides with chert stringers 
HW mine 	pale grey chert/siltstone with a slightly grainy texture 
11W mine 	pale grey sifistone with fine diffuse py bands 
11W mine 	Diffusely banded pale and dark grey siliceous zones 
HW mine 	banded silt/chert, tan to brown colour 
HW mine 	green silt/chert 

. HW mine medium grained pale grey sandstone 
HW mine 	tan-brown silt bands - very top of sequence below sst 
HW mine 	dark red and white, altered jasper clast in cg rhyolite 
HW mine 	black massive to weakly laminated argillite 
HW mine 	black cm scale bedded graphitic argillite 
1-10/ mine 	black argillite interbedded with mg rhyolite 

Battle mine pale grey, massive quartz-feldspar phyric, silicified 
South Flank black massive to weakly laminated argillite 
South Flank black massive to weakly laminated argillite 
South Flank black massive to weakly laminated argillite 
South Flank pale grey siltstone and interbedded argillite 
Battle south weakly bedded fine-grained sandstone 
Battle south brecciated top of massive opaque cheq 
Battle south pale grey weakly bedded siltstone fast removed) 
HW mine 	black strongly laminated argillite 
HW mine 	black massive to weakly laminated argillite 
HW mine 	black strongly laminated argillite 
HW mine 	cg angular andesite clasts, matrix supported 

Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green cherVsiltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone fine pale grey-green cherVsiltstone 
Gopher zone fine pale grey-green chert/siltstone 
Gopher zone pale-medium grey siliceous green siltstone 
Battle south pale grey weakly bedded siltstone, silicified 
Battle south medium to dark grey argillite-siltstone, silicified 
Battle south pale grey siltstone, weakly bedded, silicified 
Battle south medium grey-black argilfite/siltstone, weakly bedded 
Battle south medium grey-dark grey laminated argillite-siltstone 
Battle south black massive argillite 
Battle south black argillite, mm laminations 



Catalog# 	Field# 	DON 	Northing 	Easting 	Depth (m) 	Lithology Unit 	Area 	Rock description 
148050 	SJ771-G01 	L14-683 	3842 	1260 

	

HW Horizon 	Battle south laminated medium grey siltstone-argillite 
1260 148051 	SJ772a-G02 	L14-683 	3842 	

382.8 	argillite 

1260 

	

HW Horizon 	Battle south massive to weakly laminated cher!, grainy texture 
395.4 148052 	SJ772b-G39 	L14-683 	3842 	
394.8 chert 

siltstone 	HW Horizon 	Battle south pale grey weakly bedded siltstone, silicified 
148053 	SJ773-G03 	L14-683 	3842 	...,;. 1260 	395.6 

' 
chert 	HW Horizon 	Battle south massive to weakly laminated chert, grainy texture 

148054 	SJ774-G04 	L14-683 	3842 	1260 	397.1 siltstone 	HW Horizon 	Battle south pale grey weakly bedded siltstone, silicified 
148055 	SJ775-G05 	L14-683 	3842 

	

1260 	399.7 	HW Horizon 	Battle south pale grey weakly bedded siltstone, silicified 
148056 	SJ776a-G40 	L14-683 	3842 

	

1260 	43090.77 
400.2 	

black chert 	HW Horizon 	Battle south medium-dark grey siliceous arg-chert, diffuse beds 
148057 	SJ776b-G06 	L14-683 chen 	HW Horizon 	Battle south white massive opaque chert, just below mz 
148058 	SJ776c-G42 	L14-683 	

3842 	1260 
3842 

	

1260 	400.67 	m 
401.2 	

udstone 	HW Horizon 	Battle south tan mudstone with diffuse margins with white chen 
1260 148059 	SJ776d-G41 	L14-683 	3842 	 mudstone 	HW Horizon 	Battle south Fine tan layers interbedded with white chert 

148060 	SJ778 	L14-683 	3842 	1260  

	

1260 	
427.6 	andesite 	HW Horizon 	Battle south pale to medium grey green, ser-altered andesite 

148061 	SJ782 	L14-681 	3842 	 345.2 	jasper/rhyolite HW Horizon 	Battle south cg rhyolite with jasper clasts, poorly sorted 
148062 	SJ783-G47 	L14-681 sillstone 	HW Horizon 	Battle south pale grey weakly bedded siltstone, silicified 
148063 	SJ783-G09 	L14-681 	

3842 	1260 	352.9 
3842 

	

1260 	3552 siltstone 	HW Horizon 	Battle south pale grey bedded siltstone, silicified, grainy texture 
148064 	SJ784a-G48 	Li 4-681 	3842 

	

1260 	355.55 siltstone 	HW Horizon 	Battle south medium grey weakly bedded siltstone, silicified 

148065 	SJ784b-G12 	L14-681 	3842 	1260 356.7 
3842 	

siltstone 	HW Horizon 	Battle south pale grey weakly bedded siltstone 

	

1260 	363.5 148066 	SJ785a-G49 	L14-681 	 . 	chert 	HW Horizon 	Battle south pale grey massive chart 

148067 	SJ785b-G16 	L14-681 	3842 	1260 363.2 	cher! 

	

1260 	
HW Horizon 	Battle south diffuse bands pale-medium grey chert-argillite 

148068 	SJ786a-G50 	L14-681 	3842 black chert 	HW Horizon 	Battle south black to dark grey siliceous argillite 

1260 148069 	SJ786b-G10 	L14-681 	3842 	
363.9 
364

h 	
HW Horizon 	Battle south white and pale grey chert, diffuse banding 

148070 	SJ787-G51 	L14-681 	3842 	1260 364.6 

	

1260 	
ccheertrt 	HW Horizon 	Battle south pale grey and white chert, diffuse pale brown bands 

148071 	SJ788a-G35 	L14-681 	3842 

	

HW Horizon 	Battle south pale grey laminated chen 
3842 	1260 	

.4 
148072 	SJ788b-G52 	L14-681 	

365.9 	
rt. cchheen 	HW Horizon 	Battle south medium grey weakly laminated chen (sst removed) 

1260 148073 	SJ789a-G53 	L14-681 3842 	 336665.3 	chert 5 	 HW Horizon 	Battle south white and pale grey chert, diffuse banding 
148074 	SJ789b-G13 	L14-681 

	

HW Horizon 	Battle south pale to dark grey diffusely banded chert 
148075 	SJ792 	L14-683 	

3842 	1260 	 h 
3842 1260 

	

3796 	

378.7 	coFet pr 

	

NW Horizon 	Battle south pale grey, massive quartz-feldspar phyric, silicified 
SJ796 148076 	 P13-304 	3565 	

329.5 
407 	FOP 	HW Horizon 	NW mine 	massive pale grey, feldspar phyric, weakly silicified 

148077 	SJ806-G56 	L14-680 	4393 	1260  350.6 
4393 	1260 	

black chert 	HW Horizon 	Battle south black siliceous argillite/chert, weakly laminated 
148078 	SJ807-G105 	L14-680 black chen 	NW Horizon 	Battle south black weakly laminated siliceous argillite 

4393 	1260 148079 	SJ808-G55 	L14-680 	
349.7 
348..1 black chert 	HW Horizon 	Battle south black siliceous argillite/chert, weakly laminated 

148080 	SJ809-G107 	L14-680 	4393 
4393 	

1260 black chert 	HW Horizon 	Battle south black weakly laminated siliceous argillite 
1260 148081 	SJ810a-G106 L14-680 	

352.7 

4393 
black chert 	NW Horizon 	Battle south black weakly laminated siliceous argillite 

148082 	SJ810b-G57 	L14-680 	 1260 	
358.5 
358.65 	black chert 	HW Horizon 	Battle south medium grey siliceous argillite-chert, diffuse banding 

148083 	SJ812-G109 	L14-680 	4393 	1260 	357.8 	black chert 	NW Horizon 	Battle south black weakly laminated siliceous argillite 
148084 	SJ813-G104 	L14-680 	4393 1260 black chen 	NW Horizon 	Battle south black weakly laminated siliceous argillite 

4393 	1260 148085 	SJ815-G54 	L14-680 	
357.2 

4393 	1260 
black chert 	NW Horizon 	Battle south strongly siliceous black weakly laminated argillite 

148086 	SJ817-G110 	L14-680 	
356.4 
353.9 black chert 	NW Horizon 	Battle south black weakly laminated siliceous argillite 

148087 	SJ818-G108 	L14-680 4393 	1260 	3537 	chert 	NW Horizon 	Battle south black weakly laminated siliceous argillite 
1263 148088 	SJ819-G60 	L14-679 	3842 	 2457  

	

63 .5 	Siltstone 	NW Horizon 	Battle south massive white to pale grey sillstone 
148089 	SJ822-G59 	L14-679 	3842 	1263300.9 	argilfite 	NW Horizon 	Battle south medium grey laminated argillite 
148090 SJ824-G61 	16-43 	3180 	2180 	481.6 HW Horizon 	South Flank argillite jellybeans in laminated argillite 
148091 	SJ830-G123 	16-36 	3180 

3180 	
2180 	

argillite 
argillite 	NW Horizon 	South Flank weakly laminated dark grey argillite (sst removed) 

148092 	SJ831-G124 	16-45 	 2300 	
244.2 

argillite 	NW Horizon 	South Flank black massive and laminated argillite, silicified 
148093 	SJ832-G125 	16-61 	3180 	2400 	

123.4 
364.2 	argillite 

	

NW Horizon 	South Flank black massive and laminated argillite, silicified 
148094 	SJ833 	Westmin Rd 	54020 	

1260 	282.2 	argillite 

	

0 	5200 mudstone 	Thelwood 	Westmin Rd laminated green mudstone interbedded sandstone 15  
49337' 	16-642 	 NW Horizon 	Battle south black laminated mudstone 

'sample from Myra Falls mine database 



Appendix 3: 

XRF analyses 

Glass disks and pressed powder pellets were analysed by Phil Robinson on the Phillips 

PW1480 X-ray spectrometer at the Geology Department, University of Tasmania. 

Instrument specifications 

X-Ray Tubes 3kW max. ScMo anode side window 

Elements analysed: Majors, S and Y, Rb, U, Th, Cu, Pb, Zn, Ni, As, Bi, Co, 

Ga, Ti, Se, W, Br 

3kW max. Au anode side window. 

Elements analysed: Nb, Zr, Sr, Ba, Cr, V, Sc, La, Ce, Nd, Sb, Sn 

3kW max. Rh anode side window. 

Elements analysed: Mo, occasionally Nb 

Crystals: 	LiF 200, LiF 220, PX-1 (for Na and Mg), PE002, Gel ii 

Collimators: Coarse (0.7mm) and fine (0.3mm) with auxiliary (0.14mm) 

Detectors: 	Gas flow proportional counter with P10 gas (10% methane in 

argon) and Scintillation Counter. 

Sample Changer: Philips 30 position sample holder 

Sample Preparation 

Samples were crushed, pulverised (tungsten-carbide mill) and made into pressed powder 

pills using the method of Norrish and Chappell (1977), and fused discs by the method of 

Norrish and Hutton (1969). Co, W and T1 were not analysed because of the potential 

contamination from use of the tungsten-carbide mill during sample preparation. 

Corrections 

Corrections for mass absorption are calculated using Philips X40 software with De Jongh's 

calibration model and Philips (or CSIRO) alpha coefficients. Compton scattering is also used 

for many trace elements. 
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Calibration 
Pure element oxide mixes in pure silica, along with international and Tasmanian standard 

rocks are used. Numerous checks of standard rocks and pure silica blanks are run with each 

program. On average, 2-3 standards, blanks, and one duplicate analysis was analysed for 

every 6-7 samples analysed. 

Loss on Ignition (LOI) 

Loss on ignition (L.O.I.) is the sum of H 2O, H20- , and other gaseous phases measured on 

approximately 1 gm of powder held at 1000°C for 24 hours. The total iron content of 

analyses is expressed as Fe 203  (unless otherwise specified). 

Detection Limits 

Major elements (wt. %) Trace elements (ppm) 

SiO2  0.02 Sb 2 Bi 2 

TiO2  0.006 Cd 1 Nb 1 

Al203  0.008 Ag 2 Ba 4 

Fe203  0.0041 Zn 1 Sr 1 

MnO 0.0035 Cu 1 Rb 1 

MgO 0.011 Ni 1 Ti 2 

CaO 0.0009 Cr 1 Sc 2 

Na20 0.024 V 1.5 Zr 1 

K2O 0.0004 U 1.5 Ga 1 

P205 0.0026 Th 1.5 Y 1 

440 



Battle Basin Argillite XRF analyses 	 Battle Basin black chert XRF analyses 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Battle 
argillite 

Catalogue # 
field # SJ766-68 SJ765-G34 SJ764-G7 SJ766-G43 SJ765-G44 SJ822-G59 SJ771-G1 49337' 
Drillhole/loc. 
wt.% 

114-676 L14-676 L14-677 114-676 L14-676 L14-679 114-683 16-642 

$102 69.44 82.21 47.03 72.15 72.23 63.15 70.79 85.50 
TiO2 0.32 0.27 0.23 0.36 0.29 0.46 0.30 0.17 
Al203 8.36 7.78 8.02 10.37 11.18 13.39 14.04 5.97 
Fe203 4.02 1.82 3.41 2.83 3.17 6.75 4.59 2.57 
MnO 0.04 0.01 0.12 _ 	0.02 0.02 0.07 0.01 0.04 
MgO 1.99 0.97 1.67 1.98 1.37 5.54 0.46 0.48 
CaO 4.62 0.85 18.70 2.24 2.36 1.61 0.09 0.46 
Na20 0.10 0.50 0.45 0.13 3.50 3.85 0.31 0.05 
1(20 2.38 2.21 2.02 2.89 1.37 0.42 3.81 1.74 
P205 0.10 0.07 2.93 0.08 0.09 0.27 0.02 	. 0.02 
Loss inc. S 7.62 2.49 14.69 5.29 4.20 4.03 4.40 3.00 
Total 99.51 99.58 99.55 99.31 100.03 99.73 99.63 
S 2.65 1.02 1.88 1.62 1.76 2.00 0.00 

PPm 
V 15.7 14.7 36.8 19.1 19.4 18.5 16.7 4.5 
U 8.6 7.2 14.6 15.2 8.7 2.0 2.6 
Rb 31.6 28.9 25.9 39.6 18.7 4.5 49.7 
Th 2.1 1.8 1.5 3.6 3.2 2.9 <1.5 
Pb 99 133 96 289 50 62 43 
As 136.2 67.5 76.9 267.9 113.0 12.2 21.4 
TI <1 <1 <1 <1 <1 1.13 5.96 
Bi <2 <2 <2 <2 <2 <2 <2 
Zn 2300 1344 873 5100 715 258 210 1830 
Cu 150 129 108 180 43 72 24 164 
Ni 78.0 38.1 46.9 110.0 35.5 39.0 5.9 40.0 
Sb 9.8 1.9 3.9 7.2 3.3 <2 <2 
Cd 16.7 12.8 11.5 45.7 6.4 <1 <1.5 
Ag 6.0 2.8 6.2 6.1 <2 2.3 <2 
Nb 4.4 3.3 3.7 5.6 4.2 3.3 4.7 
Zr 72.9 67.4 68.6 107.2 87.1 94.0 112.4 
Sr 79.0 26.0 240.0 46.0 93.0 145.0 33.0 12.9 
Ba 1900 1900 1437 2550 1355 1271 7076 
Sc 13.40 9.90 21.10 11.47 9.12 18.05 10.50 4.90 
V 1035.4 669.7 704.8 2216.5 318.4 182.3 66.0 519.0 
Cr 47.8 35.1 52.0 120.5 18.6 59.2 23.8 72.0 
Ga 11.2 7.9 8.6 11.8 8.9 10.1 14.8 

Battle 
black chert 

SJ317-G11 

Battle 
bk cht 

SJ786-G50 

Battle 
black cht 

SJ815-G54 

Battle 
black cht 

SJ808-G55 

Battle 
black cht 

SJ806-G56 
114-680 114-681 114-680 114-680 114-680 

95.85 95.96 89.94 92.64 92.58 
0.05 0.08 0.15 0.05 0.10 
1.14 2.16 3.39 1.47 2.92 
0.88 0.36 1.81 0.74 1.24 

<0.01 <0.01 <0.01 0.06 0.00 
0.06 0.07 0.15 0.71 0.15 
0.02 0.07 0.08 1.24 0.23 
0.01 0.04 <0.03 0.04 0.04 
0.33 0.58 1.02 0.40 0.89 
0.00 0.04 0.06 0.07 0.17 
1.13 0.62 2.12 2.38 1.51 

99.91 100.19 100.20 99.93 100.01 
0.80 0.29 1.85 0.25 0.98 

1.1 3.3 4.7 6.2 7.9 
<1.5 <1.5 5.0 <1.5 3.5 
4.6 8.1 12.2 5.7 12.6 
3.3 <2 <2 <2 <2 
877 3 1554 135 93 
83.6 9.9 167.4 34.3 44.2 
<1 1.38 1.05 1.81 <1 
<2 <2 2.21 <2 <2 

1600 1274 8200.   158 21 
757 213 961 46 37 
11.2 2.2 38.8 7.8 18.5 

371.8 <2 40.4 3.6 8.2 
5.6 4.1 32.2 <1 <1 

204.9 <2 35.8 2.2 5.2 
1.3 <1 1.7 1.0 1.3 

10.2 9.4 29.1 12.0 17.7 
1.0 8.0 3.0 10.0 16.0 
536 215 1449 783 1437 
4.70 1.97 2.91 <2 3.01 
55.9 57.3 538.6 54.4 141.3 
18.1 15.9 32.9 17.0 34.3 
1.0 3.8 3.5 1.7 2.9 

• sample from Myra Falls mine database 



Battle Basin black chert XRF analyses 	 Battle Mine white-pale grey chert XRF analyses 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Battle 
black cht 

Catalogue # 
field # SJ813-G104 SJ807-G105 SJ810-G106 SJ809-G107 SJ818-G108 SJ812-G109 SJ817-G110 SJ810-G57 SJ776-G40 
Drillholenoc. 
wt.% 

114-680 L14-680 L14-680 114-680 L14-680 L14-680 L14-680 L14-680 114-683 

Si02 89.23 94.21 93.01 94.81 95.77 93.39 96.11 91.55 92.20 
TiO2 0.12 0.09 0.08 0.08 0.06 0.07 0.05 0.13 0.12 
Al203 2.97 2.07 2.09 1.67 1.43 1.64 1.51 2.83 3.22 
Fe203 2.37 0.76 1.66 0.86 0.47 1.18 0.43 1.04 0.47 
MnO 0.00 0.01 0.00 0.00 	- 0.00 0.00 0.00 0.01 0.02 
MgO 0.10 0.18 0.09 0.07 0.07 0.05 0.07 0.27 0.14 
CaO 0.13 0.31 0.05 0.04 -0.01 0.02 0.01 0.85 0.22 
Na20 0.00 0.00 -0.03 -0.02 0.01 0.01 0.01 0.04 <0.03 
K20 0.89 0.62 0.63 0.50 0.44 0.49 0.46 0.80 0.87 
P205 0.10 0.01 0.05 0.04 0.00 0.02 0.01 0.30 0.01 
Loss Inc. S 2.33 1.40 1.49 1.18 0.92 1.39 0.85 1.53 1.23 
Total 100.21 100.07 99.83 99.65 99.85 99.82 100.30 100.40 100.24 
S 2.35 0.63 1.41 0.76 0.54 1.37 0.50 0.93 0.83 

PPm 
Y 4.7 4.8 2.7 5.0 3.1 2.6 2.5 5.5 4.7 
U 6.5 1.9 5.7 3.2 2.0 4.1 <1.5 7.2 2.4 
Rb 10.0 8.5 7.2 6.8 5.9 6.5 5.7 9.5 10.9 
Th 4.9 1.5 2.2 <1.5 2.7 5.0 4.7 <2 <2 
Pb 3400 812 1166 483 1616 2107 2500 2043 4000 
As 297.6 39.2 73.8 47.7 12.9 154.1 12.7 102.2 197.9 
TI 3.50 <2 <2 <2 <2 <2 <2 1.04 Pb, Ba interf. 
Bi <2 <2 <2 <2 <2 <2 <2 <2 <2 
Zn 9900 1231 3400 1683 3300 8900 3100 5346 9000 
Cu 1809 58 203 161 189 737 298 309 446 
Ni 61.3 12.9 40.9 15.3 7.8 57.1 7.8 55.5 2.9 
Sb 351.0 14.2 38.2 59.9 29.5 197.5 36.6 27.1 6.7 
Cd 38.1 5.5 13.4 6.5 11.5 35.0 11.2 20.9 32.4 
Ag 122.7 9.4 36.4 39.6 25.7 138.3 29.7 35.9 3.3 
Nb 1.1 <1 1.2 1.1 <1 1.2 <1 2.4 1.3 
Zr 23.4 12.6 19.0 14.3 12.8 14.3 9.2 29.2 29.7 
Sr 2.0 6.0 2.0 2.0 1.0 <1 1.0 9.0 6.0 
Ba 1217 1020 1050 785 694 738 724 1178 1295 
Sc 3.50 2.90 <2 2.10 2.10 2.50 <2 <2 2.63 
V 221.9 122.7 418.2 226.0 132.2 430.9 76.2 644.4 152.8 
Cr 15.9 27.1 21.1 33.5 20.7 23.4 18.3 39.8 25.8 
Ga 2.9 2.3 2.1 1.8 1.7 <1 1.0 2.3 2.9 

Battle 
white cht 

SJ788-G35 

Battle 
white cht 

SJ788-G52 

Battle 
white cht 

SJ789-G53 

Battle 
white cht 

SJ789-G13 

Battle 
white cht 

SJ404-G33 
L14-681 114-681 L14-681 114-681 18-1003 

95.41 95.14 86.47 86.06 95.77 
0.07 0.06 0.12 0.25 0.04 
1.65 1.49 2.94 6.00 1.17 
0.24 0.33 1.56 0.81 0.30 

<0.01 <0.01 0.01 0.01 0.02 
0.06 0.06 0.11 0.21 0.36 
0.01 0.09 0.20 0.09 0.28 
<0.05 0.05 <0.03 0.14 <0.05 
0.45 0.44 0.83 1.71 0.26 
0.01 0.07 0.16 0.08 0.01 
0.75 0.80 2.02 1.61 0.90 

100.10 100.11 99.57 100.11 99.94 
0.64 0.73 2.86 1.51 0.32 

3.5 3.3 6.3 14.6 2.8 
1.7 2.6 5.0 10.7 <1.5 
6.6 6.4 11.1 22.3 4.1 

<1.5 <2 <2 3.6 3.9 
4 10 41 4 713 

24.1 11.6 43.9 117.1 <3 
1.14 <1 1.26 1.35 <1 
<2 <2 4.41 <2 <2 

10925 11385 38016 22900 5623 
624 1220 3100 1881 242 
4.3 4.3 25.9 46.6 5.4 
<2 2.0 4.1 2.2 <2 

41.1 41.7 150.7 91.3 . 22.6 
<2 <2 2.5 <2 <2 
1.1 1.4 1.0 3.1. <1 

13.5 12.2 21.4 51.5 8.2 
5.0 4.0 10.0 15.0 3.0 
139 137 228 453 173 
<2 <2 <2 5.90 <2 

208.7 226.8 256.8 1186.6 100.3 
30.0 24.8 17.4 60.3 20.0 
2.0 1.9 2.8 7.4 2.0 



Battle Mine white-pale grey chert XRF analyses 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Catalogue # 
field # SJ25-G29 SJ786-G10 SJ776-G6 SJ754-G32 SJ723-G38 SJ313-G46 SJ785-G49 SJ787-G51 SJ403-G66 SJ398-G68 SJ390-G69 SJ388-G70 SJ469-G71 SJ448-G73 
DMlhole/loc. 
wt.% 

18-1032 L14-681 L14-683 BAT G171-X5 L14-682 L14-680 L14-681 L14-681 18-1003 18-1003 18-1003 18-1003 18-1000 18-1004 

Si02 91.66 96.25 92.27 87.57 92.42 87.37 92.46 89.38 95.39 96.38 91.22 97.57 92.87 89.91 
TiO2 0.19 0.05 0.07 0.29 0.04 0.19 0.13 0.16 0.04 0.06 0.13 0.03 0.11 0.17 
Al203 4.63 1.57 2.59 7.25 1.70 5.36 3.81 4.74 1.06 1.48 3.71 0.81 3.51 5.04 
Fe203 0.83 0.31 0.48 0.25 2.34 1.91 0.47 0.94 0.35 0.20 0.45 0.39 0.76 0.64 
MnO <0.01 <0.01 0.06 - <0.01 0.03 0.03 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.01 
MgO 0.19 0.05 0.32 0.23 0.22 0.96 0.10 0.12 0.39 0.09 0.14 0.04 0.14 0.23 
CaO 0.09 0.07 0.37 0.07 0.25 0.47 0.15 0.08 0.09 0.43 0.02 0.02 0.10 0.19 
Na20 0.07 0.06 0.08 0.19 0.08 0.03 0.06 0.19 <0.03 0.05 0.05 <0.03 0.05 0.06 
K20 1.31 0.42 0.71 2.13 0.48 1.39 1.07 1.30 0.22 0.38 1.07 0.22 1.00 1.40 
P205 0.08 0.03 0.01 0.06 0.01 0.06 0.10 0.07 0.01 0.26 0.02 <0.01 0.02 0.08 
Loss inc. S 1.06 0.68 1.69 1.34 1.91 2.20 1.03 1.43 0.93 0.54 1.17 0.44 1.00 1.25 
Total 100.19 100.63 100.66 100.65 99.52 100.45 100.30 100.02 100.25 100.15 99.94 99.71 99.96 99.93 
S 0.57 0.58 1.09 0.49 1.82 1.01 0.58 1.20 0.70 0.19 0.98 0.32 0.61 0.63 

PPm 
Y 11.4 2.4 2.6 12.7 4.0 13.6 11.4 15.1 3.9 4.5 2.3 1.7 3.6 33.4 
U 4.9 <1.5 <1.5 7.5 1.5 <1.5 2.7 2.5 1.4 <1.5 6.6 <1.5 3.0 2.5 
Rb 17.4 5.7 9.7 27.4 6.5 20.1 15.2 17.2 2.8 6.0 14.3 3.0 14.2 18.2 
Th 2.5 <1.5 1.6 <1.5 <2 <2 <2 2.0 <2 <2 <2 <2 <2 <2 
Pb 6 34 334 8 27 228 4 10 679 4 9 2 45 45 
As 8.9 6.7 450.1 <3 14.8 70.8 21.6 33.9 7.3 5.2 4.5 7.1 15.3 6.1 
TI <1 1.20 1.04 2.52 2.56 1.08 1.29 1.08 1.68 1.56 1.27 1.81 2.06 1.28 
Bi 	• 2.20 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Zn 28 8300 13500 8900 121 1375 5700 11781 12771 1438 14355 662 739 6200 
Cu 280 690 1463 219 165 258 1263 862 670 569 955 697 1750 675 
Ni 10.6 0.9 1.0 11.9 11.9 4.4 10.2 11.8 11.1 0.4 7.4 1.3 4.9 7.3 
Sb <2 <2 14.9 <2 <2 2.4 <2 3.4 <2 <2 <2 <2 <2 <2 
Cd <1.5 31.0 52.2 37.1 <1 5.1 24.7 43.8 49.7 5.3 53.0 3.0 2.6 24.5 
Ag <2 <2 5.8 <2 2.3 2.7 <2 <2 <2 <2 <2 2.2 2.2 <2 
Nb 2.3 1.2 1.2 3.2 1.2 2.2 1.8 1.5 <1 1.3 1.1 <1 1.7 2.2 
Zr 37.2 9.6 15.0 60.9 12.5 48.2 39.1 36.4 7.1 13.9 20.5 7.5 21.5 45.1 
Sr 6.0 7.0 5.0 11.0 5.0 12.0 19.0 19.0 1.0 6.0 4.0 2.0 5.0 9.5 
Ba 447 148 840 1322 179 2244 438 445 149 254 584 136 736 817 
Sc 6.10 <2 2.50 8.30 <2 5.45 4.61 4.51 <2 <2 3.10 <2 3.95 5.78 
V 334.7 70.2 182.0 706.8 82.5 33.0 276.2 307.5 57.1 31.4 392.6 17.1 504.0 209.1 
Cr 48.6 15.0 26.6 58.1 24.2 2.8 32.3 17.8 14.8 28.1 24.1 15.3 29.6 19.8 
Ga 6.8 1.4 4.7 9.6 2.4 5.6 5.5 6.6 0.7 2.3 3.3 1.4 4.5 6.0 



Battle Mine white-pale grey chert XRF analyses 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Battle 
white cht 

Catalogue # . 
field # SJ458-G77 SJ17a-G82 SJ26G83 SJ9b-G85 SJ10b-G86 SJ539-G87 SJ785-G16 SJ772-G2 SJ773-G3 SJ406-G65 SJ454-G62 SJ399-G67 
Drillhole/loc. 
wt.% 

18-980 18-1032 18-1032 18-1032 18-1032 18-980 L14-681 L14-683 L14-683 18-1003 18-980 18-1003 

S102 , 95.81 93.90 91.30 94.64 92.98 91.31 87.79 83.75 90.39 88.45 85.23 78.57 
TiO2 0.09 0.13 0.09 0.10 0.11 0.10 0.18 0.18 0.08 0.10 0.37 0.45 
Al203 1.96 2.84 3.76 2.46 3.10 2.93 6.18 7.40 3.38 4.42 8.81 11.16 
Fe203 0.60 0.97 1.40 1.07 1.21 1.30 1.10 2.34 1.14 1.46 0.86 0.62 
MnO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.04 <0.01 0.02 
MgO 0.04 0.10 0.09 0.06 0.07 0.08 0.14 0.35 0.31 0.57 0.13 0.48 
CaO 0.01 0.03 0.18 0.02 0.02 <0.01 0.29 0.05 0.32 0.82 0.02 0.78 
Na20 0.05 0.08 0.04 0.07 0.04 0.04 0.15 0.18 0.10 0.09 0.22 0.17 
K20 0.48 0.80 1.05 0.67 0.87 0.82 1.76 2.05 0.93 1.25 2.14 2.98 
P205 <0.01 0.01 0.15 0.01 0.01 <0.01 0.23 0.05 0.01 0.03 0.02 0.43 
Loss.inc. S 0.68 0.98 1.41 0.97 1.10 1.46 1.55 2.51 1.95 2.48 1.69 2.34 
Total 99.86 99.89 100.47 100.12 99.60 99.78 100.08 100.14 100.52 99.94 99.69 99.69 
S 0.44 0.71 1.29 0.81 0.90 1.61 1.03 2.35 1.68 0.96 0.62 0.81 

PPm 
N,  2.0 2.6 9.0 1.5 3.5 3.2 14.1 20.7 10.3 8.9 9.1 12.0 
U <1.5 1.7 2.2 5.9 1.9 2.9 3.2 2.8 <1.5 8.8 4.7 6.8 
Rb 6.3 10.7 13.4 8.3 11.3 10.6 21.5 26.7 12.2 16.0 26.0 43.5 
Th <2 <2 <2 <2 <2 <2 1.9 2.8 2.5 2.3 2.2 3.3 
Pb 10 10 8 9 12 387 15 115 156 34 7 28 
As 10.0 13.4 6.8 20.6 12.1 11.3 32.1 54.2 89.8 13.5 6.0 <3 
TI 1.84 1.26 <1 1.70 1.84 1.64 <1 2.24 2.33 2.31 2.35 4.58 
Bi <2 2.10 <2 <2 2.31 <2 <2 <2 <2 <2 <2 <2 
Zn 91 25 4700 43 86 12177 4400 8700 13800 820 35 10900 
Cu 741 67 3000 77 292 978 793 208 454 198 3 453 
NI 3.4 6.5 8.2 9.5 3.4 9.8 13.6 2.3 2.0 9.9 1.3 6.0 
Sb <2 <2 2.0 <2 <2 <2 3.0 <2 4.9 <2 <2 <2 
Cd <1 <1 16.6 <1 <1 45.7 16.0 32.7 55.4 4.1 0.0 39.9 
Ag 2.0 <2 <2 <2 2.0 9.0 <2 <2 2.5 <2 <2 <2 
Nb <1 <1 1.1 1.2 1.5 1.0 2.3 2.9 1.0 1.4 4.1 5.6 
Zr 16.1 19.2 38.6 19.2 37.0 24.7 51.6 79.4 35.3 43.9 77.4 98.9 
Sr 1.0 3.0 4.0 3.0 5.0 5.0 26.0 11.0 6.0 16.0 12.0 20.0 
Ba 337 313 322 264 354 625 644 1640 726 955 1701 2448 
Sc 0.47 3.57 4.23 <2 2.26 <2 7.30 5.30 <2 5.31 7.05 11.28 
V 105.3 89.9 83.7 78.8 37.6 143.0 340.0 32.0 29.1 116.9 34.4 459.8 
Cr 17.6 20.7 10.9 20.4 22.1 16.8 16.9 7.9 17.7 6.9 2.0 129.4 
Ga 2.5 3.6 6.5 2.6 3.7 3.7 7.6 7.1 2.8 9.3 8.9 13.5 



Battle mine - green - tan mudstone XRF analyses 
	

HW Mine - altered argillite XRF analyses 

Battle 
altd mud 

Battle 
altd mud 

Battle 
altd mud 

Battle 
aitd mud 

Catalogue # 
field # SJ776-G42 SJ305-G58 .SJ761-G30 SJ776-G41 
Drillhole/loc. 
wt.% 

L14-683 L14-680 G171-XS L14-683 

Si02 77.84 70.53 66.76 62.11 
TiO2 0.32 0.51 0.54 0.57 
Al203 8.08 12.81 17.38 18.42 
Fe203 1.17 4.06 3.94 5.97 
MnO 0.01 0.12 . 0.00... 0.01 
MgO 0.30 1.85 0.51 0.51 
CaO 0.05 1.56 0.02 0.04 
Na20 0.12 0.15 0.30 0.42 
K20 2.21 3.37 5.01 5.13 
P205 0.02 0.16 0.03 0.05 
Loss inc. S 2.88 4.59 4.14 5.51 
Total 99.98 100.08 99.60 99.70 
S 3.11 1.45 3.02 4.78 

PPm 
Y 13.7 28.2 26.2 20.5 
U 7.3 <1.5 35.7 14.1 
Rb 28.9 44.6 61.0 64.1 
Th <3 <2 3.0 3.3 
Pb 15100 39 5 718 
As 926.0 17.0 15.5 159.1 
TI Pb, Ba interf. <1 6.24 1.99 
Bi <2 <2 <2 <2 
Zn 38800 200 1810 493 
Cu 2000 59 3195 211 
Ni 7.8 8.6 59.8 52.8 
Sb 35.1 2.6 <2 7.1 
Cd 150.7 <1 7.8 1.3 
Ag 9.2 2.5 2.5 2.5 
Nb 1.5 • 	4.6 5.6 7.0 
Zr 52.4 102.0 158.5 155.0 
Sr 14.0 42.0 31.0 30.0 
Ba 2448 2958 3000 7140 

Sc 8.74 17.11 22.50 18.71 
V 454.5 45.1 613.4 272.9 
Cr 74.8 2.5 19.6 15.0 
Ga 11.3 14.2 41.2 21.5 

HW mine 11W mine HW mine 11W mine HW mine HW mine 11W mine 11W mine 
altd arg altd arg altd arg altd arg altd arg altd arg altd arg altd arg 

SJ644-G21 SJ642-G22 SJ638-G27 SJ646-G19 SJ643-G23 SJ646T-G25 SJ650-G26 SJ248-G96 
HW S335C HW S335C 11W S335C HW S335C HW S335C 11W S335C HW S335C 23-503 

90.51 83.44 82.43 66.18 54.49 73.06 68.62 67.16 
0.09 0.16 0.22 0.30 0.75 0.57 0.85 0.95 
4.18 8.43 9.83 16.65 24.56 16.41 17.20 18.68 
1.84 2.07 1.23 3.77 3.99 0.56 0.93 1.80 
0.02 0.01 0.01 0.01 0.01 0.01 0.04 0.01 
0.26 0.42 0.45 0.89 1.06 0.91 1.19 0.70 
0.22 0.06 0.07 0.94 0.38 0.09 0.82 0.24 
0.08 0.13 0.18 0.25 0.39 0.25 0.25 0.53 
1.21 2.46 2.97 4.94 7.41 4.86 5.08 4.19 
0.02 0.06 0.05 0.73 0.31 0.08 0.42 0.19 
1.83 2.29 2.05 4.18 5.18 2.50 3.37 3.32 

100.47 99.86 99.90 99.53 99.48 99.88 99.44 99.87 
1.43 1.54 0.88 2.77 2.87 0.11 0.39 1.18 

13.2 11.6 14.7 56.4 32.7 31.3 56.7 30.3 
1.7 4.4 11.8 7.9 17.7 13.6 31.0 5.6 

16.3 34.3 40.1 68.1 97.3 69.1 72.1 54.1 
<1.5 1.7 1.6 2.7 2.0 2.1 4.7 5.4 
42 18 3 12 21 1 3 100 

14.1 14.0 10.4 396.5 57.7 7.6 338.3 104.4 
9.23 19.83 26.44 32.66 53.05 32.92 34.99 Ba interfer. 
<2 <2 <2 <2 2.70 <2 <2 <2 
381 46 33 88 23 17 103 94 
13 18 6 900 30 17 728 64 
4.2 5.6 8.4 20.9 12.1 6.1 11.4 13.4 
<2 <2 <2 4.6 2.8 <2 4.7 <2 

<1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1 
<2 <2 <2 <2 <2 <2 2.5 <2 
2.1 2.6 3.6 6.6 6.8 8.0 11.8 9.4 

44.4 69.3 88.3 187.5 171.4 104.3 193.0 223.5 
9.0 14.0 17.0 34.0 41.0 29.0 37.0 44.0 

1429 2900 3700 5100.  8500 5200 5100 18564 
4.00 4.30 10.90 21.00 21.40 20.80 22.90 19.18 
81.0 142.9 312.3 386.2 421.6 887.2 843.9 245.0 
10.1 10.0 8.5 7.9 11.5 187.4 133.1 44,3 
5.3 10.5 14.9 20.3 32.7 19.1 19.5 17.8 



HW Mine - altered argillite 
	

HIA/Mine - argillite XRF analyses 

HW mine 
altd arg 

HW mine 
altd arg 

Catalogue # 
field # SJ250-G97 SJ251-G98 
Drillhole/loc. 
wt.% 

23-503 23-503 

S102 55.19 46.61 
TiO2 0.94 1.21 
Al203 24.49 31.48 
Fe203 3.35 2.14 
MnO 0.04 0.04 
MgO 3.61 2.59 
CaO 0.28 0.35 
Na20. 0.61 0.82 
K20 4.56 6.46 
P205 0.21 0.26 
Loss inc. S 4.37 4.84 
Total 99.67 99.59 

0.04 0.02 

PPm 
Y 61.1 63.7 
U 3.6 5.5 
Rb 60.0 87.1 
Th 7.3 9.6 
Pb 20 8 
As 7.4 8.2 
TI Ba interfer. Ba interfer. 
Bi <2 <2 
Zn 196 64 
Cu 75 39 
NI 6.9 4.9 
Sb <2 <2 
Cd <1 <1 
Ag <2 <2 
Nb 14.6 18.7 
Zr 367.7 472.3 
Sr 53.0 71.0 
Ba 17748 24888 
Sc 17.95 22.94 
V 95.8 124.5 
Cr 4.0 5.2 
Ga 22.0 27.8 

11W mine HW mine HW mine HW mine HW mine HW mine KW mine HW mine 11W mine HW mine 
argillite argillite argIllite argillite argillite argillite argillite argillite argillite argillite 

SJ252a-G79 SJ253-G80 SJ75-G93 SJ254a-G76 SJ731-G99 SJ733-G100 SJ637-G36 SJ669-G28 SJ732-G112 SJ74-G113 
23-503 23-503 23-489 23-503 21-2072 21-2072 21LEVEL HW 23 SHOP 21-2072 23-489 

ARG ARG 
82.17 73.94 84.22 77.70 84.54 84.80 83.75 83.09 85.57 83.23 
0.27 0.34 0.15 0.22 0.18 0.19 0.17 0.24 0.14 0.23 
8.15 12.90 4.96 9.04 5.80 5.55 4.93 8.15 3.86 7.34 
2.64 3.29 1.39 1.79 1.91 2.00 2.72 1.28 1.67 2.75 
0.01 	- -- - 0.02 0.01 0.03 0.03 0.02 0.01 0.01 0.03 0.02 
0.61 1.19 0.13 1.17 1.11 0.86 1.18 0.68 0.89 2.08 
0.74 0.57 2.83 2.75 1.39 1.56 1.54 0.16 2.39 0.40 
0.26 0.21 0.12 0.17 0.18 0.34 0.71 0.12 0.11 0.15 
1.68 3.22 1.26 1.99 1.13 0.95 0.70 2.23 0.68 1.17 
0.56 0.23 2.12 0.55 0.09 0.22 0.07 0.11 0.71 0.30 
2.55 3.53 2.10 3.51 3.28 3.23 3.50 2.91 3.27 2.60 

100.32 99.91 99.59 99.45 100.15 100.37 99.61 99.59 99.73 100.64 
1.77 1.94 1.12 0.37 1.00 1.18 1.40 1.06 0.90 0.98 

13.5 12.9 17.6 15.9 8.7 11.5 4.9 10.6 8.9 9.9 
2.8 4.1 2.9 3.7 1.9 2.7 1.6 2.4 1.7 3.1 

22.8 41.0 14.1 28.6 19.2 16.8 13.3 30.9 11.8 15.1 
<2 5.5 2:1 2.1 <2 <2 <1.5 <1.5 <1.5 <1.5 
39 26 23 210 13 17 16 14 39 33 

134.3 44.9 60.3 44.1 21.9 25.2 32.9 39.5 21.7 66.8 
5.75 1.57 3.92 1.46 <1 <1 <1 11.12 <2 5.20 
<2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
151 48 448 765 139 107 109 118 147 126 
101 41 69 112 32 37 40 47 35 52 
25.1 14.5 26.8 6.8 25.6 26.1 20.2 21.5 27.0 23.2 
3.0 2.8 2.4 <2 4.0 4.6 4.2 3.0 5.4 1.7 
<1 <1 2.1 4.0 <1 <1 <1.5 <1.5 <1 <1 
3.3 <2 <2 2.3 <2 2.4 2.5 <2 2.7 <2 
2.9 4.4 2.6 3.4 2.9 3.2 	. 2.5 4.5 2.2 2.6 

62.7 96.2 42.4 94.2 49.0 41.0 37.6 88.3 29.5 57.7 
23.0 31.0 22.0 65.0 32.0 36.0 53.0 10.0 33.0 15.0 
5814 4080 2203 3570 4386 5610 2800 5300 3277 3266 
9.12 10.53 5.17 10.15 6.39 7.33 6.80 5.70 6.00 6.80 
129.0 179.8 73.5 38.5 116.1 129.2 104.7 154.2 93.1 135.0 
82.8 35.8 72.8 4.5 74.7 80.1 68.6 72.2 65.5 57.1 
7.3 11.7 5.1 7.9 6.0 5.0 4.8 8.0 3.5 7.4 



HW Mine - argillite XRF analyses 
	

South Flank argillite XRF analyses 

HW mine 
argillite 

HW mine 
argillite 

HW mine 
argillite 

HW mine 
argillite 

HW mine 
argillite 

HW mine 
argillite 

Catalogue # . 
field # SJ660-G114 SJ44-G115 SJ83G116 SJ492-G117 SJ492-G118 SJ491-G119 
Drillhole/loc 23 SHOP 23-493 23-488 23-514 23-514 23-514 
wt.% ARG ARG ARG ARG 
Si02 82.34 89.60 84.47 86.09 84.72 75:89 
TiO2 0.24 0.15 0.20 0.14 0.15 0.26 
Al203 8.36 4.20 6.48 5.09 6.09 10.41 
Fe203 1.64 2.59 1.69 1.73 1.68 2.33 
MnO 0.00 0.00 0.00 _ 0.02 0.02 0.03 
MgO 0.70 0.08 0.12 1.38 1.36 1.84 
CaO 0.30 0.09 1.30 1.27 1.23 1.52 
Na20 0.10 0.10 0.15 0.38 . 	0.45 0.55 
K20 2.33 1.01 1.53 0.82 1.07 2.05 
P205 0.22 0.08 0.98 0.07 0.07 0.09 
Loss Inc. S 3.12 2.33 2.20 2.92 2.88 3.78 
Total 100.04 100.56 99.69 100.28 100.20 99.56 
S 1.24 1.99 1.31 0.75 0.74 0.97 

PPm 
Y 11.6 20.3 29.6 7.4 7.2 11.7 
U 3.2 5.8 5.0 5.1 4.7 5.7 
Rb 30.9 12.8 18.9 14.5 18.0 35.0 
Th <1.5 <1.5 1.7 <1.5 <1.5 <1.5 
Pb 14 26 12 10 9 6 
As 49.9 117.9 73.9 23.1 24.8 31.9 
TI 9.20 3.80 9.90 <2 <2 <2 
Bi <2 <2 <2 <2 <2 <2 
Zn 92 10 343 131 148 141 
Cu 48 35 112 29 31 36 
Ni 24.1 35.2 24.9. 41.7 39.6 41.7 
Sb 4.6 2.8 2.1 4.2 3.3 5.5 
Cd <1 <1 <1 1.5 1.4 1.0 
Ag <2 2.5 <2 <2 <2 <2 
Nb 4.5 2.8 3.2 3.1 3.0 4.2 
Zr 77.7 38.9 59.4 52.8 52.1 79.1 
Sr 12.0 8.0 20.0 29.0 33.0 49.0 
Ba 6469 2907 4867 3002 4019 7147 
Sc 6.90 4.50 5.30 5.10 4.70 8.30 
V 161.1 202.6 164.5 217.3 203.9 289.0 
Cr 94.5 60.8 75.2 23.5 22.9 36.4 
Ga. 8.3 4.5 8.3 5.1 5.3 10.4 

Sth Flank 
argillite 

SJ717-G74 

Sth Flank 
argillite 

SJ718-G75 

Sth Flank 
argillite 

SJ607-G92 

Sth Flank 
argillite 

SJ824-G61 

Sth Flank 
argillite 

SJ605-G101 

Sth Flank 
argillite 

P189b-G111 

Sth Flank 
argillite 

SJ830-G123 
L14-641 L14-641 16-33 16-43 16-33 L14-641 16-36 

85.55 83.67 83.11 72.85 82.95 80.95 74.58 
0.13 0.16 0.19 0.16 0.18 0.27 0.25 
4.12 5.02 5.80 4.53 4.17 7.91 9.30 
2.65 3.41 2.54 3.18 2.59 3.07 2.92 
0.04 0.04 0.02 0.06 0.03 0.04 0.02 
0.65 0.80 0.69 1.22 1.15 0.71 1.96 
2.09 2.12 2.17 8.01 3.51 1.37 3.28 
1.00 0.72 1.91 0.33 0.57 1.67 1.83 
0.41 0.56 0.42 0.72 0.49 0.95 1.07 
0.03 0.31 0.05 3.55 1.19 0.06 0.42 
2.77 2.92 3.16 4.83 2.74 2.73 3.57 
99.64 99.87 100.20 99.64 99.62 100.22 99.41 
0.88 0.55 1.05 1.04 0.28 0.90 0.20 

2.6 9.8 11.4 25.1 23.1 5.6 20.0 
<1.5 <1.5 <1.5 2.7 2.0 <1.5 3.8 
7.9 9.3 7.0 13.7 8.8 15.7 17.0 
<2 <2 <2 <2 <2 <1.5 2.5 
25 3 24 6 	. 9 6 66 
9.3 25.7 12.3 11.1 18.6 23.4 28.5 
1.29 <1 <1 <1 <1 <2 <2 
<2 <2 <2 <2 <2 <2 <2 
69 61 158 104 78 61 287 
35 28 32 68 35 39 58 

21.9 13.0 17.9 23.6 12.8 21.6 21.9 
2.4 2.3 4.8 <2 <2 2.1 7.7 
<1 <1 1.9 1.0 <1 <1 2.0 
<2 <2 3.4 2.9 <2 <2 2.0 
2.0 2.5 1.9 2.6 2.3 2.8 3.8 

23.9 29.5 59.9 34.9 29.5 45.6 95.8 
62.0 45.0 85.0 97.0 54.0 71.0 75.0 
1653 1180 1044 1607 286 3934 1317 
5.64 6.49 6.96 10.06 8.18 9.40 11.70 
101.2 75.4 190.7 107.5 115.4 165.6 221.6 
66.4 47.9 29.5 72.1 56.3 71.3 37.6 
4.0 5.0 '4.2 4.7 4.9 6.1 7.5 



South Flank argillite XRF analyses 
	

Thelwood Valley - Price Hillside argillite XRF analyses 

Sth Flank 
argillite 

Sth Flank 
argillite 

Sth Flank 
argIllite 

Sth Flank 
argIllite 

Sth Flank 
argillite 

Sth Flank 
argillite 

Catalogue # 
field # SJ831-G124 SJ832-G125 49329* 4925V 49252* 49257* 
Drillhole/loc 
wt.% 

16-45 16-61 14-641 16-45 16-45 16-46 

Si02 81.75 .  66.72 73.01 68.46 74.53 63.64 
TiO2 0.20 0.38 0.37 0.37 0.27 0.53 
Al203 6.52 10.75 10.60 12.32 9.56 13.66 
Fe203 2.86 5.42 4.63 4.63 4.22 5.85 
MnO 0.04 0.10 0.08 0.05.- 0.06 0.10 
MgO 1.16 2.23 1.54 2.70 1.87 3.43 
CaO 1.94 5.00 3.25 3:76 3.92 5.82 
Na20 2.18 1.56 2.02 1.74 0.66 2.40 
K20 0.47 1.27 1.35 2.17 1.77 1.39 
P205 0.29 0.16 0.16 0.80 0.14 0.18 
Loss Inc. S 2.35 5.34 3.00 3.00 3.00 3.00 
Total 99.86 99.26 

0.86 0.71 

PPm 
9.6 16.1 8.1 110.0 156.0 287.0 

<1.5 1.7 
Rb 8.0 25.3 
Th <1.5 <1.5 
Pb 5 2 
As 5.6 5.4 
TI <2 <2 
Bi <2 <2 
Zn 89 107 111 18 13 16 
Cu 37 53 60 135 71 209 
Ni 15.3 19.3 11.0 95.7 162.0 102.0 
Sb <2 <2 
Cd <1 <1 
Ag <2 <2 
Nb 2.7 3.4 12.8 11.1 17.4 
Zr 38.4 71.2 
Sr 72.0 129.0 176.0 14.6 22.8 12.4 
Ba 626 2738 111 137 148 
Sc 7.90 15.80 11.60 76.00 121.00 66.00 
V 100.7 174.1 143.0 12.0 10.0 16.0 
Cr 62.4 59.6 111.0 10.0 25.0 10.0 
Ga 5.4 10.2 

HW North HW North Thelwood Thelwood Thelwood Thelwood Thelwood Thelwood 
argillite argillite argillite argIllite argillite argillite argIllite argillite 

SJ66-G94 SJ52-G95 5J629-G89 SJ629-G90 SJ630-G91 SJ221-G103 SJ629-G18 SJ223b-G120 
W202 W202 CR88-4 CR88-4 CR88-4 PR124 CR88-4 PR124 

79.62 89.95 80.84 50.02 66.45 78.62 86.64 70.18 
0.20 0.10 0.12 1.14 0.46 0.29 0.11 0.41 
7.60 2.97 7.05 19.97 15.67 9.69 6.59 11.48 
2.78 1.54 0.50 10.34 4.87 1.54 0.55 3.57 
0.02 0.01 0.04 0.15 0.11 0.02 0.02 0.07 
1.04 0.43 0.21 4.06 1.40 0.76 0.26 1.99 
2.00 1.73 3.67 2.14 1.45 1.76 0.99 2.89 
0.06 0.84 2.62 3.05 1.65 3.88 2.34 3.69 
2.36 0.33 1.76 5.25 4.56 0.75 1.77 . 0.96 
1.36 0.43 0.41 0.40 0.12 0.12 0.04 0.12 
2.40 1.77 2.77 2.85 2.94 2.53 1.10 3.99 

99.68 100.15 100.03 99.46 99.77 100.11 100.45 99.59 
1.33 0.54 0.02 0.13 0.25 0.51 0.02 0.71 

19.7 10.7 17.9 34.5 29.3 13.0 9.9 17.4 
1.8 1.9 <1.5 1.8 2.2 3.4 <1.5 1.9 

38.1 7.2 14.2 74.7 69.1 14.9 13.1 17.9 
<2 <2 2.1 4.5 4.9 <2 2.6 2.8 
10 14 6 7 12 39 4 2 

28.1 21.1 3.3 4.5 11.8 11.6 <3 180.6 
3.37 1.20 1.17 <1 0.98 <1 <1 <2 
<2 <2 <2 <2 <2 <2 <2 <2 
84 131 11 122 56 145 42 249 
39 26 9 116 33 93 10 121 

22.4 20.5 3.0 30.6 9.4 14.9 . 	1.6 18.4 
<2 2.0 <2 <2 <2 <2 <2 4.0 
<1 <1 <1 <1 1.2 <1.5 <1.5 <1 
<2 <2 <2 <2 <2 2.0 <2 2.8 
3.4 2.0 2.8 7.7 8.3 2.8 3.2 6.0 

65.6 27.2 81.4 174.4 184.4 72.3 73.4 92.2 
24.0 34.0 135.0 247.0 156.0 147.0 85.0 132.0 
2121 235 304 539 714 1021 353 1588 
6.39 3.95 4.79 28.20 16.45 10.90 3.90 12.70 
77.3 36.7 6.5 267.1 45.2 117.3 6.4 116.9 
67.0 52.7 1.9 94.0 14.5 38.5 2.9 85.5 
6.8 2.9 3.3 21.8 16.4 6.5 2.5 8.1 

• sample from Myra Falls mine database 



The!wood Valley - Price Hillside argillite XRF analyses 	 HW Horizon rhyolitic siltstone (interbedded with chert) - XRF analyses 

The!wood 
argillite 

Thelwood 
argillite 

Price 
argillite 

Price 
argillite 

Price 
argillite 

Catalogue # 
field it SJ432-G121 SJ432-G122 SJ621-G126 SJ621-G127 SJ624-G102 
Drillhole/loc 
wt.% 

PR124 PR124 PR13-68 PR13-68 PR13-68 

Si02 75.93 76.23 84.04 81.84 72.46 
TiO2 .0.26 0.29 0.17 0.22 0.30 
Al203 9.06 9.73 4.97 7.06 11.27 
Fe203 2.25 2.31 3.04 3.29 3.02 
MnO 0.06 0.04 0.03 . 0.02 0.04 
MgO 1.14 1.20 1.21 . 1.72 1.63 
CaO 3.20 2.32 1.91 0.72 2.01 
Na20 0.75 0.22 0.86 0.60 0.95 
K20 2.01 2.50 0.61 1.27 2.70 
P205 0.31 0.35 0.11 0.14 0.41 
Loss inc. S 4.34 3.94 3.06 2.87 4.34 
Total 99.72 99.65 100.14 100.00 99.59 
S 0.64 0.91 0.95 0.91 1.41 

PPm 
Y 16.1 17.3 11.9 13.3 19.2 
U 4.4 6.1 2.2 3.3 5.4 
Rb 38.0 47.9 8.9 19.6 38.7 
Th 2.5 2.2 <1.5 <1.5 4.2 
Pb 69 58 22 9 72 
As 12.8 26.8 41.2 55.5 37.1 
ri <2 <2 <2 <2 <1 
Bi <2 <2 <2 <2 <2 
Zn 329 384 110 109 412 
Cu 77 82 38 39 86 
Ni 36.0 34.7 20.8 23.9 26.3 
Sb 4.5 5.2 2.1 <2 4.2 
Cd 2.5 1.9 1.2 <1 1.4 
Ag 2.7 3.7 <2 <2 <2 
Nb 4.6 4.5 3.0 2.2 5.4 
Zr 97.5 106.0 37.6 46.8 115.8 
Sr 92.0 68.0 57.0 37.0 80.0 
Ba 3169 3948 859 1849 3468 
Sc 9.30 8.70 . 6.60 8.80 8.93 
V 242.6 243.6 161.3 186.7 172.0 
Cr 63.4 60.6 62.5 73.3 46.7 
Ga 9.4 10.7 5.6 7.8 11.1 

Battle 
siltstone 

SJ764b-G45 

Battle 
siltstone 

SJ772-G39 

Battle 
siltstone 

SJ783-G47 

Battle 
siltstone 

SJ784-G48 

Battle 
siltstone 

SJ775-G5 

Battle 
siltstone 

SJ316-G20 

Battle 
siltstone 

SJ784-G12 

Battle 
slItstone 

SJ763-G37 
L14-676 L14-683 L14-681 L14-681 L14-683 L14-680 L14-681 L14-677 

75.28 81.45 90.19 83.02 72.21 90.72 90.78 72.28 
0.29 0.23 0.12 0.14 0.24 0.08 0.06 0.35 
12.59 9.85 5.24 8.76 15.51 4.29 4.87 14.55 
1.03 1.41 1.15 2.75 2.04 1.07 1.05 1.01 
0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.01 
0.12 0.31 0.11 0.20 0.43 0.27 0.12 0.14 
1.42 0.06 0.02 •  <0.01 0.00 0.52 0.04 1.34 
6.79 0.23 0.12 0.22 0.38 0.06 0.12 7.93 
0.36 2.78 1.45 2.31 4.23 1.23 1.33 0.36 
0.07 0.05 0.01 0.01 0.02 0.03 0.01 0.08 
1.78 2.39 1.37 2.65 3.33 1.68 1.33 1.63 

99.77 99.69 99.87 100.28 99.50 100.41 99.84 99.72 
0.72 1.35 0.85 2.05 1.89 0.82 0.80 0.75 

19.2 20.6 10.0 22.1 17.0 12.3 14.5 22.4 
8.2 <1.5 <1.5 1.8 5.1 <1.5 <1.5 11.9 
4.9 35.0 18.2 29.5 52.1 17.7 17.0 4.4 
3.4 2.7 <2 2.3 4.4 <1.5 2.4 4.7 
6 14 7 9 295 52 3 9 

16.4 17.2 7.4 11.1 29.1 18.1 6.4 10.0 
1.42 2.43 1.63 2.05 3.19 1.31 <1 <1 
<2 <2 2.63 2.21 <2 <2 <2 <2 
76 5544 11 25 5500 1473 13 16 
3 147 108 657 302 	. 156 452 2 

17.5 4.9 1.0 1.4 2.6 4.6 0.9 13.1 
<2 <2 <2 <2 <2 3.5 <2 2.1 
<1 19.7 <1 <1 20.5 6.1 <1.5 <1.5 
<2 <2 <2 <2 <2 2.8 <2 <2 
5.9 3.3 2.6 2.8 5.0 1.9 1.8 6.8 

131.4 107.5 59.4 93.0 164.0 59.1 57.1 152.0 
133.0 14.0 14.0 24.0 24.0 8.0 17.0 165.0 
171 2121 695 1198 3200 1800 624 269 
7.24 8.18 3.76 5.73 7.50 4.70 2.80 7.20 
34.7 49.9 9.0 7.5 78.5 41.0 4.7 44.5 
1.5 12.2 2.6 1.1 3.4 4.5 1.1 2.2 
9.8 10.5 6.3 10.5 17.1 4.1 5.7 10.3 



HW Horizon rhyolitic siltstone (interbedded with chert) - XRF analyses 

Battle 
slltstone 

Battle 
slltstone 

Battle 
slItstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
slItstone 

Battle 
siltstone 

Catalogue # 
field # SJ316-G31 SJ783-G9 SJ774-G4 SJ723-G14 SJ722-G15 SJ394-G63 SJ460-G78 SJ4b-G84 SJ391-G64 5J24-G81 SJ819-G60 SJ448-G72 SJ608-G24 

Drillhole/loc 
wt.% 

L14-680 L14-681 L14-683 L14-682 114-682 18-1003 18-980 18-1032 18-1003 18-1032 114-679 18-1004 L10-2024 

Si02 85.59 87.09 86.12 88.85 84.37 86.87 77.48 82.21 89.00 90.52 87.03 61.06 67.67 

TiO2 0.17 0.13 0.16 0.07 . 0.13 0.21 0.23 0.14 0.09 0.10 0.09 0.50 0.29 

Al203 6.77 7.58 6.66 5.02 7.36 7.08 13.19 6.85 6.19 4.60 5.50 23.71 18.45 

Fe203 0.64 1.24 1.35 2.24 0.94 0.89 1.71 1.84 0.63 1.18 1.71 1.71 1.69 

MnO 0.07 <0.01 <0.01 0.01 0.23 <0.01 <0.01 0.16 <0.01 <0.01 0.02 <0.01 0.03 
MgO 0.84 0.18 0.22 0.18 0.87 0.24 0.24 1.08 0.17 0.13 0.52 0.65 1.08 

CaO 1.10 <0.01 0.08 0.02 1.15 0.07 0.06 1.36 0.02 <0.01 0.82 0.19 0.28 

Na20 0.09 0.19 0.18 0.12 0.20 0.20 0.30 0.15 0.11 0.11 0.04 0.42 0.30 

K20 1.97 2.10 1.83 1.38 2.09 2.02 3.58 2.01 1.70 1.23 1.79 6.90 5.45 

P205 0.06 0.01 0.08 0.01 0.03 0.04 0.06 0.02 0.02 0.01 0.03 0.14 0.07 

Loss Inc. S 2.55 1.73 2.01 1.93 3.08 1.56 2.72 3.67 1.36 1.47 2.11 3.92 3.50 

Total 100.30 100.40 100.63 100.04 100.59 99.42 100.35 99.72 99.86 100.09 99.99 99.88 99.46 

S 0.13 0.93 1.69 1.77 0.58 0.63 1.47 1.40 0.60 1.14 0.95 1.08 1.02 

PPm 
Y 15.9 21.0 9.1 6.4 11.6 29.6 28.6 13.7 8.0 7.4 7.0 63.3 42.4 
U 2.1 <1.5 3.5 1.7 2.3 3.6 1.6 <1.5 <1.5 <1.5 <1.5 7.6 9.6 
Rb 27.3 26.5 23.3 17.0 28.8 26.3 39.3 23.6 19.4 14.6 27.8 80.6 73.3 

Th <1.5 2.9 25.0 2.5 2.7 3.2 4.0 2.4 2.8 <2 <2 5.0 3.5 

Pb 23 8 	• 6870 10 29 35 11 11 4 4 39 18 16 
As 14.7 6.8 336.3 13.5 16.8 4.6 . 17.2 56.0 2.7 594.7 10.7 11.9 98.3 
TI 1.87 1.41 <2 <1 1.80 2.53 3.82 8.00 2.23 2.58 1.41 4.34 34.50 

Bi <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Zn 56 22 7100 35 19 784 3900 25 3830 3861 136 1446 83 
Cu 15 329 1074 1261 38 19 414 23 75 1334 501 483 219 
Ni 6.0 0.8 8.2 3.2 4.4 5.3 3.3 2.2 1.1 0.2 1.0 15.1 12.6 
Sb <2 <2 22.3 .<2 4.8 2.1 <2 <2 <2 32.3 <2 <2 1.9 
Cd <1.5 <1.5 27.1 <1.5 <1.5 2.8 14.2 <1 15.6 15.1 <1 7.0 <1.5 
Ag <2 <2 6.3 3.2 21.7 <2 <2 <2 <2 3.4 2.7 <2 <2 
Nb 2.6 3.0 2.3 2.2 2.7 3.5 5.3 3.3 2.5 2.1 2.3 7.8 6.4 
Zr 64.5 78.3 64.8 49.9 66.7 83.5 144.7 80.2 65.6 52.5 56.1 241.3 181.4 
Sr 17.0 21.0 10.0 13.0 27.0 8.5 18.0 20.0 7.0 4.0 6.0 30.5 35.0 
Ba 3900 1008 1543 537 1350 1265 2191 1952 772 937 2244 3876 5500 
Sc 7.50 6.10 4.10 - 2.30 4.10 6.25 9.96 6.20 3.67 2.35 2.16 27.12 14.50 
V 22.2 8.1 218.2 41.9 22.0 88.2 25.2 15.5 9.5 8.2 17.1 471.7 222.6 
Cr 1.2 1.4 29.8 7.7 2.2 26.2 1.4 6.6 2.1 1.1 2.3 19.9 4.0 
Ga 7.1 8.8 6.8 5.5 6.6 7.7 15.6 7.0 7.5 5.8 6.3 30.7 20.0 



43 Block 
	

43 Block 
	

43 Block 
HW andesite 

	
HW MV 
	

HW dacite 

SJ542-G135 SJ558A-G136 SJ561-G137 
20-845 20-675 20-675 

54.18 83.20 61.69 
0.87 0.23 0.58 
17.61 6.86 15.88 
9.41 2.82 4.86 
0.15 0.02 0.08 
4.12 0.88 1.43 

6.03 1.34 5.59 
3.23 0.63 5.97 
0.73 1.37 0.36 
0.17 0.07 0.24 

3.33 2.20 2.93 
99.92 99.85 99.67 
0.01 0.91 0.00 

17.0 15.6 26.4 
<1.5 1.6 <1.5 
13.1 22.8 5.2 
2.6 2.7 2.3 
7 90 10 

6.6 10.1 4.7 
<2 <2 <2 
<2 <2 <2 
166 156 91 
64 299 12 
5.7 	• 2.2 3.2 
<2 <2 <2 
<1 <1 <1 
<2 2.2 <2 
2.6 2.8 2.9 
59.4 64.5 87.5 

485.8 83.8 363.6 
385 1323 333 

23.90 8.50 18.00 
191.7 60.0 66.3 

8.7 7.2 4.9 
17.4 6.9 15.9 

HW Horizon rhyolitic siltstone and volcaniclastic rocks (interbedded with chert) 	 43 Block and and rhy volc. 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
siltstone 

Battle 
rhy sandst 

Battle 
rhy sandst 

Battle 
rhy sandst 

Battle 
rhy sandst 

Catalogue # 
field # SJ648-G17 SJ254b-G88 SJ304-G128 SJ307-G129 SJ308-G130 SJ309-G131 SJ310-G132 SJ311-G133 SJ312-G134 
Drillhole/loc 
wt.% 

HW-S335C 23-503 114-680 114-680 114-680 L14-680 114-680 L14-680 114-680 

S102 70.51 63.15 73.95 68.00 68.10 72.11 69.58 84.93 79.95 
TIO2 0.29 0.24 0.41 0.57 0.54 0.22 0.29 0.17 0.21 

Al203 13.30 17.15 12.66 14.09 13.80 10.84 11.44 7.25 9.25 

Fe203 1.83 4.72 2.24 4.54 4.54 2.88 3.57 2.26 2.77 
MnO 0.01 0.04 0.06 0.11 0.12 0.13 0.05 0.00 0.05 
MgO 1.02 4.07 1.43 2.21 2.28 2.01 1.98 0.39 0.99 

CaO 0.58 1.04 1.35 1.53 1.24 2.66 1.82 0.12 0.56 

Na20 0.16 0.33 0.17 0.16 0.17 0.09 0.08 0.06 0.09 

K20 8.40 3.33 3.39 3.53 3.48 2.79 3.05 2.10 2.57 
P205 0.24 0.06 0.13 0.18 0.17 0.06 0.23 0.02 0.04 

Loss inc. S 2.49 4.74 3.13 4.05 4.63 4.20 4.96 2.15 2.93 

Total 99.52 99.51 99.44 99.43 99.51 99.09 99.15 99.94 100.10 

S 1.33 0.48 0.42 1.40 1.41 0.90 2.13 1.63 1.72 

PPm 
Y 22.0 21.2 20.9 32.2 32.8 25.9 17.0 13.4 21.2 
U 2.6 2.3 1.8 1.9 <1.5 2.0 8.1 <1.5 1.7 
Rb 69.9 47.0 47.9 49.3 47.6 39.9 . 	44.9 29.9 36.1 
Th 1.5 2.3 2.3 - 1.5 <1.5 2.1 4.1 2.2 2.1 
Pb 49 18 161 40 22 652 698 62 274 
As 50.2 752.0 28.9 22.3 18.4 6.7 178.5 18.8 30.9 

TI <1 <1 	' <2 <2 <2 <2 <2 <2 2.90 

Bi <2 <2 <2 <2 <2 <2 <2 2.60 <2 
Zn 2000 120 537 280 188 3400 9400 321 1003 
Cu 76 14 121 94 50 584 1124 423 208 
Ni 1.9 16.1 9.3 9.3 7.2 5.1 43.4 2.5 5.7 
Sb <2 2.0 2.2 3.6 4.1 2.9 17.7 3.1 3.1 

Cd 7.1 <1 3.2 2.1 1.3 15.8 39.6 1.7 5.5 
Ag 3.3 <2 2.7 2.5 <2 5.9 20.6 6.5 2.8 
Nb 4.5 6.9 4.6 4.4 4.3 4.2 4.3 3.1 2.6 
Zr 109.9 153.4 116.6 114.2 109.8 116.2 110.3 74.8 89.0 

Sr 76.0 69.0 35.0 40.0 34.0 48.0 49.0 11.0 21.0 
Ba 3900 5610 3454 3820 3913 4911 6610 3843 4217 

Sc 7.10 6.58 13.40 19.70 18.80 14.30 9.10 6.80 10.90 

V 23.8 70.3 45.5 65.5 37.3 60.1 295.1 23.0 37.9 

Cr 1.9 9.9 2.9 3.9 2.1 5.7 28.4 4.3 3.6 
Ga 9.8 16.6 13.4 15.2 14.5 11.8 9.9 8.0 10.2 



43 Block andesite and rhyolitic volcaniclastics 

' 43 Block 
and. SIR 

43 Block 
FOP 

43 Block 
Rhy. Sst 

43 Block 
rhy sst-mz 

43 Block 
mz, rhy sst 

43 Block 
mz, rhy sst 

43 Block 
rhy sst 

43 Block 
and. Sst 

43 Block 
FW andesite 

43 Block 
FW andesite 

43 Block 
FW andesite 

Catalogue # G142 G143 G144 G145 G146 G147 G148 
field # SJ565-G138 SJ552-G139 SJ553ab-G140' SJ568-G141 SJ570-G142 SJ571-G143 SJ555-G144 SJ556-G145 SJ558-G146 SJ572-G147 SJ559-G148 
Drillhole/loc 
wt.% 

20-675 20-845 20-845 20-675 20-675 20-675 20-845 20-845 20-845 20-675 20-845 

$102 59.88 • 71.65 73.83 51.05 52.97 59.82 64.78 53.17 52.41  54.22 
TiO2 0.50 0.26 0.25 0.18 0.34 0.50 0.44 0.71 

42461  517.  0 8.. 
0.83 0.78 

Al203 14.24 13.77 9.88 6.57 17.17 17.26 12.42 17.38 17.34 15.01 
Fe203 5.95 2.57 2.74 4.99 10.52 5.38 4.79 8.34 10.16 8.67 4.76 
MnO 0.08 0.03 0.04 .. 0.06 0.02 0.03 0.09 0.10 0.14 0.11 0.10 
MgO 2.79 1.16 1.07 0.77 1.03 1.71 2.73 4.30 4.52 4.17 1.41 
CaO 6.44 1.80 2.80 3.76 1.04 1.74 4.61 6.21 8.05 6.89 7.63 
Na20 2.86 4.03 0.21 0.11 0.17 0.20 0.17 3.47 2.05 3.45 3.89 
K20 1.05 1.71 2.59 1.92 5.07 4.42 2.23 0.52 0.23 0.26 0.37 
P205 0.22 0.08 0.07 0.04 0.05 0.27 0.10 0.23 0.18 0.23 0.31 
Loss Inc. S 5.21 2.66 5.24 11.43 8,12 5.30 5.83 5.31 3.87 3.77 2.76 
Total 99.45 99.80 99.40 98.83 100.23 99.60 99.26 99.82 99.76 100.00 100.20 
S 0.84 0.00 0.88 8.14 8.48 3.42 0.48 0.03 0.16 0.01 0.05 

PPm 
Y 19.4 12.4 13.4 Pb interf. 18.3 28.2 23.8 15.7 17.7 17.9 21.2 
U 2.3 1.5 <1.5 2.1 5.9 2.5 <1.5 <1.5 <1.5 <1.5 <1.5 
Rb 19.4 33.1 48.2 38.0 80.3 68.9 36.8 7.6 3.9 4.1 5.7 
Th 2.0 4.2 2.3 Ba, Th inter!. 7.0 2.1 <1.5 <1.5 <1.5 <1.5 <1.5 
Pb 5 5 86 13600 752 47 43 5 4 2 2 
As 55.0 <3 7.8 1278.0 68.9 27.5 12.3 4.4 9.9 <3 5.3 
TI <2 <2 <2 Ba, Pb int. 14.85 19.55 4.89 <2 <2 <2 <2 
BI <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Zn 74 36 566 45800 12200 10100 96 77 97 80 59 
Cu 40 16 119 6400 4800 2100 68 79 86 94 43 
Ni 12.0 1.8 5.7 10.2 11.8 7.9 17.4 13.8 17.0 12.5 5.0 
Sb 2.4 <2 <2 137.1 6.4 <2 <2 <2 <2 <2 <2 
Cd <1 <1 3.2 194.0 44.8 45.2 <1 <1 <1 <1 <1 
Ag <2 <2 2.3 50.0 9.5 5.1 <2 <2 <2 <2 <2 
Nb 3.5 3.3 3.5 2.0 4.8 3.1 3.0 2.0 2.7 2.7 3.1 
Zr 84.0 123.0 89.0 74.8 152.6 132.3 71.9 39.0 54.1 47.5 53.9 
Sr 200.0 203.0 92.9 1008.0 42.4 43.4 62.6 651.5 559.5 333.3 356.5 
Ba 1900 687 5200 89400 13700 13000 9400 565 229 273 322 
Sc 20.70 6.00 8.50 5.80 11.10 16.90 20.70 30.20 26.20 24.40 20.10 
V 176.9 33.2 35.6 73.0 118.8 89.8 133.0 288.5 292.7 293.6 181.5 
Cr 42.2 3.0 7.4 4.0 13.6 17.4 31.8 42.3 56.3 23.7 16.6 
Ga 12.7 11.6 9.4 Pb, Ba interf. 24.9 19.2 10.5 12.9 16.6 14.5 13.0 



Appendix 4: 

REE analyses 

Rare Earth Elements (REE) were measured in 15 argillite and 8 chert samples from 

the base of the HW Horizon. The samples were analysed by ICP-MS at the Geology 

Department, University of Tasmania, using the method of Yu et al. (2001). 

453 



L14-681 
L14-683 
18-1003 
18-1003 
L14-683 

chert 
chert 
chert 
chert 

altd mud 

SJ788 
SJ776 
SJ399 
SJ390 
SJ776 

G35 
G6 
G67 
G69 
G42 

3.28 
4.05 
13.75 
2.27 
6.30 

4.92 
7.68 

24.66 
3.96 
11.39 

0.80 
0.97 
3.11 
0.48 
1.40 

3.25 
3.97 
13.14 
1.86 
5.59 

0.69 
0.91 
2.86 
0.42 
1.32 

0.16 
0.29 
0.78 
0.09 
0.54 

0.57 
0.83 
2.84 
0.41 
1.38 

0.08 
0.13 
0.38 
0.06 
0.25 

0.47 
0.66 
2.00 
0.32 
1.53 

0.10 
0.13 
0.46 
0.07 
0.34 

0.29 
0.39 
1.44 
0.23 
1.07 

0.31 
0.45 
1.77 
0.38 
1.27 

0.05 
0.07 
0.32 
0.07 
0.20 

72.43 
60.47 
43.35 
33.16 
30.92 

6.11 
11.40 
3.99 
13.90 
27.02 
26.42 

1.60 
2.37 
1.06 
3.25 
6.10 
6.76 

0.46 
0.63 
0.32 
0.92 
1.84 
1.80 

1.64 
2.99 
1.08 
3.57 
5.38 
7.23 

0.27 
0.47 
0.18 
0.59 
0.89 
1.19 

1.64 
2.98 
1.07 
3.68 
5.40 
6.80 

0.35 
0.71 
0.23 
0.80 
1.12 
1.42 

1.01 
2.13 
0.67 
2.35 
3.42 
3.85 

0.94 
1.98 
0.71 
2.06 
3.51 
3.56 

0.15 
0.30 
0.11 
0.32 
0.56 
0.53 

34.35 
47.08 
35.48 
56.80 
52.62 
43.32 

Battle Mine - black cheri 
field # 	drillhole lithology 	La 

	
Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Yb 	Lu 	La/Lu 

SJ786 	G50 	L14-681 black chert 0.75 
	

1.52 	0.20 	0.80 	0.23 	0.07 	0.31 	0.06 	0.33 	0.07 	0.21 	0.20 	0.03 24.81 
SJ806 	G56 	L14-680 black chert 2.55 

	
2.51 	0.35 	1.52 	0.54 	0.24 	0.91 	0.17 	0.98 	0.21 	0.61 	0.55 	0.09 29.59 

SJ813 	G104 	L14-680 black chert 2.85 
	

4.93 	0.64 	2.54 	0.70 	0.50 	0.76 	0.13 	0.76 	0.16 	0.48 	0.46 	0.07 39.36 

Battle Mine - chert/altered mudstone 

Battle Basin -argillite 
SJ763 	G7 	L14-677 	argillite 	16.64 27.55 	3.66 	15.64 

	
3.65 
	

1.86 
	

4.61 	0.81 
	

5.06 
	

1.20 
	

3.59 
	

3.62 
	

0.57 
	

29.00 
SJ766 	G8 	L14-676 	argillite 	11.53 23.07 2.91 	12.23 

	
2.70 
	

0.69 
	

2.75 	0.46 
	

2.83 
	

0.64 
	

1.95 
	

2.20 
	

0.37 31.49 
SJ765 	G44 	L14-676 	argillite 	15.13 29.75 3.90 	16.13 

	
3.74 
	

0.92 
	

3.28 	0.50 
	

3.05 
	

0.66 
	

2.02 
	

2.07 
	

0.33 45.48 
SJ448 	G72 	18-1004 argillite/silt 16.87 34.01 	4.36 	19.10 

	
5.59 
	

1.14 
	

8.29 	1.57 
	

10.03 
	

2.33 
	

7.11 
	

7.43 
	

1.17 
	

14.46 

HW Basin -argillite 
SJ75 
SJ646T 
SJ669 
SJ251 
SJ44 

G93 
G25 
G28 
G98 
G115 

23-489 
S335C 

23 SHOP 
23-503 
23-493 

argillite 
hw-arg 
hw-arg 
argillite 
argillite 

9.89 
7.18 
7.71 
36.34 
10.09 

15.50 
15.25 
12.77 
73.67 
15.57 

2.39 
2.01 
1.60 
9.24 
2.26 

10.60 
8.83 
6.12 
36.94 
8.71 

3.19 
2.59 
1.26 
8.05 
1.88 

1.18 
0.46 
0.20 
1.22 
0.38 

3.70 
3.82 
1.30 
8.07 
2.59 

0.54 
0.80 
0.23 
1.54 
0.48 

3.03 
5.30 
1.55 
10.38 
2.97 

0.59 
1.20 
0.39 
2.38 
0.61 

1.54 
3.51 
1.28 
7.43 
1.68 

1.28 
3.34 
1.57 
7.49 
1.38 

0.20 
0.49 
0.25 
1.18 
0.20 

50.72 
14.57 
30.76 
30.75 
49.56 

Regional argillite 
SJ831 
	G124 	16-45 	arginite 	5.25 	9.14 	1.43 

SJ605 
	

G101 
	

16-33 	argillite 	13.96 17.36 2.70 
P189b 
	

G111 
	

L14-641 
	

argillite 	4.00 
	

7.08 
	

1.00 
SJ824 G61 16-43 argillite 17.98 24.49 3.40 
SJ630 G91 CR88-4 argillite 29.46 56.02 7.08 
SJ629 G90 CR88-4 argillite 23.00 49.84 6.25 



Appendix 5: 

Sulphur-carbon-Fe analyses 

and sulphur isotopes 

Appendix 5.1 

Sulphide sulphur was determined by the chromium reduction method by Canfield et 

al. (1986), by the author at CODES, University of Tasmania. 

Organic carbon was determined using the `ashing' method of Krom and Berner 

(1983). Total carbon and sulphur analyses were collected on the Karlo Erber 

Elemental Analyser, Central Science Laboratory, University of Tasmania. 

HC1-soluble Fe was obtained using the 1 N HC1 24-hour extraction method, 

recommended by Leventhal and Taylor (1990). HC1-soluble Fe was obtained on 4 

repeat samples using the 12 N HC1 boiling method of Berner (1970). The HC1- 

soluble Fe in solution was measured by Ashley Townsend using the ICP-OES (at a 

wavelength 259.9 nm, and detection limits of approximately 20 ppb) at the Central 

Science Laboratory, University of Tasmania. 

Appendix 5.2 

Sulphur isotope analyses were obtained from mono- and di-sulphides extracted from 

argillite and black chert samples, by the chromium reduction method of Canfield et 

al. (1986). Conventional 5 34S analyses were carried out at the Central Science 

Laboratory, University of Tasmania, using the analytical techniques of Robinson and 

Kusakabe (1975). 
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Appendix 5.1: Sulphur - Carbon - Fe analyses 

Battle basin argillite/black chert 

Field # SJ764-G7 SJ766-G8 SJ317-G11 SJ807-G105 SJ765-G34 SJ815-G54 SJ806-G56 SJ813-G104 SJ810-G106 SJ809-G107 
Drillhole 114-677 L14-676 L14-680 L14-680 L14-676 L14-680 L14-680 L14-680 L14-680 L14-680 
Lithology Argillite Argillite Argillite Argillite Argillite Black cht Black cht Black cht Black cht Black cht 

Wt.% 
Carbonate C 2.90 0.75 0.03 0.07 0.10 0.05 0.08 0.04 0.03 0.01 
Organic C 0.59 0.54 0.12 0.30 0.04 0.29 0.19 0.38 0.08 0.28 
mono-S 0.004 0.020 0.047 0.040 0.000 0.173 0.000 0.316 0.056 0.054 
di-S 1.53 . 0.85 0.65 0.50 0.95 0.62 0.81 0.27 0.37 
Total S 1.53 0.87 0.70 0.54 1.12 0.62 1.12 0.32 0.42 
S (XRF) 1.88 2.65 0.80 0.63 1.85 0.98 2.35 1.41 0.76 
Fe2O3  3.41 4.02 0.88 0.76 1.81 1.24 2.37 1.66 0.86 
Fe total 2.38 2.81 0.61 0.53 1.27 0.87 1.66 1.16 0.60 
Py Fe 0.76 0.43 0.32 0.25 0.47 0.31 0.40 0.13 0.18 

Fenn' - Py Fe 1.62 2.39 0.29 0.28 0.79 0.56 1.25 1.03 0.42 
"HCI -sol Fe (1 0.19 0.06 0.00 0.00 0.00 0.01 0.00 0.00 
*HCI-sol Fe (2) 

DOPT  0.32 0.15 0.53 0.47 0.37 0.36 0.24 0.12 0.30 
DOPR  0.80 0.88 0.98 0.99 0.99 0.98 0.98 0.98 

• HCI-sol Fe (1) refers to method 1, using 24 N HCL over 24 hours 
HCI-sol Fe (2) refers to method 2, using boiling HCI for 1 hour, then decanting (Leventhal and Taylor, 1990) 



Battle basin black chert 
	 Battle Mine white chert 

Field # 	SJ812-G109 
Drillhole 	L14-680 
Lithology 	Black cht 

SJ817-G110 
L14-680 

Black cht 

SJ810-G57 
114-680 

Black cht 

SJ818-G108 
- 	L14-680 

Black cht 

SJ788-G35 
L14-681 

Black chert 

SJ788a-G52 
L14-681 

Black chert 

SJ789-G13 
L14-681 

Black chert 

SJ789a-G53 
L14-681 

Black chert 

Wt.% 
Carbonate ( 0.03 0.03 0.06 0.01 0.01 0.01 0.00 0.00 
Organic C 0.16 0.15 0.07 0.21 0.07 0.06 0.00 - 0.00 
mono-S 0.359 0.142 0.000 0.149 0.000 0.000 0.000 0.000 
di-S 0.58 0.29 0.29 
Total S 0.94 0.43 0.44 
S (XRF) 1.37 0.50 0.54 
Fe203  1.18 0.43 0.47 
Fe total 0.83 0.30 0.33 
Py Fe 0.29 0.14 .  0.15 
Feror - Py F 0.54 0.16 0.18 
*HCI-sol Fe 0.00 0.00 0.00 
*HCI-sol Fe (2) 

DOP T  0.35 0.48 0.44 
DOPR  0.99 0.99 0.99 

SJ776-G06 SJ404-G33 

	

L14-683 	18-1003 
Chert 	Chen 

	

0.08 
	

0.07 

	

0.06 
	

0.02 
0.000 



C.7\ 

Battle Mine white chert 
	

HW Mine Argillite 

Field # SJ25-G29 SJ786-G10 SJ776-G6 SJ810-G57 SJ785-G16 SJ404-G33 
Drillhole 18-1032 L14-681 114-683 . L14-680 114-681 18-1003 
Lithology Chert Chert Chert Chert Chert Chen 

Wt.% 
Carbonate C 0.00 0.00 0.08 0.06 0.00 0.07 
Organic C 0.00 0.00 0.06 0.07 0.00 0.02 
mono-S 
di-S 
Total S 
S (XRF) 
Fe203  
Fe total 
Py Fe 
FeTOT 	Py Fe 
*HCI-sol Fe (1) 
*HCI-sol Fe (2) 

DOPT  
DOPR  

SJ733-G100 
21-2072 
Argillite 

SJ637-G36 
21 LEVEL 
Argillite 

SJ669-G28 
23 SHOP 
Argillite 

SJ75-G93 
23-489 

Argillite 

0.69 0.47 0.03 0.11 
0.13 0.42 0.49 0.25 

0.31 0.97 0.69 0.33 
0.31 0.97 0.69 0.33 
1.18 1.40 1.06 1.12 
2.00 2.72 1.28 1.39 
1.40 1.90 0.90 0.97 
0.15 0.48 0.34 0.16 
1.25 1.42 0.55 0.80 
0.01 0.04 0.19 0.01 

0.11 0.25 0.38 0.17 
0.92 0.93 0.64 0.96 



HW Mine Argillite 

Field # 
Drillhole 
Lithology 

Wt.% 

SJ731-G99 
21-2072 
Argillite 

SJ732-G112 
21-2072 
Argillite 

SJ74-G113 
23-489 
Argillite 

SJ660-G114 
23 SHOP 
Argillite 

SJ44-G115 
23-493 
Argillite 

SJ83-G116 
23-488 
Argillite 

SJ492-G117 
23-514 
Argillite 

SJ492-G118 
23-514 
Argillite 

SJ491-G119 
23-514 
Argillite 

Carbonate C 0.59 0.47 0.11 0.02 0.02 0.02 0.44 0.43 0.50 
Organic C 0.20 0.54 0.11 0.57 0.29 0.42 0.28 0.21 0.24 
mono-S 0.003 0.0005 0.002 
di-S 0.63 0.69 0.48 0.95 1.06 0.76 0.46 0.43 0.56 
Total S 0.63 0.69 0.48 0.95 1.06 0.76 0.46 0.43 0.56 
S (XRF) 1.00 0.90 0.98 1.24 1.99 1.31 0.75 0.74 0.97 
Fe203  1.91 1.67 2.75 1.64 2.59 1.69 1.73 1.68 2.33 
Fe total 1.34 1.17 1.92 1.15 1.81 1.18 1.21 1.17 1.63 
Py Fe 0.31 0.34 0.24 0.48 0.53 0.38 0.23 0.21 0.28 
FeTur Py Fe 1.02 0.82 1.68 0.67 1.28 0.80 0.98 0.96 1.35 
"HCI-sol Fe (1) 0.02 0.02 0.02 0.01 0.01 0.00 0.01 
*EICI-sol Fe (2) 

DOPT  0.23 0.29 0.13 0.42 0.29 0.32 0.19 0.18 0.17 
DOPR  0.95 0.94 0.93 0.98 0.98 0.99 0.95 



SJ221-G103 
PR124 

Argillite 

SJ630-G91 
CR88-4 
Chert 

SJ629-G90 
CR88-4 
Chert 

SJ223b-G120 
PR124 

Argillite 

SJ432-G121 
PR124 

Argillite 

SJ432-G122 
PR124 

Argillite 

0.37 0.19 0.05 0.54 0.83 0.72 
0.13 0.03 0.00 0.27 0.29 0.26 

0.085 0.297 0.050 0.084 
0.41 0.32 0.28 0.66 
0.49 0.62 0.33 0.74 
0.51 0.71 0.64 0.91 
1.54 3.57 2.25 2.31 
1.08 2.50 1.57 1.62 
0.20 0.16 0.14 0.33 
0.87 2.34 1.43 1.29 
0.02 0.03 0.02 0.02 

0.19 0.06 0.09 0.20 
0.89 0.84 0.85 0.94 

HW north-Price Argillite 
	 Thelwood Valley Argillite 

Field # SJ52-G95 SJ621-G126 SJ621-G127 SJ624-G102 
Drillhole W202 PR13-68 PR13-68 PR13-68 
Lithology Argillite Argillite Argillite Argillite 

Wt.% 
Carbonate C 0.14 0.60 0.31 0.65 
Organic C 0.11 0.05 0.27 0.18 
mono-S 0.002 0.002 0.000 0.003 
di-S 0.34 0.72 0.61 0.85 
Total S 0.34 0.72 0.61 0.85 
S (XRF) 0.54 0.95 0.91 1.41 
Fe203  1.54 3.04 3.29 3.02 
Fe total 1.08 2.13 2.30 2.11 
Py Fe 0.17 0.36 0.30 0.43 

FeTOT 	Py Fe 0.91 1.76 2.00 1.69 
*HCI-sol Fe (1) 0.03 0.04 0.06 0.03 
*HCI-sol Fe (2) 

DOPT  0.16 0.17 0.13 0.20 
DOPR  0.85 0.90 0.85 0.93 



South Flank Argillite 

Field # 
Drillhole 
Lithology 

Wt.% 

SJ605-G101 
16-33 

Argillite 

SJ824-G61 
16-43 

Argillite 

SJ607-G92 
16-33 

Argillite 

P189b-G111 
L14-641 
Argillite 

SJ830-G123 
16-36 

Argillite 

SJ718-G75 
L14-641 
Argillite 

SJ831-G124 
16-45 

Argillite 

SJ832-G125 
16-61 

Argillite 

SJ717-G74 
L14-641 
Argillite 

Carbonate C 0.50 0.86 0.52 0.26 0.61 0.39 0.31 1.07 0.47 
Organic C 0.10 0.38 0.22 0.33 0.06 0.16 0.16 0.17 0.23 
mono-S 0.003 0.185 0.041 0.008 0.009 0.390 0.334 0.678 
di-S 0.27 0.58 0.66 0.40 0.15 0.42 0.43 0.23 0.21 
Total S 0.27 0.58 0.85 0.44 0.16 0.43 0.82 0.56 ' 	0.89 
S (XRF) 0.27 1.04 1.05 0.90 0.20 0.55 0.86 0.71 0.88 
Fe203  2.59 3.18 2.54 3.07 2.92 3.41 2.86 5.42 2.65 
Fe total 1.81 2.22 1.78 2.15 2.04 2.38 2.00 3.79 1.86 
Py Fe 0.13 0.29 0.33 0.20 0.07 0.21 0.21 0.11 0.11 
Fenn' Py Fe 1.68 1.93 1.45 1.95 1.97 2.17 1.79 3.68 1.75 
*HCI-sol Fe (1) 0.07 0.11 0.03 0.04 0.03 0.06 0.04 0.05 0.03 
*HCI-sol Fe (2) 

DOPT  0.07 0.13 0.19 0.09 0.04 0.09 0.11 0.03 0.06 
DOPR  0.66 0.74 0.92 0.83 0.70 0.77 0.83 0.68 0.81 



Appendix 5.2: Sulphur isotopes 

SO2  Analysis 

CSL No. Catalogue Field Chem. Drillhole/ Mineral Weight Yield Delta S 
No. No. No. drive (mg) (mmHg) (wrt CDT) 

6817 SJ764a G7 L14-677 Pyrite (?) 26.6 14.0 -15.05 
6818 SJ766 G8 L14-676 Pyrite (?) 28.1 14.6 -25.99 
6819 SJ766 G8-monoS L14-676 Pyrite (?) 8.5* 4.8 -18.19 
6820 SJ317 G11 L14-680 Pyrite (?) 26.9 14.8 -14.49 
6821 SJ317 G11 monoS L14-680 Pyrite (?) 27.2* 15.0 -7.36 
6822 SJ669 G28 23 shop Pyrite (?) 31.6 18.4 -14.11 
6832 SJ637 G36 21 level Pyrite (?) 26.3 15.0 -35.21 
6824 SJ815 G54 L14-680 Pyrite (?) 26.0 14.2 -8.96 
6825 SJ815 G54 monoS L14-680 Pyrite (?) 29.4 15.8 -5.39 
6826 SJ806 G56 L14-680 Pyrite (?) 26.5 14.6 -18.37 
6827 SJ824 G61 16-43 Pyrite (?) 38.8 21.8 -19.79 
6828 SJ717 G74 L14-641 Pyrite (?) 32.9 17.5 -28.07 
6829 SJ717 G74 monoS L14-641 pyrite (?) 23.8 13.2 -26.03 
6830 SJ607 G92 16-33 Pyrite (?) 24.8 12.6 -27.33 
6831 SJ607 G92 monoS 16-33 Pyrite (?) 26.8 14.2 -32.28 
6833 SJ75 G93 23-489 Pyrite (?) 28.2 15.4 -31.67 
6834 SJ731 G99 21-2072 Pyrite (?) 28.1 . 15.2 -29.51 
6835 3J605 G101 16-33 Pyrite (?) 30.5 17.2 -10.31 
6836 SJ624 G102 PR 13-68 Pyrite (?) 27.2 14.8 -21.76 
6837 SJ221 • G103 PR124 Pyrite (?) 25.2 12.0 -18.50 
6838 SJ221 G103 monoS PR124 Pyrite (?) 27.6 15.8 -24.86 

Mono- and di-sulphur extracted from argillites by the chromium reduction method of Canfield et al. (1986). 
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Appendix 6: 

Microprobe analyses 

White mica, apatite and sphalerite were analysed by the Cameca SX-50 electron 

microprobe at the Central Science Laboratory, University of Tasmania. 

Appendix 6.1 — Apatite microprobe analyses 

Analytical conditions for the apatites were as follows: 

Beam current 15 nA for F, Na, Cl, Ca, Mn 
Beam current 60 nA for other elements 
(F, Na and Cl run first to minimise alkali migration and halogen loss) 
Acceleration voltage 20 kV 
Take off angle 40 0  
Beam size 10 pm 

Appendix 6.2 — White mica microprobe analyses 

Analytical conditions for the white micas were as follows: 

Beam current 25 nA 
Acceleration voltage 15 kV 
Take off angle 40° 
Beam size 1 p.m 
Mineral formulae for the white mica were calculated on the basis of 22 oxygens 

Appendix 6.3 — Sphalerite microprobe analyses 

Analytical conditions for the sphalerite were as follows: 

Beam current 60 nA 
Acceleration voltage 20 kV 
Take off angle 40° 
Beam size 1 j_tm 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue 4 
Field 4 

Drillhole 
Point 

SJ161a-17 
18-1127 

apa1 

SJ161a-17 
18-1127 
apa2-1 

SJ161a-17 
18-1127 
apa2-2 

SJ161a-17 
18-1127 
apa2-3 

SJ161a-17 
18-1127 
apa2-4 

SJ161a-17 
18-1127 
apa3-1 

SJ161a-17 
18-1127 
apa3-2 

SJ161a-17 
18-1127 
apa3-3 

Si02 0.09 0.03 0.01 0.03 0.07 0.07 0.04 0.05 
Fe203 0.00 0.00 0.02 0.06 0.00 0.05 0.02 0.03 
MnO 0.03 0.04 0.00 0.04 0.03 0.03 0.02 0.04 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 54.17 55.06 54.36 54.14 53.80 53.27 54.55 53.95 
Na20 0.04 0.03 0.02 0.04 0.02 0.06 0.03 0.02 
P205 40.95 41.42 39.74 40.42 40.55 40.35 40.55 40.63 
503 0.08 0.03 0.03 0.1 0.17 0.22 0.03 0.14 
La203 0.03 0 0 0.03 0 0.01 0.01 0.04 
Ce203 0.04 0.01 0 0 0.05 0 0.01 0.02 
Pr203 0 0 0 0.02 0 0 0 0.07 
Nd203 0.11 0 0.01 0.01 0 0.02 0.07 0 
Sm203 0 0.03 0 0 0 0.02 0 0 
Y203 0.2 0.2 0 0.17 0.07 0.17 0.01 0.1 
Sr() 0.04 0.03 0.1 0.08 0.13 0.07 0.09 0.06 
BaO 0 0.01 0 0.03 0.19 0 0 0.01 
As203 0 0.02 0 0.02 0.02 0.02 0 0.02 
F 4.56 4.53 4.36 4.19 4.41 4.47 4.87 4.32 
Cl 0 0.01 0 0.01 0.02 0 0 0 
H20(c) 0 0 0 0 0 0 0 0 
0=F _ 	1.92 1.91 1.84 1.76 1.86 1.88 2.05 1.82 
0=CI 0 0 0 0 0 0 0 0 
Sum Ox% 98.45 99.54 96.82 97.62 97.68 96.96 98.24 97.67 

Si 0.016 0.006 0.001 0.005 0.012 0.011 0.007 0.009 
Fe3+ 0 0 0.003 0.007 0 0.007 0.002 0.004 
Mn2+ 0.005 0.005 0 0.006 0.004 0.005 0.003 0.006 
Mg 0 0 0 0 0 0 0 0 
Ca 9.976 10.028 10.215 10.054 9.987 9.945 10.106 10 
Na 0.015 0.009 0.006 0.014 0.006 0.022 0.009 0.006 
P 5.959 5.96 , 5.901 5.932 5.948 5.953 5.935 5.951 
S 0.011 0.004 . 0.004 0.013 0.022 0.028 0.005 0.018 
La . . 0.002 0 0 0.002 0 0.001 0.001 0.003 
Ce 0.003 0.001 0 0 0.003 0 0.001 0.001 
Pr 0 0 0 0.001 0 0 0 0.004 
Nd 0.006 0 0.001 0.001 0 0.002 0.004 0 

Sm 0 0.001 0 0 0 0.001 0 0 
Y 0.019 0.019 0 0.016 0.006 0.016 0.001 0.009 

Sr 0.004 0.003 0.01 0.008 0.014 0.007 0.009 0.006 

Ba 0 0.001 0 0.002 0.013 0 0 0.001 

As 0 0.002 0 0.002 0.002 0.002 0 0.002 

F 2.478 2.436 2.42 2.297 2.414 2.461 2.662 2.364 

Cl 0.001 0.002 0 0.003 0.004 0 0.001 0 

OH 0 0 0 0 0 0 0 0 

Sum Catit 18.494 18.477 18.561 18.363 18.437 18.461 18.745 18.384 

Me 10.023 10.065 10.231 10.101 10.034 9.996 10.129 10.032 

X 5.975 5.966 5.905 5.944 5.961 5.971 5.944 5.963 

2.478 2.439 2.42 2.3 2.418 2.461 2.663 2.364 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue It 
Field 4 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa3-4 

SJ161a-17 
18-1127 
apa3-5 

SJ161a-17 
18-1127 
apa4-1 

SJ161a-17 
18-1127 
apa4-2 

SJ161a-17 
18-1127 
apa4-3 

SJ161a-17 
18-1127 
apa4-4 

SJ161a-17 
18-1127 
apa4-5 

SJ161a-17 
18-1127 
apa4-6 

Si02 0.06 0.17 0.03 0.01 0.12 0.04 0.02 0.02 
Fe203 0.00 0.00 0.04 0.03 0.00 0.00 0.00 0.00 
MnO 0.04 0.00 0.04 0.04 0.02 0.03 0.03 0.03 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 53.87 54.33 . 54.04 53.98 53.43 53.61 54.00 53.99 
Na20 0.12 0.07 0.27 0.14 0.05 0.07 0.06 0.06 
P205 40.00 40.63 41.40 41.12 40.33 40.77 40.92 40.52 
S03 0.35 0.32 0.7 0.51 0.06 0.24 0.28 0.27 
La203 0 0.01 0.02 0.01 0 0 0.02 0.01 	- 
Ce203 0.05 0 0 0.01 0.07 0.03 0.02 0 
Pr203 0.03 0.04 0 0 0 0 0 0.14 
Nd203 0.08 0.08 0.04 0 0.07 0.03 0.01 0.06 
Sm203 0.04 0 0 0.02 0 0.04 0 0 
Y203 0.16 0.1 0 0.04 0.12 0.08 0.07 0.01 
Sr0 0.14 0.06 0.09. 0.11 0.03 0.11 0.17 0.16 
BaO 0.03 0.03 0.01 0 0.01 0.03 0 0 
As203 0.01 0 0.02 0 0.01 0.01 0.01 0 
F 3.92 4.18 4.04 4.02 4.05 4.06 4.06 3.93 
Cl 0 0.01 0 0.01 0.01 0.01 0 0 
H20(c) 0 0 0 0 0 0 0 0 
0=F 1.65 1.76 1.7 1.69 1.71 1.71 1.71 1.66 
0=CI 0 0 0 0 0 0 0 0 
Sum Ox% 97.24 98.27 99.04 98.37 96.67 97.45 97.97 97.55 

Si 0.01 0.03 0.005 0.002 0.02 0.008 0.003 0.004 
Fe3+ 0 0 0.005 0.004 0 0 0 0 
Mn2+ 0.005 0 0.006 0.006 0.003 0.004 0.004 0.005 
Mg 0 0 0 0 0 0 0 0 
Ca 10.036 9.998 9.807 9.877 9.992 9.927 9.947 10.003 
Na 0.042 0.025 0.09 0.045 0.016 0.024 0.02 0.021 
P 5.889 5.909 5.936 5.946 5.959 5.966 5.956 5.932 
S 0.046 0,041 0.089 0.065 0.007 0.031 0.036 0.035 
La • 0 0.001 0.001 0 0 0 0.001 0.001 
Ce 0.003 0 0 0.001 0.005 0.002 0.001 0 
Pr 0.002 0.002 0 0 0 0 0 0.009 
Nd 0.005 0.005 0.003 0 0.004 0.002 0.001 0.004 
Sm 0.003 0 0 0.001 0 0.002 0 0 
Y 0.015 0.009 0 0.004 0.012 0.008 0.006 0.001 
Sr 0.014 0.006 0.008 0.011 0.003 0.011 0.017 0.016 
Ba 0.002 0.002 0.001 0 0.001 0.002 0 0 
As 0.001 0 0.002 0 0.001 0.001 0.002 0 
F 2.156 2.27 2.166 2.172 2.238 2.219 2.208 2.151 
Cl 0 0.002 0 0.002 0.002 0.002 0 0 
OH 0 0 0 0 0 0 0 0 
Sum Cat# 18.228 18.3 18.118 18.14 18.263 18.208 18.203 18.181 
Me ., 10.117 10.041 9.913 9.945 10.031 9.977 9.997 10.046 
X 5.899 5.939 5.946 5.953 5.98 5.974 5.96 5.937 
Z 2.156 2.272 2.166 2.174 2.24 2.221 2.208 2.151 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue 4 
Field 4 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa4-7 

SJ161a-17 
18-1127 
apa5-1 

SJ161a-17 
18-1127 
apa5-2 

SJ161a-17 
18-1127 
apa5-3 

SJ161a-17 
18-1127 
apa6-1 

SJ161a-17 
18-1127 
apa6-2 

SJ161a-17 
18-1127 
apa6-3 

SJ161a-17 
18-1127 
apa7-1 

S102 0.02 0.08 0.04 0.04 2.92 0.02 0.05 0.03 

Fe203 0.00 0.01 0.00 0.03 0.00 0.00 0.03 0.00 

MnO 0.01 0.05 0.02 0.00 0.01 0.03 0.05 0.03 

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CaO 54.16 54.31 53.21 54.18 53.73 53.35 53.75 53.76 

Na20 0.14 0.08 0.07 0.01 0.02 0.07 0.03 0.15 

P205 40.68 41.10 40.44 40.04 39.46 40.81 40.35 39.53 

S03 0.56 0.34 0.08 0.05 0.1 0.18 0.26 0.51 

La203 0 0 0.03 0.01 0 0.07 0.04 0.01 

Ce203 0.02 0.02 0.08 0.04 0 0.01 0.04 0.01 

Pr203 0 0 0.03 0.07 0 0 0 0 

Nd203 0 0.08 0.1 0.12 0 0 0 0.03 

Sm203 0.02 0 0.03 0 0.06 0 0.09 0.08 

Y203 0.07 0 0.07 0.01 0.06 0.07 0.33 0.1 

Sr0 0.08 0.09 0.03 0.05 0.13 0.18 0.11 0.15 

BaO 0 0 0.04 0.02 0.01 0.03 0 0.02 

As203 0.02 0 0.02 0.02 0.02 0.03 0.01 0 

F 3.94 4.42 4.06 4.02 5.03 4.7 4.74 4.14 

Cl 0 0 0 0 0.01 0 0.01 0.01 

H20(c) 0 0 0 0 0 0 0 0 

0=F 1.66 1.86 1.71 1.69 2.12 1.98 2 1.74 

0=CI 0 0 0 0 0 0 0 0 

Sum Ox% 98.06 98.7 96.64 97.03 99.44 97.57 97.91 96.8 

Si 0.004 0.014 0.007 0.008 0.495 0.003 0.009 0.005 

Fe3+ 0 0.001 0 0.003 0 0 0.003 0 

Mn2+ 0.002 0.007 0.003 0 0.002 0.005 0.008 0.005 

Mg 0 0 0.001 0 0 0 0 0 

Ca 9.955 9.941 9.953 10.131 9.768 9.902 . 9.982 10.08 

Na 0.045 0.027 0.022 0.004 0.008 0.022 0.009 0.049 

P 5.909 5.945 5.977 5.916 5.667 5.986 5.922 5.855 

S 0.072 0:043 0.011 0.007 0.013 0.023 0.034 0.067 

La 0 0 0.002 0.001 0 0.004 0.003 0.001 

Ce 0.001 0.001 0.005 0.003 0 0.001 0.003 0.001 

Pr 0 0 0.002 0.005 0 0 0 0 

Nd 0 0.005 0.006 0.007 0 0 0 0.002 

Sm 0.001 0 0.002 0 0.003 0 0.006 0.005 

Y 0.007 0 0.006 0.001 0.006 0.007 0.031 0.009 

Sr 0.008 0.009 0.003 0.006 0.013 0.018 0.011 0.015 

Ba 0 0 0.003 0.002 0 0.002 0 0.001 

As 0.002 0 0.002 0.002 0.002 0.003 0.001 0 

F 2.139 2.386 2.24 2.22 2.699 2.575 2.598 2.291 

Cl 0.001 0 0 0 0.002 0 0.003 0.004 

OH 0 0 0 0 0 0 0 0 

Sum Cat4 18.145 18.379 18.245 18.315 18.677 18.551 18.622 18.389 

Me, 10.018 9.985 9.999 10.147 9.797 9.961 10.047 10.161 

X 5.913 5.96 5.983 5.928 6.162 5.988 5.934 5.86 

Z 2.139 2.386 2.24 2.22 2.7 2.575 2.601 2.295 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue # 
Field # 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa7-2 

SJ161a-17 
18-1127 
apa7-3 

SJ161a-17 
18-1127 
apa7-4 

SJ161a-17 
18-1127 
apa8-1 

SJ161a-17 
18-1127 
apa8-2 

SJ161a-17 
18-1127 
apa8-2 

SJ161a-17 
18-1127 

apa9 

SJ161a-17 
18-1127 
apa10-1 

S102 0.12 0.02 0.41 0.06 0.10 0.04 0.07 0.07 
Fe203 0.00 0.01 0.02 0.00 0.02 0.00 0.01 0.01 
MnO 0.02 0.01 0.00 0.05 0.03 0.04 0.05 0.06 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 53.19 53.49 53.95 54.11 54.36 54.45 53.92 54.01 
Na20 0.11 0.15 0.03 0.07 0.13 0.08 0.04 0.06 
P205 40.45 40.23 39.73 40.11 40.15 39.72 40.02 40.38 
S03 0.29 0.49 0.03 0.38 0.42 0.4 0.31 0.19 
La203 0 0.02 0 0.04 0 0.03 0 0 
Ce203 0 0 0.02 0.03 0.04 0 0 0.03 
Pr203 0 0 0.06 0 0.07 0 0 0 
Nd203 0 0.1 0.02 0.03 0.05 0 0.01 0.07 
Sm203 0.03 0 0.01 0.01 0.01 0 0 0.02 
Y203 0.13 0.11 0 0.03 0 0.07 0.36 0.05 
Sr° 0.13 0.11 0.03 0.08 0.11 0.11 0.16 0.15 
BaO 0.01 0.02 0.01 0.04 0.06 0.03 0 0 
As203 0.03 0.02 0 0.02 0.03 0.01 0.01 0.01 
F 4 4.1 4.16 4.36 4.07 4.64 4.74 5.43 
Cl 0.01 0.01 0.01 0.01 0 0 0 0 
H20(c) 0 0 0 0 0 0 0 0 
0=F 1.69 1.73 1.75 1.84 1.72 1.95 1.99 2.29 
0=CI 0 0 0 0 0 0 0 0 
Sum Ox% 96.83 97.16 96.72 97.59 97.95 97.66 97.72 98.26 

Si 0.02 0.003 0.072 0.01 0.018 0.006 0.013 0.012 
Fe3+ 0 0.002 0.002 0 0.002 0 0.002 0.001 
Mn2+ 0.003 0.002 0 0.008 0.004 0.006 0.007 0.009 
Mg 0 0 0 0 0 0 0 0 
Ca 9.904 9.95 10.111 10.057 10.059 10.153 10.043 10.032 
Na 0.036 0.05 0.01 0.025 0.045 0.028 0.014 0.019 
P 5.952 5.913 5.884 5.891 5.87 5.852 5.89 5.926 
S 0.038 0.064 0.005 0.049 0.054 0.052 0.04 0.024 
La 0 0.001 0 0.002 0 0.002 0 0 
Ce 0 0 0.001 0.002 0.003 0 0 0.002 
Pr 0 0 0.004 0 0.005 0 0 0 
Nd 0 0.006 0.001 0.002 0.003 0 0.001 0.004 
Sm 0.002 0 0.001 0.001 0.001 0 0 0.001 
Y 0.012 0.011 0 0.003 0 0.007 0.034 0.005 
Sr 0.013 0.011 0.003 0.008 0.011 0.011 0.016 0.015 
Ba 0 0.001 0 0.003 0.004 0.002 0 0 
As 0.003 0.002 0 0.002 0.003 0.001 0.001 0.001 
F 2.2 2.252 2.299 2.394 2.225 2.555 2.604 2.978 
Cl 0.003 0.002 0.002 0.002 0 0 0 0 
OH 0 0 0 0 0 0 0 0 
Sum Cat# 18.187 18.268 18.395 18.458 18.308 18.676 18.666 19.031 
Me, 9.969 10.025 10.126 10.108 10.126 10.21 10.115 10.083 
X 5.973 5.917 5.958 5.9 5.89 5.859 5.904 5.939 
Z 2.203 2.254 2.301 2.395 2.225 2.555 2.605 2.978 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue # 
Field # 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa10-2 

SJ161a-17 
18-1127 
apa10-3 

SJ161a-17 
18-1127 
apa11-1 

SJ161a-17 
18-1127 
apa11-2 

SJ161a-17 
18-1127 
apa11-3 

SJ161a-17 
18-1127 
apa12-1 

SJ161a-17 
18-1127 
apa12-2 

SJ161a-17 
18-1127 
apa12-3 

S102 0.01 1.11 0.07 0.02 0.06 0.05 0.02 4.84 

Fe203 0.00 0.04 0.00 0.01 0.02 0.02 0.00 0.03 

MnO 0.10 0.02 0.02 0.03 0.06 0.05 0.05 0.02 

MgO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 

Ca 0 54.90 53.30 54.14 54.45 54.64 54.13 53.71 53.63 

Na20 0.04 0.03 0.11 0.04 0.08 0.05 0.09 0.07 

P205 39.99 39.02 39.99 40.20 39.91 39.54 39.77 38.20 

S03 0.09 0.04 0.4 0.18 0.2 0.24 0.19 0.13 

La203 0 0 0.01 0.02 0 0.01 0.02 0.03 

Ce203 0 0.02 0 0.02 0.02 0 0.01 0.02 

Pr203 0.02 0.03 0 0 0 0.01 0 0 

Nd203 0.03 0.01 0.09 0 0.07 0.02 0.04 0.11 

Sm203 0 0 0 0.03 0.07 0 0 0 

Y203 0.02 0.06 0.03 0.04 0.16 0.02 0.04 0.05 

Sr° 0.2 0.1 0.14 0.21 0.12 0.09 0.16 0.18 

BaO 0.02 0.04 0 0 0.02 0.01 0.01 0 

As203 0.02 0 0.01 0.02 0.03 0.01 0.01 0 

F 5.29 5.36 4.99 4.72 4.82 4.93 5.15 5.33 

Cl 0 0 0 0 0 0 0 0 

H20(c) 0 0 0 0 0 0 0 0 

0=F 2.23 2.26 2.1 1.99 2.03 2.08 2.17 2.25 

0=CI 0 0 0 0 0 0 0 0 

Sum Ox% 98.5 96.93 97.92 98 98.23 97.1 97.11 100.41 

Si 0.001 0.196 0.012 0.003 0.011 0.008 0.003 0.814 

Fe3+ 0 0.006 0 0.002 0.002 0.003 0 0.003 

Mn2+ 0.014 0.003 0.003 0.005 0.008 0.007 0.008 0.003 

Mg 0 0.003 0 0 0 0 0 0.004 

Ca 10.212 10.035 10.072 10.118 10.161 10.173 10.096 9.664 

Na 0.012 0.011 0.039 0.014 0.027 0.018 0.032 0.021 

P 5.878 5.805 5.878 5.902 5.864 5.871 5.907 5.439 

S 0.012 01005 0.053 0.023 0.026 0.031 0.025 0.016 

La 0 0 0 0.001 0 0 0.001 0.002 

Ce 0 0.001 0 0.001 0.001 0 0.001 0.001 

Pr 0.001 0.002 0 0 0 0.001 0 0 

Nd 0.002 0 0.006 0 0.004 0.002 0.002 0.007 

Sm 0 0 0 0.002 0.004 0 0 0 

Y 0.002 0.006 0.003 0.003 0.015 0.002 0.004 0.005 

Sr 0.02 0.01 0.015 0.021 0.012 0.009 0.017 0.017 

Ba 0.001 0.002 0 0 0.001 0 0.001 0 

As 0.003 0 0.001 0.002 0.003 0.001 0.001 0 

F 2.906 2.98 2.743 2.588 2.644 2.736 2.859 2.836 

Cl 0 0.001 0 0.001 0 0 0 0 

OH 0 0 0 0 0 0 0 0 

Sum Cat# 19.066 19.067 18.823 18.687 18.784 18.864 18.956 18.833 

Me : 10.262 10.072 10.132 10.165 10.226 10.211 10.158 9.717 

X 5.88 6.006 5.889 5.907 5.877 5.882 5.91 6.257 

Z 2.907 2.981 2.743 2.588 2.644 2.736 2.859 2.836 
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Appendix 6.1 
Microprobe analyses of apatite 

Large type-2 apatites within spherical megaquartz patches 
in siliceous caprocks, Battle Mine 

Catalogue # 
Field # 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa13-1 

SJ161a-17 
18-1127 
apa13-2 

SJ161a-17 
18-1127 
apa13-3 

SJ161a-17 
18-1127 
apa13-4 

SJ161a-17 
18-1127 
apa14-2 

SJ161a-17 
18-1127 
apa14-1 

SJ161a-17 
18-1127 
apa15-1 

SJ161a-17 
18-1127 
apa15-2 

Si02 0.04 2.52 0.06 0.09 0.19 0.04 0.01 0.04 
Fe203 0.02 0.00 0.00 0.01 0.02 0.02 0.03 0.02 
MnO 0.03 0.04 0.03 0.02 0.02 0.05 0.04 0.03 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 54.11 53.83 53.77 54.23 54.25 53.09 54.10 54.25 
Na20 0.12 0.07 0.13 0.14 0.10 0.03 0.04 0.16 
P205 39.45 39.79 39.04 39.86 39.49 40.24 39.67 40.35 
503 0.5 0.1 0.36 0.37 0.31 0.18 0.22 0.41 
La203 0 0 0.01 0 0.02 0.00 0.00 0.01 
Ce203 0 0.03 0.01 0 0.00 0.01 0.00 0.05 
Pr203 0 0 0 0 0.00 0.00 0.01 0.00 
Nd203 0 0.09 0 0 0.05 0.10 0.04 0.00 
Sm203 0.07 0.02 0.03 0 0.00 0.07 0.00 0.00 
Y203 0.07 0.1 0.19 0.09 0.04 0.26 0.03 0.02 
Sr0 0.11 0.12 0.14 0.08 0.11 0.12 0.13 0.11 
BaO 0.03 0.03 0 0 0.02 0.00 0.00 0.00 
As203 0.02 0 0.01 0 0.03 0.01 0.01 0.03 
F 5.24 5.02 5.17 5.05 4.91 5.18 3.91 4.05 
Cl 0 0 0 0.01 0.00 0.00 0.00 0.00 
H20(c) 0 0 0 0 0.00 0.00 0.00 0.00 
0=F 2.2 2.11 2.18 2.13 2.07 2.18 1.64 1.70 
0=CI 0 0 0 0 0.00 0.00 0.00 0.00 
Sum Ox% 97.6 99.64 96.77 97.83 97.48 97.23 96.58 97.81 

Si 0.007 0.426 0.011 0.015 0.03 0.01 0.00 0.01 
Fe3+ 0.002 0 0 0.001 0.00 0.00 0.00 0.00 
Mn2+ 0.004 0.005 0.004 0.003 0.00 0.01 0.01 0.00 
Mg 0 0 0 0 0.00 0.00 0.00 0.00 
Ca 10.135 9.776 10.173 10.104 10.16 9.94 10.16 10.03 
Na 0.042 0.023 0.044 0.049 0.03 0.01 0.01 0.05 
P 5.837 , 5.71 5.836 5.868 5.84 5.96 5.89 5.90 
S 0.066 0.013 0.047 0.048 0.04 0.02 0.03 0.05 
La 0 0 0.001 0 0.00 0.00 0.00 0.00 
Ce 0 0.002 0.001 0 0.00 0.00 0.00 0.00 
Pr 0 0 0 0 0.00 0.00 0.00 0.00 
Nd 0 0.005 0 0 0.00 0.01 0.00 0.00 
Sm 0.004 0.001 0.002 0 0.00 0.00 0.00 0.00 
Y 0.006 0.009 0.018 0.009 0.00 0.02 0.00 0.00 
Sr 0.011 0.012 0.014 0.008 0.01 0.01 0.01 0.01 
Ba 0.002 0.002 0 0 0.00 0.00 0.00 0.00 
As 0.002 0 0.001 0 0.00 0.00 0.00 0.00 
F 2.894 2.691 2.886 2.777 2.71 2.86 2.16 2.21 

Cl 0 0.001 0.001 0.002 0.00 0.00 0.00 0.00 

OH 0 0 0 0 0.00 0.00 0.00 0.00 

Sum Cat# 19.013 18.676 19.039 18.883 18.85 18.86 18.28 18.27 

Me, 10.201 9.829 10.254 10.172 10.21 10.00 10.19 10.11 

X 5.846 6.137 5.847 5.884 5.88 5.96 5.89 5.90 
Z 2.894 2.691 2.887 2.778 2.71 2.86 2.16 2.21 
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Large type-2 apatites within spherical megaguartz 
in siliceous caprocks, Bat Type-2 apatite 

Catalogue # 
Field # 
Drillhole 
Point 

SJ161a-17 
18-1127 
apa16-1 

SJ161a-17 
18-1127 
apa16-2 

SJ161a-17 
18-1127 
apa16-3 

SJ161a-17 
18-1127 
apa16-4 

SJ161a-17 
18-1127 
apa16-5 

S102 0.02 0.41 0.02 8.12 14.98 

Fe203 0.00 0.00 0.01 0.00 0.06 

MnO 0.08 0.03 0.00 0.02 0.01 

MgO 0.00 0.00 0.00 0.00 0.07 

CaO 53.71 53.11 54.06 49.59 45.56 

Na20 0.28 0.06 0.06 0.06 0.11 

P205 39.29 40.21 40.06 38.72 34.25 

S03 0.86 0.24 0.19 0.15 0.21 

La203 0.00 0.01 0.00 0.00 0.01 
Ce203 0.01 0.02 0.01 0.00 0.00 

Pr203 0.00 0.04 0.01 0.00 0.07 

Nd203 0.03 0.02 0.06 0.18 0.08 

Sm203 0.03 0.00 0.00 0.03 0.02 

Y203 0.16 0.15 0.01 0.05 0.06 

Sr0 0.17 0.12 0.10 0.17 0.13 
BaO 0.00 0.00 0.01 0.05 0.10 

As203 0.01 0.01 0.00 0.00 0.00 
F 4.10 4.53 4.55 3.84 3.30 
Cl 0.00 0.00 0.00 0.00 0.00 
H20(c) 0.00 0.00 0.00 0.00 0.26 

0=F 1.72 1.91 1.91 1.62 1.39 

0=Cl 0.00 0.00 0.00 0.00 0.00 
Sum Ox% 97.03 97.05 97.25 99.38 97.88 

Si 0.00 0.07 0.00 1.34 2.46 

Fe3+ 0.00 0.00 0.00 0.00 0.01 
Mn2+ 0.01 0.01 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.02 

Ca 10.04 9.90 10.10 8.74 8.01 
Na 0.10 0.02 0.02 0.02 0.03 

P 5.80 5.92 5.91 5.39 4.76 
S 0.11 , 0.03 0.03 0.02 0.03 
La 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.00 0.01 0.01 
Sm 0.00 0.00 0.00 0.00 0.00 
Y 0.02 0.01 0.00 0.00 0.01 
Sr 0.02 0.01 0.01 0.02 0.01 

Ba 0.00 0.00 0.00 0.00 0.01 
As 0.00 0.00 0.00 0.00 0.00 
F 2.26 2.49 2.51 2.00 1.72 

Cl 0.00 0.00 0.00 0.00 0.00 

OH 0.00 0.00 0.00 0.00 0.28 

Sum Cat# 18.36 18.47 18.59 17.54 17.35 

Me 10.18 9.95 10.13 8.78 8.09 

X 5.81 5.99 5.92 6.73 7.23 

Z 2.26 2.49 2.51 2.00 2.00 

Appendix 6.1 
Microprobe analyses of apatite 

Fine euhedral type-1 apatites 
in ovoid concretions, Battle mine 

SJ441b-152 SJ441b-152 SJ44113-152 
18-1004 	18-1004 	18-1004 

apa1 	apa2 	apa3 

3.95 2.79 3.30 
0.04 0.01 0.02 
0.02 0.04 0.06 
0.01 0.00 0.00 
53.60 52.82 52.74 
0.01 0.00 0.02 

39.17 39.58 38.76 
0.02 0.03 0.10 
0.01 0.00 0.03 
0.00 0.02 0.01 
0.00 0.00 0.00 
0.08 0.03 0.00 
0.00 0.06 0.00 
0.04 0.03 0.05 
0.05 0.06 0.06 
0.00 0.00 0.00 
0.01 0.00 0.02 
4.23 5.10 5.13 
0.00 0.01 0.01 
0.00 0.00 0.00 
1.78 2.15 2.16 
0.00 0.00 0.00 
99.46 98.40 98.15 

0.67 0.48 0.57 
0.01 0.00 0.00 
0.00 0.01 0.01 
0.00 0.00 0.00 
9.67 9.68 9.70 
0.00 0.00 0.01 
5.58 5.73 5.64 
0.00 0.00 0.01 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.01 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.01 
0.01 0.01 0.01 
0.00 0.00 0.00 
0.00 0.00 0.00 
2.25 2.76 2.78 
0.00 0.00 0.00 
0.00 0.00 0.00 
18.20 18.67 18.74 
9.69 9.70 9.73 
6.25 6.21 6.20 
2.25 2.76 2.79 
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Appendix 6.1 
Microprobe analyses of apatite 

Fine euhedral type-1 apatites 
in ovoid concretions, Battle mine 

Catalogue # 
Field ti 
Drillhole 
Point 

SJ441b-152 
18-1004 

apa4 

SJ441b-152 
18-1004 

apa5 

SJ441b-152 
18-1004 

apa6 

SJ441b-152 
18-1004 

apa7 

SJ441b-152 
18-1004 

apa8 

SJ441b-152 
18-1004 

apa9 

SJ441b-152 
18-1004 
apa10 

SJ441b-152 
18-1004 
apa11 

Si02 0.13 17.05 0.07 0.35 4.66 4.12 0.32 0.08 
Fe203 0.00 0.00 0.00 0.00 0.01 0.04 0.01 0.01 
MnO 0.04 0.01 0.07 0.04 0.06 0.06 0.07 0.04 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 54.11 41.91 54.27 53.68 54.11 53.71 53.28 54.51 
Na20 0.02 0.00 0.02 0.01 0.03 0.04 0.00 0.04 
P205 39.25 35.92 39.57 40.14 38.43 39.05 39.68 39.09 
S03 0.09 0.01 0.09 0.01 0.03 0.07 0.03 0.07 
La203 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Ce203 0.01 0.00 0.00 0.00 0.00 0.03 0.02 0.01 
Pr203 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
Nd203 0.03 0.03 0.11 0.00 0.07 0.00 0.01 0.00 
Sm203 0.05 0.02 0.00 0.07 0.00 0.03 0.00 0.00 
Y203 0.07 0.06 0.08 0.00 0.02 0.03 0.00 0.04 
Sr0 0.05 0.11 0.04 0.05 0.06 0.06 0.05 0.04 
BaO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
As203 0.03 0.01 0.01 0.00 0.02 0.00 0.00 0.02 
F 4.76 3.98 4.39 5.40 5.56 4.31 5.41 4.50 
Cl 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
H20(c) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0=F 2.01 1.68 1.85 2.28 2.34 1.81 2.28 1.89 
0=CI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sum Ox% 96.70 97.45 96.89 97.51 100.73 99.76 96.61 96.56 

Si 0.02 2.75 0.01 0.06 0.78 0.69 0.06 0.01 
Fe3+ 0.00 0.00 0.00 	' 0.00 0.00 0.01 0.00 0.00 
Mn2+ 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 10.22 7.23 10.20 10.03 9.73 9.67 10.06 10.31 
Na 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 
P 5.86 4.90 5.88 5.93 5.46 5.55 5.92 5.84 
S 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 
La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Y 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
Sr 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 2.66 2.03 2.44 2.98 2.95 2.29 3.02 2.51 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum Cat# 18.82 16.93 18.58 19.03 18.97 18.25 19.07 18.72 

Me , 10.25 7.25 10.23 10.05 9.76 9.70 10.08 10.34 

X 5.88 7.65 5.89 5.99 6.25 6.25 5.98 5.86 
Z 2.66 2.03 2.44 2.98 2.95 2.29 3.02 2.51 
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Appendix 6.1 
Microprobe analyses of apatite 

Fine euhedral type-1 apatites 
in ovoid concretions, Battle mine 

Catalogue # 
Field # SJ441b-152 SJ441b-152 SJ441b-152 SJ441b-152 SJ441b-152 SJ441b-152 SJ441b-152 SJ441b-152 
Drillhole 18-1004 18-1004 18-1004 18-1004 18-1004 18-1004 18-1004 18-1004 
Point apa12 apa13 apa14 apa15 apa16 apa17 apa18 apa19 

Si02 4.54 0.05 0.33 0.43 1.22 0.02 0.10 4.37 

Fe203 0.03 0.00 0.00 0.00 0.03 0.02 0.01 0.01 

MnO 0.03 0.06 0.07 0.07 0.09 0.05 0.06 0.06 

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CaO 53.06 54.60 53.99 53.74 53.30 54.02 53.65 52.76 

Na20 0.03 0.02 0.00 0.02 0.02 0.01 0.04 0.01 

P205 38.66 39.31 39.64 39.22 39.42 40.00 40.21 39.07 

S03 0.05 0.04 0.00 0.05 0.06 0.12 0.01 0.03 

La203 0.00 0.04 0.02 0.00 0.06 0.00 0.00 0.02 

Ce203 0.07 0.00 0.01 0.03 0.01 0.00 0.07 0.04 

Pr203 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.06 

Nd203 0.05 0.06 0.00 0.04 0.06 0.07 0.08 0.06 

Sm203 0.00 0.00 0.01 0.04 0.00 0.00 0.03 0.00 

Y203 0.06 0.00 0.07 0.01 0.00 0.07 0.00 0.02 

Sr0 0.06 0.02 0.04 0.04 0.03 0.03 0.04 0.07 

BaO 0.00 0.00 0.00 0.03 0.00 0.02 0.01 0.00 

As203 0.01 0.02 0.01 0.00 0.03 0.02 0.02 0.01 

F 4.28 4.50 4.84 4.80 5.28 4.28 4.39 4.62 

Cl 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 

H20(c) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0=F 	1 . 1.80 1.90 2.04 2.02 2.22 1.80 1.85 1.95 

0=CI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum Ox% 99.13 96.84 97.00 96.52 97.40 96.94 96.88 99.29 

Si 0.77 0.01 0.06 0.08 0.21 0.00 0.02 0.74 

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn2+ 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ca 9.60 10.30 10.14 10.16 9.96 10.11 10.05 9.53 

Na 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 

P 5.53 5.86 5.88 5.86 5.82 5.92 5.95 5.58 

S 0.01 0.01 0.00 0.01 0.01 0.02 0.00 0.00 

La 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Y 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 

Sr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

F 2.29 2.51 2.68 2.68 2.91 2.37 2.43 2.47 

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum Cat# 18.22 18.70 18.79 18.81 18.95 18.45 18.49 18.35 

Me 	t 9.62 10.32 10.17 10.18 9.99 10.14 10.08 9.56 

X 6.30 5.87 5.94 5.93 6.04 5.92 5.97 6.32 

Z 2.29 2.51 2.68 2.68 2.91 2.37 2.43 2.47 
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Appendix 6.1 
Microprobe analyses of apatite 

Fine euhedral type-1 apatites 
in ovoid concretions, Battle mine 

Catalogue # 

Field # 

Drillhole 
Point 

SJ441b-152 
18-1004 
apa20 

SJ441b-152 
18-1004 
apa21 

SJ441b-152 
18-1004 
apa22 

SJ441b-152 
18-1004 
apa23 

S,1441b-152 
18-1004 
apa24 

Si02 0.12 0.33 0.13 0.36 0.65 
Fe203 0.02 0.04 0.04 0.02 0.00 
MnO 0.04 0.05 0.03 0.07 0.07 
MgO 0.00 0.01 0.00 0.01 0.00 
CaO 54.09 54.04 55.02 54.68 53.96 
Na20 0.03 0.00 0.01 0.02 0.01 
P205 39.91 39.23 40.11 39.74 39.18 
S03 0.03 0.09 0.09 0.06 0.09 
La203 0.02 0.02 0.01 0.02 0.01 
Ce203 0.02 0.01 0.05 0.00 0.01 
Pr203 0.02 0.00 0.00 0.01 0.09 
Nd203 0.13 0.01 0.09 0.00 0.05 
Sm203 0.12 0.05 0.02 0.02 0.01 
Y203 0.07 0.00 0.00 0.02 0.00 
Sr0 0.05 0.04 0.04 0.02 0.06 
BaO 0.01 0.00 0.02 0.00 0.00 
As203 0.01 0.00 0.02 0.01 0.01 
F 4.28 5.14 4.18 4.75 4.58 
Cl 0.01 0.00 0.00 0.00 0.00 
H20(c) 0.00 0.00 0.00 0.00 0.00 
0=F 1.80 2.16 1.76 2.00 1.93 
0=CI 0.00 0.00 0.00 0.00 0.00 
Sum Ox% 97.18 96.87 98.10 97.82 96.85 

Si 0.02 0.06 0.02 0.06 0.11 
Fe3+ 0.00 0.01 0.01 0.00 0.00 
Mn2+ 0.01 0.01 0.00 0.01 0.01 
Mg 0.00 0.00 0.00 0.00 0.00 
Ca 10.13 10.20 10.20 10.19 10.15 
Na 0.01 0.00 0.01 0.01 0.00 
P 5.90 5.85 5.87 5.85 5.82 
S 0.00 0.01 0.01 0.01 0.01 
La 0.00 0.00 0.00 0.00 0.00 
Ce 0.00 0.00 0.00 0.00 0.00 
Pr 0.00 0.00 0.00 0.00 0.01 
Nd 0.01 0.00 0.01 0.00 0.00 
Sm 0.01 0.00 0.00 0.00 0.00 
Y 0.01 0.00 0.00 0.00 0.00 
Sr 0.01 0.00 0.00 0.00 0.01 
Ba 0.00 0.00 0.00 0.00 0.00 
As 0.00 0.00 0.00 0.00 0.00 
F 2.37 2.86 2.29 2.61 2.54 
Cl 0.00 0.00 0.00 0.00 0.00 
OH 0.00 0.00 0.00 0.00 0.00 
Sum Cat# 18.47 19.00 18.43 18.76 18.67 
Me 10.16 10.21 10.22 10.22 10.17 
X 5.93 5.91 5.90 5.92 5-.94 
Z 2.37 2.86 2.29 2.62 2.54 
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Appendix 6.2 
White mica microprobe analyses 

altered argillite above massive sulphides, Battle mine 
Catalogue # 
Field # 
Location 

SJ749-116 

G171XS 

SJ749-116 

G171XS 

SJ749-116 

G171XS 

SJ749-116 

G171XS 

SJ749-116 

G171XS 

SJ749-116 

G171XS 
SJ754-106 

G171XS 

SJ758-109 

G171XS 

Si02 44.06 46.17 46.59 46.43 45.22 47.87 47.76 45.63 

TiO2 0.06 0.07 0.06 0.08 0.21 0.17 0.31 0.21 

Al203 34.72 35.64 35.3 35.93 35.34 33.93 33.51 35.05 • 

Cr203 0.04 0.01 0.04 0.06 0 0 0.01 0.05 

FeO 3.13 1.03 0.89 0.95 0.57 0.68 1.02 0.87 

V203 0.33 0.34 0.25 0.46 0.3 0.21 0.3 0.07 

ZnO 1.45 0.08 0.43 1.04 2 0.03 0.05 0.02 

MnO 0.09 0.03 0.01 0 0.01 0.01 0.06 0 

MgO 3.05 1.1 1.19 0.93 0.99 0.82 1.58 . 	0.83 

CaO 0 0.03 0 0 0.03 0.06 0 0.01 

Na20 0.52 0.65 0.47 0.59 0.63 0.55 0.44 0.56 

K20 8.97 10.51 10.8 10.76 10.23 9.72 10.22 10.31 

BaO 0.54 0.91 0.78 0.68 0.83 0.71 0.51 0.84 

Rb20 - - 
Cs20 - - 
Sr0 0 0 0 0 0 0 0 

NiO 0.06 0.04 0.07 0 0 0 0 

F 0.14 0.11 0.16 0.12 0.13 0.09 0.2 0.06 

Cl 0.05 0.05 0.01 0 0.03 0 0.01 0.03 

H20(c) 4.42 4.47 4.46 4.52 4.41 4.46 4.43 4.41 

0=F 0.06 0.05 0.07 0.05 0.06 0.04 0.09 0.02 

0=CI 0.01 0.01 0 0 0.01 0 0 0.01 

Sum Ox% 101.56 101.19 101.44 102.48 100.87 99.28 100.32 98.92 

Si 5.881 6.111 6.153 6.089 6.047 6.378 6.328 6.154 

Ti 0.006 0.007 0.006 0.008 0.021 0.017 0.031 0.021 

Al/AI IV 2.119 1.889 1.847 1.911 1.953 1.622 1.672 1.846 

Al VI 3.343 3.67 3.649 3.641 3.617 3.705 3.561 3.725 

Cr 0.004 0.002 0.005 0.006 0 0 0.001 0.006 

Fe2+ 0.349 0.114 0.098 0.104 0.064 0.076 0.113 0.098 

V 0.035 0.036 0.027 0.048 0.032 0.023 0.032 0.008 

Zn - 0.142 0.008 0.041 0.1 0.198 0.003 0.005 0.002 

Mn2+ 0.011 	' 0.003 0.001 0 0.002 0.001 0.007 0 

Mg 0.606 '' 0.217 0.234 0.181 0.197 0.162 0.311 0.166 

Ca .' 0 0.004 0 0 0.004 0.009 0 0.002 

Na 0.135 0.167 0.12 0.15 0.163 0.143 0.112 0.145 

K 1.527 1.774 1.819 1.799 1.746 1.652 1.728 1.773 

Ba 0.028 0.047 0.04 0.035 0.043 0.037 0.026 0.044 

Rb - - 

Cs - - - 

Sr 0 0 0 0 0 0 0 

Ni 0.007 0.005 0.007 0 0 0 0 - 

F 0.058 0.048 0.066 0.05 0.057 0.036 0.085 0.024 

Cl 0.01 0.011 0.002 0 0.007 0 0.001 0.006 

OH 3.931 3.942 3.931 3.95 3.936 3.963 3.914 3.97 

Sum Cat# 18.194 18.054 18.047 18.074 18.086 17.828 17.928 17.991 

XMg 0.635 0.656 0.705 0.636 0.755 0.68 0.735 0.629 

Oct 4.468 4.026 4.041 4.041 4.098 3.964 4.029 4.019 

Int 1.69 1.992 1.98 1.984 . 	1.956 1.841 1.866 1.965 
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Appendix 6.2 
White mica microprobe analyses 

White mica in altered argillite 
Battle Mine 

Catalogue # 
Field # 
Location 

SJ758-109 
G171XS 

SJ758-109 

G171XS 
SJ758-109 

G171XS 
SJ758-109 

G171XS 
SJ758-109 

G171XS 
SJ758-109 

G171XS 
SJ758-109 

G171XS 
SJ758-109 

G171XS 

Si02 46.34 46.44 46.19 46.98 46.2 46.03 46.02 46.08 
TiO2 0.2 0.24 0.23 0.18 0.21 0.26 0.14 0.1 
Al203 35.32 35.22 35.42 35.95 35.86 35.85 35.53 35.57 
Cr203 0 0.12 0.08 0 0.04 0.04 0 0.08 
FeO 0.93 0.96 0.86 0.75 0.6 0.89 0.72 0.91 
V203 0.1 0.01 0.09 0.06 0.13 0.13 0.19 0.09 
ZnO 0.04 0.47 0.37 0.72 0.35 0.55 0 0 
MnO 0.02 0.05 0 0.1 0.02 0.05 0 0.05 
MgO 0.9 1.01 0.83 0.79 0.8 0.95 0.85 0.91 
CaO 0.02 0.02 0 0.01 0.02 0 0.01 0 
Na20 0.59 0.45 0.58 0.57 0.62 0.55 0.54 0.59 
K20 10.44 10.55 10.68 9.97 10.18 10.41 10.28 10.72 
BaO 0.65 0.62 0.66 0.58 0.75 0.61 0.64 0.71 
Rb20 - 
Cs20 
Sr0 - 
NiO - - - 
F 0.14 0.12 0.21 0.12 0.18 0.13 0.11 0.14 
Cl 0.02 0.01 0 0 0.02 0.01 0.01 0.02 
H20(c) 4.43 4.46 4.41 4.51 4.43 4.46 4.43 4.43 
0=F 0.06 0.05 0.09 0.05 0.07 0.06 0.05 0.06 
0=C! 0.01 0 0 0 0 0 0 0 
Sum Ox% 100.1 100.71 100.52 101.25 100.33 100.87 99.4 100.34 
Si 6.17 6.163 6.144 6.173 6.134 6.099 6.155 6.135 
Ti 0.02 0.024 0.023 0.018 0.021 0.026 0.014 0.01 
Al/AI IV 1.83 1.837 1.856 1.827 1.866 1.901 1.845 1.865 
Al VI 3.713 3.671 3.696 3.74 3.745 3.697 3.756 3.716 
Cr 0 0.012 0.008 0 0.004 0.004 0 0.008 
Fe2+ 0.104 0.107 0.095 0.082 0.067 0.098 0.08 0.101 
V 0.011 0.002 0.009 0.007 0.014 0.014 0.021 0.01 
Zn 0.004 0.046 0.036 0.07 0.034 0.053 0 0 
Mn2+ 0.002 0.005 0 0.011 0.002 0.006 0 0.005 
Mg 0.179 0.2 0.165 0.155 0.159 0.187 0.169 0.181 
Ca 0.003 0.003 0 0.001 0.003 0 0.001 0 
Na ' 0.153 0.117 0.15 0.144 0.159 0.141 0.139 0.152 
K 1.773 1.786 1.813 1.671 1.724 1.76 1.754 1.821 
Ba 0.034 0.032 0.034 0.03 0.039 0.032 0.033 0.037 
Rb - - 
Cs 
Sr 
Ni - - - 
F 0.06 0.051 0.09 0.051 0.075 0.056 0.046 0.058 
Cl 0.005 0.002 0 0 0.005 0.002 0.003 0.004 
OH 3.935 3.947 3.91 3.949 3.92 3.942 3.951 3.938 
Sum Cat# 17.996 18.004 18.03 17.93 17.971 18.018 17.967 18.042 
XMg 0.634 0.652 0.635 0.654 0.704 0.655 0.678 0.642 
Oct 4.022 4.064 4.024 4.077 4.033 4.072 4.019 4.022 
Int 1.963 1.938 1.997 1.846 1.925 1.933 1.927 2.01 	r 
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Appendix 6.2 
White mica microprobe analyses 

White mica in altered argillite 	White mica in chert 
Battle Mine 
	 Battle South 

Catalogue # 
Field # 
Location 

SJ758-109 

G171XS 

SJ758-109 

G171XS 

SJ758-109 

G171XS 

Si02 46.81 45.61 47.02  

TiO2 0.2 0.16 0.12 

Al203 35.08 35.75 34.91 

Cr203 0 0 0 

FeO 0.99 0.86 0.85 

V203 0.19 0.15 0.18 

ZnO 0.99 0.04 0.22 

MnO 0 0.04 0 

MgO 1.14 0.74 1.05 

CaO 0.03 0.03 0.05 

Na20 0.44 0.6 0.48 

1(20 10.54 10.58 10.12 

BaO 0.86 0.46 0.46 

Rb20 
Cs20 
Sr0 
NiO - 

F 0.14 0.12 0.12 

Cl 0 0 0 

H20(c) 4.48 4.42 4.46 

0=F 0.06 0.05 0.05 

0=O1 0 0 0 

Sum Ox% 101.84 99.52 99.99 

Si 6.169 6.108 6.241 

Ti 0.02 0.016 0.012 

Al/AI IV 1.831 1.892 1.759 

Al VI 3.617 3.75 3.702 

Cr o o o 
Fe2+ 0.109 0.097 0.095 

V 0.02 0.016 0.02 

Zn 0.097 0.004 0.022 

Mn2+ 0 0.005 0 

Mg 0.224 0.149 0.208 

Ca 0.005 0.004 0.007 

Na - 0.111 0.157 0.123 

K 1.772 1.807 1.713  

Ba 0.045 0.024 0.024 

Rb - 

Cs 
Sr 
Ni - 
F 0.06 0.05 	. 0.052 

Cl 0 0 0 

OH 3.94 3.95 3.948 

Sum Cat# 18.018 18.029 17.925 

XMg 0.673 0.605 0.688 

Oct 4.066 4.02 4.038  

Int 1.932 1.992 1.867 

SJ784-160 SJ784-160 SJ 784-160 SJ784-160 SJ774-158 

L14-681 L14-681 L14-681 L14-681 L14-683 

47.15 46.42 46.96 46.45 46.38 

0.11 0.05 0.09 0.04 0.36 

36.95 36.76 36.54 37.25 35.23 

0 0.04 0 0 0.06 

0.47 0.4 0.42 0.44 0.95 

0 0 0 0 0.1 

0 0.06 0.02 0 0.08 

0.1 0.05 0 0 0 

0.78 0.77 0.92 0.83 1.44 

0 0.01 0 0 0.03 

0.72 0.7 0.89 0.86 0.52 

10.12 10.53 10.27 10.27 10.49 

0.33 0.44 0.33 0.55 1.39 

- 

0 

0 

0.25 0.28 0.29 0.2 0.41 

0 0.01 0.01 0.01 0.02 

4.48 4.42 4.44 4.48 4.34 

0.1 0.12 0.12 0.08 0.17 

0 0 0 0 0 

101.35 100.81 101.06 101.29 101.61 

6.149 6.112 6.152 6.082 6.127 

0.011 0.005 0.009 0.004 0.036 

1.851 1.888 1.848 1.918 1.873 

3.828 3.816 3.793 3.831 3.612 

0 0.004 0 0 0.006 

0.052 0.044 0.046 0.048 0.104 

0 0 0.001 0 0.011 

0 0.006 0.002 0 0.008 

0.011 0.005 0 0 0 

0.152 0.151 0.18 0.162 0.284 

0 0.001 0 0 0.004 

0.182 0.178 0.226 0.218 0.133 

1.683 1.769 1.717 1.715 1.767 

0.017 0.022 0.017 0.028 0.072 

- 

0 

- 0 

0.101 0.119 0.121 0.082 0.171 

0 0.002 0.003 0.002 0.004 

3.899 3.879 3.876 3.916 3.825 

17.934 18.002 17.99 18.006 18.037 

0.746 0.775 0.797 0.772 0.731 

4.052 4.032 4.029 4.045 4.05 

1.881 1.97 1.96 1.961 1.976 
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Catalogue # 
Field # SJ774-158 SJ774-158 SJ774-158 SJ774-158 SJ774-158 5J774-158 SJ154-42 SJ154-42 

Location L14-683 L14-683 L14-683 L14-683 L14-683 L14-683 18-1126 18-1126 

6102 47.31 46.63 47 46.76 46.16 47.22 46.61 48.61 

TiO2 0.19 0.24 0.22 0.3 0.21 0.37 0.06 0.08 
Al203 35.08 34.9 35.21 35.04 34.82 35.65 36.66 36.01 

Cr203 0.07 0 0.04 0 0.04 0.02 0.05 0 
FeO 0.66 0.89 1.08 0.67 0.69 0.85 0.31 0.61 
V203 0.11 0.2 0.1 0.1 0.12 0.1 0 0.01 
ZnO 0.1 0.08 0.09 0 0.04 0.04 0.21 0.01 

MnO o o o o 0.01 o 0.05 0 
MgO 1.56 1.38 1.36 - 1.33 1.32 1.41 0.77 1.01 

CaO 0.04 0.1 0.08 0 0 0 0 .0.04 

Na20 0.46 0.48 0.46 0.52 0.47 0.5 0.75 0.53 

K20 10.25 10.24 9.96 10.64 10.34 10.34 10 9.62 

BaO 1.31 1.44 1.43 1.39 1.45 1.72 0.49 0.3 

Rb20 
Cs20 - - - 
Sr° 0 0 0 0 0 0 0 

NiO 0 0 0 0 0 0 0.03 

F 0.4 0.37 0.33 0.37 0.32 0.42 0.11 0.19 
Cl 0 0 0.02 0 0 0.02 0 

H20(c) 4.38 4.35 4.39 4.36 4.33 4.4 4.5 4.54 

0=F 0.17 0.16 0.14 0.16 0.13 0.18 0.05 0.08. 
0=CI 0 0 0 0 0 0 0 
Sum Ox% 101.73 101.15 101.63 101.34 100.18 102.88 100.54 101.53 

Si 6.21 6.177 6.185 6.181 6.17 6.155 6.137 6.295 
Ti 0.019 0.024 0.022 0.03 0.021 0.036 0.006 0.008 

AWAIIV 1.79 1.823 1.815 1.819 1.83 1.845 1.863 1.705 

Al VI 3.637 3.625 3.646 3.64 3.656 3.632 3.826 3.791 

Cr 0.007 0 0.004 0 0.004 0.002 0.006 0 

Fe2+ 0.072 0.098 0.119 0.074 0.077 0.093 0.034 0.066 

V 0.011 0.021 0.011 0.011 0.013 0.011 0.001 

Zn 0.009 0.008 0.009 0 0.004 0.004 0.02 0.001 

Mn2+ 0 0 0 0 0.002 0 0.006 0 

Mg 0.305 0.273 0.266 0.262 0.263 0.274 0.152 0.195 

Ca 0.005 0.014 0.012 0.001 0 0 0 0.005 

Na 0.117 0.124 0.118 0.134 0.121 0.128 0.192 0.134 

K 1.717 1.73 1.672 1.795 1.764 1.72 1.679 1.589 

Ba 0.067 0.075 0.073 0.072 0.076 0.088 0.025 0.015 

Rb 
Cs - 
Sr 0 0 0 0 0 0 0 0 

Ni 0 0 0 0 0 0 0.004 

F 0.165 0.156 0.139 0.154 0.135 0.173 0.046 0.077 

Cl 0 0 0.004 0 0.001 0.004 0.001 0 

OH 3.835 3.844 3.857 3.846 3.864 3.823 3.953 3.923 

Sum Cat# 17.966 17.991 17.951 18.019 18 17.987 17.946 17.81 

XMg 0.809 0.735 0.692 0.78 0.773 0.747 0.816 0.748 

Oct 4.049 4.028 4.065 4.006 4.027 4.041 4.049 4.065 

Int 1.906 1.942 1.875 2.001 1.961 1.935 1.896 1.744 
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White mica microprobe analyses 

White mica in chart 
	

White mica in chert 
Battle South 
	

in Battle Mine 
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Appendix 6.2 
White mica microprobe analyses 

White mica in chart 
in Battle Mine 

Catalogue # 
Field # SJ154-42 SJ154 -42 SJ154-42 SJ154-42 SJ154-42 SJ154-42 SJ154-42 SJ154-42 
Location 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 

Si02 46.11 46.72 46.87 , 46.61 46.57 46.87 48 47.25 
TiO2 0.01 0.05 0.08 0.06 0.08 0.08 0.07 0.15 
Al203 35.54 36.55 36.01 36.84 34.97 36.56 34.71 35.45 
Cr203 0 0.04 0 0 0 0.01 0 0 
FeO 0.53 0.51 0.45 0.33 1.18 0.37 0.51 0.47 
V203 0.03 0 0.05 0.04 0.02 0.05 0 0 
ZnO 0.1 0.08 0.14 0 0.07 0 0 0 
MnO 0 0.05 0 0.05 0.06 0 0.03 0.01 
MgO 0.87 0.86 0.84 0.75 0.73 0.7 0.92 0.99 
CaO 0.05 0.01 0.06 0 0.09 0.02 0.07 0 
Na20 0.85 0.66 0.73 0.78 0.64 0.6 0.53 0.54 
K20 9.53 10.35 9.71 9.98 9.6 10.31 9.72 10.1 

BaO 0.47 0.52 0.47 0.39 0.49 0.63 0.62 0.24 
Rb20 - . - 
Cs20 - 
Sr0 0 0 0 0 0 0 0 0 
NiO 0.03 0 0 0.15 0 0.1 0.05 0.01 
F 0.14 0.15 0.18 0.13 0.14 0.15 0.32 0.16 
CI 0.02 0.02 0.02 0.01 0.01 0.05 0.04 0.03 
H20(c) 4.4 4.49 4.45 4.5 4.41 4.48 4.37 4.45 
0=F 0.06 0.06 0.07 0.05 0.06 0.07 0.13 0.07 
0=CI 0 0 0 0 0 0.01 0.01 0.01 
Sum Ox% 98.65 100.99 99.97 100.57 99 100.88 99.82 99.77 
Si 6.182 6.138 6.195 6.128 6.236 6.16 6.347 6.249 
Ti 0.001 0.005 0.008 0.006 0.008 0.008 0.007 0.015 
Al/AIIV 1.818 1.862 1.805 1.872 1.764 1.84 1.653 1.751 

Al VI 3.797 3.798 3.804 3.837 3.753 3.822 3.757 3.775 
Cr 0 0.005 0 0 0 0.001 0 0 
Fe2+ 0.06 0.056 0.05 0.036 0.132 0.041 0.056 0.052 
V 0.003 0 0.006 0.004 0.002 ' 0.005 0 0 

Zn 0.01 0.008 0.013 0 0.007 0 0 0 
Mn2+ 0 0.005 0 0.006 0.007 0 0.003 0.001 

Mg 0.174 0.168 0.165 0.148 0.146 0.137 0.181 0.195 

Ca 0.008 0.002 0.008 0 0.013 0.004 0.01 0 
Na 0.222 0.169 0.186 0.198 0.165 0.153 0.137 0.14 

K 1.63 1.734 1.637 1.674 1.64 1.728 1.64 1.704 
Ba 0.025 0.027 0.024 0.02 0.026 0.032 0.032 0.012 
Rb - 
Cs - - 
Sr 0 0 0 0 0 0 0 0 

Ni 0.004 0 0 0.016 0 0.01 0.005 0.001 

F 0.058 0.061 0.074 0.053 0.06 0.064 0.134 0.065 

Cl . 0.005 0.003 0.004 0.002 0.002 0.01 0.008 0.006 

OH 3.937 3.936 3.922 3.945 3.938 3.926 3.858 3.929 

Sum Cat# 17.934 17.976 17.902 17.946 17.899 17.939 17.829 17.895 

XMg 0.745 0.751 0.769 0.803 0.524 0.769 0.764 0.79 

Oct 4.046 4.044 4.04 4.049 4.054 4.018 4.01 4.039 

Int 1.885 1.932 1.855 1.892 1.844 1.916 1.819 1.856 
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Appendix 6.2 
White mica microprobe analyses 

White mica in chert 
in Battle Mine 

Catalogue # 
Field # SJ154-42 SJ154-42 SJ154 -42 SJ 154-42 SJ154-42 SJ154-42 SJ154-42 SJ154-42 
Location 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 

Si02 46.7 47.53 47.02 47.32 46.67 46.62 46.23 46.45 
TiO2 0.08 0.05 0.04 0.05 0.05 0.05 0.04 0.09 
Al203 36.72 35.67 35.97 35.28 37.03 36.18 36.7 36.23 
Cr203 o 0 0.07 0 0 0.02 0.03 0 
FeO 0.32 0.32 0.39 0.56 0.63 0.77 0.75 0.54 
V203 0.12 0 0.08 0 0.05 0.03 0.04 0.01 
ZnO 0 0.11 0.17 0.04 0.05 0.29 0.01 0.09 
MnO 0.07 0 0.05 0.01 0.01 0 0 0 
MgO 0.78 1.08 0.92 0.92 0.71 0.84 0.79 0.8 
CaO . 0.03 0.01 0.03 0 0.05 0.02 0 • 0 
Na20 0.74 0.5 0.65 0.67 0.88 0.54 0.72 0.63 
K20 9.8 9.78 10.04 10.32 9.93 10.28 10.19 10.17 
BaO 0.36 0.4 0.27 0.41 0.42 0.43 0.52 0.54 
Rb20 
Cs20 - .. 

Sr0 0 0 0 0 0 0 0 0 
NiO 0.03 0 0.01 0 0.1 0 0 0 
F 0.11 0.16 0.15 0.16 0.08 0.13 0.14 0.13 
Cl 0 0 0 0 0.02 0.02 0 0.01 
H20(c) 4.51 4.48 4.48 4.46 4.54 4.48 4.48 4.47 
0=F 0.05 0.07 0.06 0.07 0.03 0.06 0.06 _ 0.05 
0=CI 0 0 0 0 0 0 0 0 
Sum Ox% 100.34 100.01 100.28 100.15 101.18 100.64 100.6 . 	100.11 
Si 6.142 6.26 6.197 6.257 6.109 6.152 6.101 6.151 
Ti 0.008 0.005 0.004 0.005 0.005 0.005 0.004 0.009 
Al/AI IV 1.858 1.74 1 -.803 1.743 1.891 1.848 1.899 1.849 
Al VI 3.835 3.797 3.785 3.756 3.823 3.778 3.808 •3.806 
Cr 0 0 0.007 0 0 0.002 0.003 0 
Fe2+ 0.036 0.036 0.043 0.062 0.069 0.085 0.083 0.06 
V 0.013 0 0.008 0 0.005 0.003 0.004 0.001 
Zn 0 0.01 0.016 0.004 0.005 0.029 0.001 0.009 
Mn2+ 0.008 	,. 0 0.005 0.002 0.002 0 0 0 
Mg 0.153 0.212 0.18 0.182 0.138 0.165 0.156 0.159 
Ca 0.005 0.001 0.005 0 0.007 0.003 0 0 
Na r  0.188 0.127 0.166 0.171 0.223 0.139 0.185 0.163 
K 1.644 1.644 1.689 1.74 1.658 1.731 1.716 1.719 
Ba 0.018 0.02 0.014 0.021 0.022 0.022 0.027 0.028 
Rb 
Cs 
Sr 0 0 0 0 0 0 0 0 
Ni 0.003 0 0.001 0 0.011 0 0 0 
F 0.046 0.068 0.061 0.067 0.033 0.055 0.06 0.054 

Cl 0 0 0 0 0.004 0.003 0 0.001 

OH 3.954 3.932 3.939 3.933 3.963 3.942 3.94 3.944 

Sum Cat# 17.913 17.852 17.924 17.944 17.967 17.962 17.988 17.953 

XMg 0.812 0.856 0.806 0.745 0.668 0.661 0.652 0.725 

Oct 4.044 4.06 4.043 4.011 4.052 4.064 4.056 4.043 

Int 1.856 1.792 1.873 1.933 1.91 1.896 1.928 1.909 
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Appendix 6.2 
White mica microprobe analyses 

White mica in chert 
in Battle Mine 

Catalogue # 
Field # SJ154 -42 SJ154 -42 SJ154 -42 SJ154-42 SJ154-42 SJ154-42 SJ154 -42 SJ154-42 

Location 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 18-1126 

Si02 47.3 47.32 46.87 46.83 48.8 49.22 47.19 46.59 

TiO2 0.08 0.09 0.06 0.04 0.09 0.09 0.12 0 

Al203 35.96 35.92 37.21 36.53 37.11 34.04 36.46 36.46 

Cr203 0 0.02 0 0.03 0.11 0.06 0.01 0.01 

FeO 0.37 0.38 0.64 0.57 0.37 0.7 0.56 0.23 

V203 0.04 0.03 0.09 0 0 0.01 0 0 

ZnO 0.09 0.14 0 0 0.07 0.06 0 0 

MnO 0 0.05 0.01 0 0.08 0 0.03 0.03 

MgO 1.1 0.7 0.79 0.86 0.78 0.6 0.91 0.76 

CaO - 0.03 0.04 0.06 0.02 0.03 0.07 0.02 0.02 

Na20 0.6 0.7 0.74 0.68 0.84 0.73 0.67 0.75 

K20 10.1 10.09 9.97 10.24 9.59 9.81 10.11 10.28 

BaO 0.44 0.48 0.37 0.47 0.31 0.39 0.36 0.45 

Rb20 - 

Cs20 - - - . 

Sr0 0 0 0 0 0 0 0 0 

NiO 0 0 0 0.03 0.01 0.01 0 0 

F 0.14 0.13 0.12 0.11 0.17 0.2 0.12 0.13 

Cl 0.02 0.01 0.01 0.02 0 0.02 0 0 

H20(c) 4.5 4.49 4.54 4.51 4.61 4.47 4.53 4.48 

0=F 0.06 0.05 0.05 0.05 0.07 0.08 0.05 0.05 

0=C1 0 0 0 0 0 0 0 0 

Sum Ox% 100.7 100.52 101.43 100.88 102.9 100.4 101.05 100.12 

Si 6.21 6.227 .6.111 6.151 6.236 6.462 6.174 6.157 

Ti 0.008 0.009 0: 006 0.004 0.009 0.009 0.012 0 

Al/AI IV 1.79 1.773 1.889 1.849 1.764 1.538 1.826 1.843 

Al VI 3.774 3.798 3.829 3.805 3.825 3.729 3.795 3.835 

Cr 0 0.002 0 0.003 0.011 0.006 0.001 0.001 

Fe2+ 0.041 0.042 0.07 0.063 0.04 0.077 0.062 0.025 .  

V 0.004 0.003 0.01 0 0 0.001 0 0 

Zn 0.009 0.013 0 0 0.007 0.006 0 0 

Mn2+ 0 0.006 0.001 0 0.008 0 0.004 0.004 

Mg 0.214 	, 0.137 0.154 0.168 0.149 0.118 0.178 0.15 

Ca .. 0.004 0.006 0.008 0.003 0.004 0.009 0.003 0.003 

Na 	• 0.153 0.178 0.188 0.173 0.209 0.185 0.17 0.191 

K 1.691 1.694 1.658 1.715 1.563 1.643 1.687 1.734 

Ba 0.023 0.025 0.019 0.024 0.015 0.02 0.019 0.023 

Rb - 
Cs - . 

Sr 0 0 0 0 0 0 0 0 

Ni 0 0 0 0.003 0.001 0.001 0 0 

F 0.057 0.053 0.048 0.047 0.069 0.082 0.051 0.053 

CI 0.004 0.002 0.003 0.003 0.001 0.004 0 0 

OH 3.939 3.946 3.949 3.949 3.931 3.914 3.949 3.947 

Sum Cat# 17.921 17.912 17.942 17.96 17.842 17.806 17.932 17.966 

XMg 0.839 0.765 0.688 0.728 0.789 0.605 0.743 0.856 

Oct 4.046 4.007 4.06 4.045 4.05 3.947 4.053 4.015 

Int 1.871 1.902 1.873 1.915 1.792 1.858 	. 1.879 1.951 
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Appendix 6.2 
White mica microprobe analyses 

White mica in chert 
in Battle Mine 

Catalogue # 
Field # SJ154-42 SJ161b-32 SJ161b-32 SJ161b-32 SJ151-1 SJ151-1 SJ151-1 SJ151-1 
Location 18-1126 18-1127 18-1127 18-1127 18-1126 18-1126 18-1126 18-1126 

Si02 47.12 47.88 45.36 49.12 46.73 48.36 45.91 47.99 
TiO2 0.11 0.16 0.21 0.11 0.04 0.08 0.16 0.09 
Al203 35.89 32.05 36.25 33.71 37.36 35.47 36.63 36.56 
Cr203 0 0.11 0.15 0.01 0 0.01 0 0.04 
FeO 0.37 2.29 0.17 0.23 0.24 0.48 0.24 0.19 
V203 0.01 0.02 0.37 0.27 0.04 0 0.04 0.04 
ZnO o o 0 0.08 0 0 0 0.08 
MnO 0 0.01 0 0.01 0 0.04 0 0 
MgO 0.98 1.93 0.8 0.78 0.54 0.61 0.56 0.64 
CaO 0.02 0 0 0.01 0.02 0.01 0.04 - 	0 
Na20 0.6 0.38 0.6 0.6 0.76 0.76 0.78 0.54 
K20 9.96 10.36 10.16 9.26 10.25 9.9 9.88 9.27 
BaO 0.41 0.46 1.03 0.91 0.51 0.5 0.52 0.44 
Rb20 
Cs20 - 

Sr0 0 
Ni0 0.02 - - - 
F 0.16 0.39 0.22 0.13 0.17 0.21 0.16 0.1 
CI 0.01 0 0.01 0.01 0 0.02 0 0.02 
H20(c) 4.47 4.31 4.38 4.47 4.5 4.48 4.43 4.54 
0=F 0.07 0.16 0.09 0.06 0.07 0.09 0.07 0.04 
0=CI 0 0 0 0 0 0.01 0 0.01 
Sum Ox% 100.09 100.18 99.61 99.66 101.09 100.85 99.27 100.51 
Si 6.215 6.393 6.065 6.486 6.115 6.326 6.114 6.261 
Ti 0.011 0.016 0.021 0.011 0.004 0.008 0.016 0.009 
Al/AI IV 1.785 1.607 1.935 1.514 1.885 1.674 1.886 1.739' 
Al VI 3.794 3.437 3.777 3.732 3.877 3.796 3.863 3.882 
Cr 0 0.011 0.016 0.001 0 0.001 0 0.004 
Fe2+ 0.041 0.256 0.02 0.026 0.027 0.053 0.026 0.021 
V 0.002 0.002 0.04 0.028 0.004 0 0.004 0.005 
Zn 0 0 0 0.008 0 0 0 0.008 
Mn2+ 0 0.002 0 0.001 0 0.005 0 0 
Mg 0.194 0.384 0.16 0.154 0.106 0.118 0.112 0.125 
Ca 0.003 0 0 0.001 0.003 0.002 0.006 0 
Na - 0.153 0.098 0.155 0.154 0.193 0.194 0.201 0.137 
K 1.676 1.764 1.733 1.559 1.71 1.651 1.678 1.542 
Ba 0.021 0.024 0.054 0.047 0.026 0.026 0.027 0.022 
Rb - 

Cs 
Sr 0 
Ni 0.002 - - - 
F 0.065 0.164 0.094 0.056 0.071 0.087 0.067 0.04 

CI . 0.003 0.001 0.003 0.002 0 0.005 0 0.005 

OH 3.932 3.835 3.903 3.941 3.929 3.907 3.933 3.955 

Sum Cat# 17.898 - 17.994 17.974 17123 17.95 17.853 17.933 17.755 

XMg 0.824 0.6 0.891 0.858 0.798 0.692 0.809 0.856 

Oct 4.043 4.106 3.993 3.933 4.013 3.98 4.017 4.049 

Int 1.854 1.886 1.941 1.762 1.932 1.873 1.912 1.702 
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SJ639-T03 

S335C 

SJ639-T03 

S335C 

SJ650-98 

S335C 

SJ650-98 

S335C 

SJ650-98 

S335C 

SJ650-98 

S335C 

46.82 47.9 47.51 47.58 45.85 46.84 

0.09 0.05 0.29 0.21 0.25 0.16 

36.59 36.08 33.63 33.76 34.61 32.14 

0.02 0.07 0.01 0.13 0.06 0.06 

0.22 0.38 0.66 0.74 0.72 0.57 

0.4 0.34 0.23 0.14 0.26 0.12 

0.05 0.07 0 0 0 0 

0 0.08 0.04 0 0.02 0.02 

0.85 1.03 1.24 1.15 1.09 1.32 

0.01 0.02 0.03 0.02 0.02 . 0 

0.74 0.73 0.47 0.44 0.57 0.3 

10.09 10.16 10.18 10.18 10.29 10.06 

0.83 0.78 1.16 1.26 1.17 1.1 

- - - - - - 

0 0 0 0 0 0 

0 0 0 0 0 0.02 

0.36 0.33 0.3 0.27 0.3 0.4 

0.02 0.04 0.01 0.01 0.01 0.02 

4.4 4.45 4.35 4.37 4.31 4.18 

0.15 0.14 0.13 0.12 0.13 0.17 

0.01 0.01 0 0 0 0 

101.32 102.37 99.98 100.15 99.4 97.13 

6.134 6.212 6.332 6.334 6.171 6.418 

0.009 0.005 0.029 0.021 0.025 0.016 

' 1.866 1.788 1.668 1.666 1.829 1.582 

3.783 3.726 3.614 3.631 3.66 3.608 

0.002 0.007 0.001 0.014 0.007 0.006 

0.024 0.041 0.073 0.082 0.08 0.065 

0.042 0.036 0.024 0.015 0.028 0.013 

0.005 0.006 0 0 0 0 

0 0.008 0.005 0 0.002 0.002 

0.165 0.199 0.247 0.228 0.218 0.27 

0.002 0.003 0.004 0.003 0.002 . 0 

0.187 0.185 0.121 0.112 0.148 0.079 

1.686 1.681 1.73 1.729 1.767 1.757 

0.043 0.04 0.061 0.066 0.062 0.059 

- 

0 0 0 0 0 0 

0 0 0 0 0 0.002 

0.149 0.137 0.127 0.116 0.128 0.173 

0.005 0.01 0.002 0.002 0.003 0.003 

3.845 3.853 3.871 3.882 3.868 3.824 

17.947 17.937 17.91 17.902 17.999 17.879 

0.872 0.828 0.771 0.735 0.73 0.805 

3.988 3.994 3.97 3.977 3.993 3.97 

1.917 1.907 1.916 1.91 1.978 1.896 

Appendix 6.2 
White mica microprobe analyses 

White mica in chart 	White mica in altered argillite 
in Battle Mine 
	

HW Mine 
Catalogue # 
Field # SJ151-1 SJ151-1 

Location 18-1126 18-1126 

Si02 46.07 47.85 

TiO2 0.1 0.15 

Al203 37.13 37.13 

Cr203 0 0.02 

FeO 0.24 0.3 

V203 0.01 0.06 

ZnO 0.28 0.04 

MnO 
MgO 0.53 0.71 

CaO 0.03 0.09 

Na20 0.86 0.67 

K20 9.85 9.83 

BaO 0.46 0.7 

Rb20 
Cs20 
Sr0 
NiO - 
F 0.16 0.08 

Cl 0 0 

H20(c) 4.46 4.61 

0=F 0.07 0.03 

0=CI 0 0 

Sum Ox% 100.13 102.2 

Si 6.089 6.182 

Ti 0.01 0.015 

Al/AI IV 1.911 1.818 

Al VI 3.871 3.835 

Cr 0 0.002 

Fe2+ 0.027 0.032 

V 0.001 0.006 

Zn 0.028 0.004 

Mn2+ 0 0 

Mg 0.105 0.137 

Ca 0.005 0.012 

Na 0.221 0.167 

1.66 1.619 

Ba 0.024 0.035 

Rb 
Cs 
Sr 
Ni 

0.066 0.031 

Cl 0 0 

OH 3.934 3.969 

Sum Cat# 17.951 17.866 

XMg 0.797 0.809 

Oct 4.04 4.026 

Int 1.91 1.834 
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Appendix 6.2 
White mica microprobe analyses 

White mica in altered argillite 
HW Mine 

Catalogue # 
Field # SJ650-98 5J650-98 SJ650 -98 SJ650-98 SJ650-98 SJ650-98 
Location S335C S335C S335C S335C S335C S335C 

Si02 47.86 47.53 48.29 48.62 46.49 47.81 
TiO2 0.37 0.18 3.61 0.29 0.34 0.99 
Al203 33.69 34.58 31.1 31.26 34.36 31.76 
Cr203 0.05 0 0.01 0.11 0.03 0.04 
FeO 0.73 0.77 0.55 0.67 0.91 0.46 
V203 0.17 0.21 0.1 0.14 0.23 0.03 
ZnO 0 0 0.08 0.09 0 0 
MnO 0.03 0 0.02 0 0 0 
MgO 1.37 1.21 1.08 1.35 1.53 1.18 
CaO 0.07 0.09 0.01 0.03 0 1.86 
Na20 0.47 0.49 0.45 0.4 0.45 0.38 
K20 9.88 10.03 9.29 9.97 10.46 9.42 
BaO 0.98 1.02 0.88 1.11 1.46 1.04 
Rb20 
Cs20 
Sr0 o o o 0 0 0 
NiO 0 0 0 0 0 0 

0.39 0.24 0.28 0.34 0.4 	' 0.27 
CI 0.03 0.01 0.02 0.01 0.01 0.01 
H20(c) 4.33 4.42 4.39 4.28 4.31 4.35 
0=F 0.17 0.1 0.12 0.14 0.17 0.11 
0=CI 0.01 0 0 0 0 0 
Sum Ox% 100.25 100.67 100.05 98.52 100.82 99.49 
Si 6.343 6.279 6.4 6.559 6.189 6.404 
Ti 0.037 0.017 0.36 0.029 0.034 0.099 
Al/AI IV 1.657 1.721 1.6 1.441 1.811 1.596 
Al VI 3.605 3.663 3.258 3.529 3.58 3.417 
Cr 0.005 0 0.001 0.011 0.003 0.004 
Fe2+ 0.081 0.085 0.061 0.075 0.101 0.052 
V 0.018 0.023 0.01 0.015 0.025 0.003 
Zn 0 0 0.008 0.009 0 0 
Mn2+ 0.004 0 0.002 0 0 0 
Mg 0.271 0.239 0.214 0.271 0.303 0.235 
Ca 0.011 0.013 0.001 0.005 0 0.268 
Na 0.121 0.126 0.117 0.103 0.116 	. 0.098 

1.67 1.69 1.571 1.715 1.776 1.61 
Ba 0.051 0.053 0.046 0.059 0.076 0.055 
Rb - 
Cs - - 
Sr 0 0 0 0 • 	0 0 
Ni 0 . 0 0 0 0 0 

0.165 0.101 0.118 0.144 0.168 0.114 
CI 0.006 0.002 0.004 0.001 0.003 0.003 
OH 3.829 3.897 3.878 3.855 3.829 3.883 
Sum Cat# 17.873 17.908 17.649 17.823 18.015 17.841 
XMg 0.77 0.738 0.778 0.783 0.749 0.819 
Oct 4.003 4.005 3.905 3.926 4.021 3.807 
Int 1.852 1.881 1.734 1.882 1.969 2.031 

White mica in rhy-sst 
South Flank 

SJ600-T6 SJ600-T6 
16-33 16-33 

49.47 49.04 
0 0.01 

32.01 30.76 
0.03 0.04 
1.86 2.12 

0 0 
0 0.02 

0.05 0.08 
2.07 2.22 
0.01 0 
0.19 0.14 
11.12 11.14 
0.68 0.64 

0 0 
0.04 0.03 
0.19 0.19 

0 0.01 
4.49 4.41 
0.08 0.08 

0 0 
102.13 	100.77 
6.485 	6.531 

0.001 
1.515 	1.469 
3.429 	3.358 
0.003 	0.004 
0.204 	0.236 

0 0 
0 0.002 

0.006 0.01 
0.405 0.44 

0.001 0.001 

0.049 0.035 
1.859 1.893 
0.035 0.034 

0 0 
0.004 0.003 
0.078 0.081 

0.001 

3.922 3.918 

17.995 18.016 

0.665 0.651 

4.051 4.054 

1.944 1.962 
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Appendix 6.2 
White mica microprobe analyses 

White mica in rhy-sst 
South Flank 

Catalogue # 
Field # SJ 600-T6 SJ 600-T6 SJ600-T6 SJ600-T6 
Location 16-33 16-33 16-33 16-33 

Si02 47.61 48.68 48.63 47.01 
TiO2 0.13 0.01 0.11 0.13 
Al203 32.82 32.89 32.52 33.35 
Cr203 0.05 0.04 0 0.03 
FeO 1.51 1.59 1.93 1.71 
V203 o 0 0.03 0 
ZnO o o o o 
MnO o 0 0.06 0 
MgO 1.79 1.44 2.18 1.56 
CaO o o o o 
Na20 0.19 0.24 0.15 0.23 
K20 11.16 10.8 11.08 11.19 
BaO 0.73 0.68 0.62 0.74 
Rb20 _ 

Cs20 - - 
Sr0 0 0 0 0 
NiO 0.08 0 0.03 0 
F 0.15 0.17 0.18 0.11 
CI 0 0.02 0 0.01 
H20(c) 4.43 4.45 4.47 4.43 
0=F 0.07 0.07 0.08 0.05 
o=ci 0 0 0 0 

Sum cox% 100.59 100.94 101.92 100.45 
Si 6.345 6.435 6.394 6.283 
Ti 0.013 0.001 0.011 0.013 
Al/Al IV 1.655 1.565 1.606 1.717 
Al VI 3.5 3.558 3.432 3.536 
Cr 0.005 0.005 0 0.003 
Fe2+ 0.168 0.176 0.212 0.191 
V 0 0 0.003 0 
Zn 0 0 0 0 
Mn2+ o 0 0.006 0 
Mg 0.355 0.284 0.427 0.311 
Ca o o o o 
Na 0.049 0.06 0.038 0.059 
K 1.898 1.821 1.858 1.908 
Ba 0.038 0.035 0.032 0.039 
Rb 
Cs - - 
Sr 0 0 0 0 

Ni 0.009 0 0.003 0 
F 0.065 0.07 0.076 0.047 

CI 0 0.005 0.001 0.003 

OH 3.935 3.925 3.923 3.95 

Sum Cat# 18.036 17.94 18.023 18.06 

XMg 0.679 0.618 0.668 0.619 

Oct 4.05 4.024 4.091 4.054 

Int 1.985 1.916 1.928 2.006 

White mica in mixed volcaniclastics 
43 Block, HW Mine 

SJ558A-T12 SJ558A-T12 SJ558A-712 5J558A-T12 
20-675 20-675 20-675 20-675 

46.39 47.36 48.05 47.72 
0.05 0.04 0.12 0.03 
31.97 32.14 30.19 33 
0.03 0.06 0 0 
2.75 2.45 2.37 1.66 

0 0 0 0.06 
0.16 0.2 0.06 0.17 

0 0.02 0 0.03 
1.89 1.81 2 1.46 
0.01 0.01 0.03 0.07 
0.18 0.14 0.22 0.37 
10.9 11.01 10.35 10.59 
1.37 0.97 0.99 0.71 

- 

- 
0.15 0.1 0.2 0.13 

0 0 0 0 
4.35 4.43 4.32 4.44 
0.06 0.04 0.09 0.05 

0 0 0 0 
100.13 100.7 98.81 100.39 
6.288 6.348 6.53 6.36 
0.005 0.004 0.012 0.003 
1.712 1.652 1.47 1.64 
3.395 3.425 3.365 3.543 
0.003 0.006 0 0 
0.312 0.275 0.269 0.186 

0 0 0 0.007 
0.016 0.02 0.006 0.017 

0 0.002 0 0.004 
0.381 0.362 0.406 0.29 
0.001 0.001 0.005 0.01 

0.049 0.038 0.057 0.095 
1.885 1.882 1.794 1.8 
0.073 0.051 0.053 0.037 

- 

- 

0.064 0.041 0.088 0.054 
0 0 0 0 

3.936 3.959 3.912 3.946 

18.119 18.066 17.966 17.99 

0.55 0.568 0.601 0.61 

4.112 4.095 4.058 4.041 

2.007 1.972 1.908 1.942 
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Appendix 6.2 
White mica microprobe analyses 

White mica in mixed volcaniclastics 
43 Block, HW Mine 

White mica in arg/sst 
Thelwood Valley 

Catalogue # 
Field # SJ558A-T12 SJ558A-T12 SJ558A-T12 SJ558A-T12 SJ558A-T12 SJ558A-712 SJ261-T1 SJ261-T1 
Location 20-675 20-675 20-675 20-675 20-675 20-675 PR124 PR124 

Si02 46.35 47.68 47.35 46.8 47.65 45.77 46.13 46.38 
TiO2 0.01 0.05 0.01 0.07 0 0.08 0.41 0.22 
Al203 33.75 33.01 32.13 34.21 32.45 32.32 34.65 ' 33.9 
Cr203 0.04 0.03 0 0 0.03 0 o 0 
FeO 1.51 1.95 2.74 2.01 2.39 4.21 1 0.94 
V203 0 0 0.01 0 0 0 o 0 
ZnO 0.03 0.2 0.04 0 0.08 0 0.07 0.06 
MnO 0.06 0.01 0 0 0.07 0.04 0.04 0.09 
MgO 1.47 1.58 1.61 0.91 1.58 1.45 1.91 2.19 
Ca0 0 0.01 0.02 0 0 0 0 0 
Na20 0.24 0.26 0.23 0.2 0.25 0.28 0.38 0.37 
K20 10.71 10.62 10.9 10.48 11.01 10.39 10.13 9.91 
BaO 1.74 1.03 1.23 1.24 0.96 1.7 1.63 1.43 
Rb20 
Cs20 
Sr° o 0 
NiO - - - 0.1 0 
F 0.1 0.15 0.19 0.15 0.14 0.06 0.3 0.28 
Cl 0 0 0 0.02 0.01 0.02 0 0 
H20(c) 4.42 4.44 4.38 4.41 4.42 4.39 4.36 4.35 
0=F 0.04 0.06 0.08 0.06 0.06 0.03 0.13 0.12 
o=ci o 0 0 0 0 0 0 0 
suiii ox% 100.39 100.97 100.75 100.44 100.98 100.68 100.99 100.01 
Si 6.229 6.341 6.354 6.256 6.36 6.213 6.134 6.205 
Ti 0.001 0.005 0.001 0.007 0 0.008 0.041 0.022 
Al/Al IV 1.771 1.659 1.646 1.744 1.64 1.787 1.866 1.795 
Al VI 3.575 3.515 3.437 3.645 3.465 3.382 3.565 3.551 
Cr 0.004 0.003 0 0 0.003 0 o 0 
Fe2+ 0.169 0.217 0.307 0.225 0.267 0.478 0.111 0.105 
V 0 - 	0 0.001 0 0 0.001 o 0 
Zn 0.003 0.02 0.004 0 0.008 0 0.007 0.006 
Mn2+ 0.007 . 0.001 0 0 0.008 0.005 0.005 0.01 
Mg 0.295 ' 0.314 0.322 0.181 0.315 0.294 0.378 0.437 
Ca 0 ' 0.002 0.002 0 0 0 0 0 
Na ,. • 0.063 0.068 0.061 0.051 0.064 0.074 0.098 0.095 
K 1.836 1.801 1.867 1.787 1.874 1.8 1.718 1.692 
Ba 0.092 0.054 0.064 0.065 0.05 0.09 0.085 0.075 
Rb 
Cs 
Sr 0 0 
Ni - - 0.011 0 
F 0.041 0.064 0.08 0.065 0.061 0.026 0.128 0.12 

Cl 0 0.001 0 0.004 0.001 0.004 0.001 0.001 

OH 3.959 3.935 3.92 3.931 3.938 3.97 3.871 3.879 

Sum Cat# 18.045 18 18.067 17.962 18.055 18.131 18.018 17.993 

XMg • 0.635 0.591 0.512 0.447 0.541 0.381 0.773 0.806 

Oct 4.054 4.075 4.072 4.058 4.066 4.167 4.117 4.131 

Int 1.991 1.925 1.994 1.904 1.989 1.964 1.902 1.862 
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Appendix 6.2 
White mica microprobe analyses 

Thelwood 
White mica in arg/sst 

Valley 
White mica in argillite/sandstone 
Battle South 

Catalogue # 
Field # SJ261-T1 SJ261-T1 SJ261-T1 SJ261-71 SJ765-169 SJ765-169 SJ765-169 SJ765-169 

Location PR124 P1R124 PR124 PR124 L14-676 L14-676 L14-676 L14-676 

Si02 46.31 47.19 47.7 46.52 48.01 49.78 46.92 47.64 

TiO2 0.41 0.33 0.25 0.29 0.05 0.24 0.34 0.07 

Al203 34.99 35.54 33.88 34.53 31.35 31 32.51 37.41 

Cr203 o o 0.02 0.02 0.07 0.09 0.06 0 

FeO 0.51 0.67 0.75 0.74 0.86 0.69 0.8 0.93 

V203 0 0.03 0 0 1.01 1.17 1 0.08 

ZnO 0.04 0.06 0 0.01 0 0. 0.07 0 

MnO 0 0.02 0.07 0 0.04 0 0 0.01 

MgO 1.18 1.27 1.62 1.33 2.23 1.7 1.85 0.58 

CaO o 0.01 0.03 0 0.01 0 0 '0 

Na20 0.45 0.4 0.35 0.44 0.15 0.2 0.23 0.51 

K20 10.09 10.31 10.15 10.49 10.96 10.52 10.75 10.46 

BaO 1.45 1.65 1.39 1.64 1.41 1.12 0.96 0.13 

Rb20 - - 

Cs20 - - 

Sr0 0 0 0 0 0 0 0 0 

NiO 0.01 0 0.02 0 0 0 0.04 0.01 

F 0.22 0.28 0.27 0.2 0.18 0.14 0.15 0.02 

Cl 0 0.02 0.01 0 0.01 0.01 0 0 

H20(c) 4.39 4.44 4.4 4.4 4.4 4.48 4.4 4.63 

0=F 0.09 0.12 0.11 0.09 0.08 0.06 0.06 0.01 

o=ci o o o o 0 0 0 0 

Sum Ox% 99.95 102.11 100.81 100.54 100.66 101.08 100.02 102.49 

Si 6.184 6.183 6.314 6.206 6.417 6.57 6.292 6.147 

Ti 0.041 0.033 0.025 0.029 0.005 0.023 0.034 0.007 

Al/AI IV 1.816 1.817 1.686 1.794 1.583 1.43 1.708 1.853 

Al VI 3.691 3.672 3.599 3.635 3.356 3.392 3.429 3.836 

Cr 0 0 0.002 0.002 0.007 0.01 0.007 0 

Fe2+ 0.057 0.074 0.083 0.083 0.096 0.076 0.09 0.1 

V 0 0.003 0 0 0.108 0.124 0.108 0.008 

Zn 0.004 0.006 0 0.001 0 0 0.007 0 

Mn2+ 0 0.003 0.008 0 0.005 0 0 0.002 

Mg 0.236 0.248 0.32 0.264 0.445 0.334 0.371 0.112 

Ca .„ 0 0.002 0.005 0 0.001 0 0 0 

Na - 0.116 0.103 0.09 0.114 0.039 0.05 0.059 0.126 

K 1.718 1.723 1.714 1.785 1.869 1.772 1.838 1.721 

Ba 0.076 0.085 0.072 0.086 0.074 0.058 0.051 0.007 

Rb - 

Cs - 

Sr o o o 0 0 0 0 

Ni 0.001 0 0.002 0 0 0 0.004 0.001 

F 0.093 0.115 0.113 0.086 0.077 0.059 0.063 0.01 

Cl 0 0.005 0.001 0 0.002 0.002 0 0.001 

OH 3.907 3.88 3.885 3.914 3.921 3.94 3.937 3.989 

Sum Cat# 17.939 17.95 17.92 17.999 18.005 17.84 17.997 17.921 

XMg 0.806 0.772 0.793 0.761 0.823 0.814 0.806 0.528 

Oct 4.029 4.036 4.039 4.014 3.914 3.836 3.941 4.059 

Int 1.91 1.911 1.881 1.985 1.983 1.88 1.948 1.854 
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Appendix 6.2 
White mica microprobe analyses 

White mica in arg/sst 
	

White mica in rhy-sst/argillite 
Battle South 
	

HW North 
Catalogue # 
Field # SJ765-169 SJ765-169 SJ765-169 
Location L14-676 L14-676 L14-676 

Si02 49.77 47.01 49.17 
TiO2 0.15 0.34 0 
Al203 33.18 36.7 31.93 . 
Cr203 0.03 0.08 0.06 
FeO 0.82 0.91 1.89 
V203 0.74 0.09 0.66 
ZnO 0.13 0 0 
MnO 0 0 0.01 
MgO 1.71 0.7 1.56 
CaO 0.01 0.01 0 
Na20 . 0.19 0.71 0.2 
K20 10 10.26 10.76 
BaO 0.52 0.29 0.32 
Rb20 
Cs20 
Sr0 o o o 
NiO 0 0 0 
F 0.1 0.09 0.12 
Cl 0 0.01 0 
H20(c) 4.57 4.56 4.49 
0=F 0.04 0.04 0.05 
0=C1 0 0 0 
Sum Ox% 101.88 101.71 101.14 
Si 6.461 6.128 6.487 
Ti 0.015 0.033 0 
Al/AI IV 1.539 1.872 1.513 
Al VI 3.538 3.766 3.452 
Cr 0.003 0.008 0.006 
Fe2+ 0.088 0.099 0.209 
V 0.077 0.009 0.069 
Zn 0.012 0 0 
Mn2+ 0 0 0.002 
Mg 0.331 0.136 0.307 
Ca 0.002 0.002 0 
Na 0.049 0.18 0.052 
K 1.655 1.706 1.811 
Ba 0.026 0.015 0.016 
Rb 
Cs - - 
Sr 0 0 0 
Ni 0 0 0 
F 0.04 0.036 0.052 
Cl 0.001 0.002 0 

OH 3.959 3.962 3.948 

Sum Cat# 17.798 17.954 17.925 

XMg 0.789 0.579 0.595 

Oct 3.988 4.042 3.975 

Int 1.733 1.903 1.88 

SJ66-47 SJ66-47 SJ66-47 

W202 W202 W202 

46.67 46.78 47.14 

0.11 0.06 0.1 
32.24 32.34 30.33 
0.01 0.03 0.07 
2.27 2.76 2.38 
0.08 0 0.03 

0 0.01 0.15 
0.07 0 0 
1.68 1.58 1.69 
0.03 0.01 0.04 
0.26 0.28 0.25 
10.8 10.55 10.14 
0.94 1.22 1.23 

- 
0 0 0 

0.08 0 0.09 
0.17 0.15 0.11 
0.01 0.06 0.03 
4.35 4.36 4.3 
0.07 0.06 0.05 

0 0.01 0.01 
99.69 100.1 98.01 
6.312 6.314 6.478 
0.011 0.006 0.01 
1.688 1.686 1.522 
3.451 3.458 3.392 
0.001 0.003 0.007 
0.256 0.311 0.273 

0.008 0 0.003 
0 0.001 0.015 

0.009 0 0 
0.338 0.317 0.346 
0.004 0.001 0.005 
0.068 0.074 0.065 
1.864 1.815 1.777 

0.05 0.065 0.066 

0 0 

0.009 0 0.01 

0.071 0.064 0.048 

0.002 0.014 0.008 

3.927 3.923 3.944 

18.069 18.051 17.971 

0.569 0.505 0.559 
4.075 4.096 4.053 
1.986 1.955 1.915 
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SJ639-91 SJ639-91 SJ639-91 
S335C S335C S335C 

HW Mine HW Mine HW Mine 
sphalerite sphalerite sphalerite 

33.14 33.15 33.13 
0.06 0.02 0.01 
2.62 2.78 1.63 
0.00 0.10 0.01 
63.69 63.37 64.01 
0.01 0.00 0.00 
0.28 0.30 0.29 
0.00 0.00 0.00 

50.21 50.25 50.54 
0.05 0.02 0.01 
2.28 2.42 1.42 
0.00 0.07 0.01 

47.33 47.11 47.90 
0.00 0.00 0.00 
0.12 0.13 0.13 
0.00 0.00 0.00 

Appendix 6.3 

Microprobe analyses - Sphalerite 

Battle mine - shalerite in chert and altered 
argillite above massive sulphides 

HW Mine - sphalerite in argillite 
above massive sulphides  

Catalogue # 
Field # SJ754-106 SJ754-106 SJ754-106 SJ754-106 SJ754-106 SJ754-106 SJ754-106 SJ754-106 
Drive G171XS G171XS G171XS _ 	G171XS G171XS G171XS G171XS G171XS 
Location Gopher Zone Gopher Zone Gopher Zone Gopher Zone Gopher Zone Gopher Zone Gopher Zone Gopher Zone 
mineral sphaterite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite sphalerite 
Wt.% 

32.92 33.00 33.01 33.17 33.09 33.00 32.74 32.99 
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
Fe 1.03 0.35 0.32 0.33 0.22 0.42 0.49 0.47 
Cu 0.69 0.06 0.05 0.02 0.03 0.01 0.01 0.03 
Zn 63.13 65.25 65.36 66.06 64.40 65.80 65.84 65.39 
Se 0.05 0.04 0.14 0.04 0.02 0.02 0.01 0.00 
Cd 0.36 0.35 0.37 0.38 0.37 0.35 0.34 0.34 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
At.% 

50.68 50.49 50.44 50.33 50.95 50.28 50.03 50.41 
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 
Fe 0.91 0.31 0.28 0.28 0.20 0.37 0.43 0.41 
Cu 0.53 0.05 0.04 0.02 0.02 0.01 0.00 0.02 
Zn 47.67 48.98 48.99 49.17 48.65 49.18 49.35 49.01 
Se 0.03 0.03 0.09 0.03 0.01 0.01 0.01 0.00 
Cd 0.16 0.15 0.16 0.16 0.16 0.15 0.15 0.15 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 



Appendix 7: 

Fluid inclusion results 

Fluid inclusions were analysed on a Linkam MDS-600 heating freezing stage at 

CODES, University of Tasmania. The data reported here was reproducible to ± 2°C 

for heating and ± 3°C for freezing runs. 
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Appendix 7 
Fluid Inclusion data 

Inclusions in spherical megaquartz patches In chert 
Sample # Area Drillhole 	Depth (m) Host Position Te Tm (H20) wt.% NaCI Th oC 
SJ161 Battle mine 18-1127 	38 quartz caprocks -5 	7.9 145 
SJ161 Battle mine 18-1127 	38 quartz caprocks -3.5 	5.7 146 
SJ161 	. Battle mine 18-1127 	38 quartz caprocks -3.5 	5.7 140 
SJ161 Battle mine 18-1127 	38 quartz caprocks -21.3 -5.1 	8.0 140 
SJ161 Battle mine 18-1127 	38 quartz caprocks -3.8 	6.1 120 
SJ161 Battle mine 18-1127 	38 quartz caprocks -2.9 	4.8 172 
SJ161 Battle mine 18-1127 	38 quartz caprocks -4 	6.4 161 
SJ161 Battle mine 18-1127 	38 quartz caprocks -3.8 	6.1 186 
SJ161 Battle mine 18-1127 	38 quartz caprocks -7.6 	11.2 148 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4 	6.4 145 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.7 	4.5 210 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.3 	3.9 175 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -5.3 	8.3 142 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.8 	4.6 140 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.7 	6.0 155 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.6 	5.8 157 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.2 	6.7 140 
SJ152 Battle mine 18-1126 	6t4 quartz caprocks -3.5 	5.7 137 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.9 	4.8 155 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.2 	5.2 156 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.6 	5.8 155 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.9 	4.8 155 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.1 	5.1 156 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.9 	4.8 162 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -2.9 	4.8 150 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3.2 	5.2 138 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3 	4.9 169 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.9 	7.7 180 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.4 	7.0 220 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.3 	6.9 210 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.8 	7.6 250 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -6.9 	10.4 197 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -3 	4.9 147 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.3 	6.9 140 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -4.3 	6.9 159 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -1.3 	2.2 165 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks 1.8 	0.0 130 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -1.4 	2.4 114 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks 2.6 	0.0 136 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -1.3 	2.2 113 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -0.2 	0.4 102 
SJ152 Battle mine 18-1126 	61.4 quartz caprocks -1.4 	2.4 126 

Inclusions in spherical megaquartz patches in chert 
Sample # Area Drillhole 	Depth (m) Host Position Te Tm (H20) wt.% NaCl Th oC 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.7 	4.5 133 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.2 	5.2 160 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.8 	6.1 186 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.9 	4.8 140 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.3 	5.4 133 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.8 	4.6 150 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.7 	6.0 147 
SJ160 Battle mine 18-1127 	40 	. quartz top of ore -3 	4.9 138 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.5 	5.7 138 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.4 	5.5 154 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.9 	6.3 142 
SJ160 Battle mine 18-1127 	40 quartz top of ore -5.8 	8.9 128 
SJ160 Battle mine 18-1127 	40 quartz top of ore -5.6 	8.7 120 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.6 	4.3 128 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.2 	3.7 135 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.8 	4.6 139 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.3 	5.4 135 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3 	4.9 138 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.5 	5.7 147 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.4 	5.5 123 
SJ160 Battle mine 18-1127 	40 quartz top of ore -4.5 	7.2 130 
SJ160 Battle mine 18-1127 	40 quartz top of ore -2.5 	4.2 137 
SJ160 Battle mine 18-1127 	40 quartz top of ore -3.9 	6.3 158 

492 



Inclusions in quartz interstital to ore (top ore contact with overlying chert) 
Position Te Tm (H20) wt.% NaCI Th 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 
top of ore 

Sample # Area Drillhole 	Depth (m) Host 
SJ160 Battle mine 18-1127 40 quartz 
.SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 .  Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 
SJ160 Battle mine 18-1127 40 quartz 

Inclusions in quartz interstital to ccp-rich ore (middle of Battle main lens) 

-4.3 6.9 126 
-3.2 5.2 157 
-4.5 7.2 137 
-3.3 5.4 129 
-2.6 4.3 125 
-3.5 5.7 120 
-3.9 6.3 144 
-3.1 5.1 140 
-3.3 5.4 125 
-2.9 4.8 125 
-3.8 6.1 152 
-3.4 5.5 112 
-3 4.9 127 

-3.3 5.4 182 
-2.7 4.5 144 
-2.5 4.2 150 
-2.5 4.2 179 
-3 4.9 140 

-3.3 5.4 148 
-3.2 5.2 147 
-3.1 5.1 120 
-3.1 5.1 142 
-3.7 6.0 138 
-2.8 4.6 150 
-3.3 5.4 130 
-3.5 5.7 132 
-3.9 6.3 127 
-2.5 4.2 128 
-2.6 4.3 130 
-3 4.9 132 

-0.1 0.2 111 
-0.1 0.2 118 
-0.2 0.4 112 
-0.2 0.4 108 
-0.1 0.2 110 
-1.8 3.1 136 
-0.1 0.2 122 
-0.1 0.2 129 
-0.2 0.4 125 
-1.8 3.1 142 
-1.9 3.2 148 
0.2 0.0 125 
-1.8 3.1 155 
-1.4 2.4 124 
-0.1 0.2 129 
-0.9 1.6 121 
-0.1 0.2 122 

Sample # Area Drillhole 	Depth (m) Host 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 

Position 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 

Te 	Tm (H20) wt.% NaCI Th 
-3.3 5.4 115 
-8.6 12.4 124 
-8.3 12.1 126 
-4.6 7.3 127 
-8.6 12.4 115 
-5.5 8.5 113 
-4.2 6.7 132 
-6.6 10.0 142 
-5.2 8.1 160 
-5.5 8.5 138 
-5 7.9 140 

-3.4 5.5 130 
-2.3 3.9 128 
-2.1 3.5 148 
-5 7.9 138 

-5.4 8.4 137 
•-4.9 7.7 133 
-3.3 5.4 134 
-3.2 5.2 128 
-4.7 7.4 202 
-3.3 5.4 142 

493 



Inclusions in quartz interstital to ccp-rich ore (middle of Battle main lens) 
Position 	Te 

main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 

Inclusions in quartz interstital to sphal-rich ore (middle of Battle main lens) 
Position 	Te Tm (H20) wt.% NaCI Th 

main ore lens 
main ore lens 
main ore lens 
main ore lens 	-22 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 

- main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 
main ore lens 

Sample # Area Drillhole Depth (m) Host 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 
F22 Battle mine 18-1006 101.7 quartz 

Sample # Area Drillhole Depth (m) Host 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18, Battle mine 18-979 93.1 quartz 
F18 • Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine '18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93..1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 
F18 Battle mine 18-979 93.1 quartz 

Inclusions in crosscutting quartz-pyrite zone at ore contact 
Position 	Te 

near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 
near ore top 

Tm (H20) wt.% NaCI Th 
-3.3 5.4 122 
-3 4.9 118 

-3.7 . 6.0 138 
-1.2 2.1 120 
-0.9 1.6 100 
-1.7 2.9 140 
-2 3.4 100 

-1.5 2.6 101 

-2.6 4.3 175 
-4.4 7.0 153 
-5.1 8.0 129 
-4.2 6.7 127 
-6 9.2 150 

-7.1 10.6 155 
-5.6 8.7 158 
-5.3 8.3 162 
-4.9 7.7 167 
-4.8 7.6 152 
-5.5 8.5 176 
-3.7 6.0 177 
-5.7 8.8 175 
-5.7 8.8 174 
-4.4 7.0 170 
-3.7 6.0 171 
-4.9 7.7 145 
-4.9 7.7 155 
-4.2 6.7 140 
-4.8 7.6 158 
-4.5 7.2 140 
-4.3 6.9 142 
-4.2 6.7 148 
-5 7.9 153 

-4.1 6.6 152 
-5.4 8.4 160 
-5.6 8.7 182 
-5.3 8.3 190 
-5.8 8.9 188 
-6.3 9.6 185 
-5.5 8.5 210 
-5.3 8.3 172 
-5 7.9 180 

-5.3 8.3 189 
-4.8 7.6 179 
-4.7 7.4 174 
-5 7.9 172 

-5.3 8.3 176 
-1.7 2.9 125 
-1.3 2.2 142 
-0.6 1.0 143 
-1.4 2.4 135 
-1.7 2.9 132 
-1.4 2.4 138 
-0.3 0.5 142 
0.6 0.0 167 
2.3 0.0 . 118 

Tm (H20) wt.% NaCl Th 
-2.3 3.9 103 
2.3 0.0 102 
-0.7 1.2 110 
-0.7 1.2 95 
-0.5 0.9 120 
-1.2 2.1 105 
-1 1.7 108 

-0.5 0.9 112 
-0.6 1.0 120 
-0.3 0.5 118 
-0.3 0.5 126 

Sample # Area Drillhole Depth (m) Host 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
F15 Battle mine 18-1003 93.4 quartz 
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93.4 
93.4 
93.4 
93.4 
93.4 

Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 
Face B 

quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 

Inclusions in crosscutting quartz-pyrite zone at ore contact 
Drillhole Depth (m) Host 	Position Sample It 

F15 
F15 
F15 
F15 
F15 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 
SJ513 

Area 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine 
Battle mine  

18-1003 
18-1003 
18-1003 
18-1003 
18-1003 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 
ST183A 

near ore top 
near ore top 
near ore top 
near ore top 
near ore top 

ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 

Te Tm (H20) wt.% NaCI Th 
104 
95 
115 
110 
102 
130 
158 
158 
149 
160 
170 
132 
148 
130 
145 
155 
142 
151 
161 
150 

169 

133 
145 

1.6 0.0 
-1.1 1.9 
-1 1.7 

-0.5 0.9 
-0.9 1.6 
-2.1 3.5 
-3.9 6.3 
-2.2 3.7 
-5.4 8.4 
-2.4 4.0 
-2.2 3.7 
-1 1.7 
0.8 1.4 
-1.9 3.2 
-1.9 3.2 
-1.4 2.4 
-1.8 3.1 
-1.9 3.2 
-1.4 2.4 
-1.4 2.4 
-1.8 3.1 
-1.8 3.1 
-1.7 2.9 
-1.6 2.7 
-1.8 3.1 
-1.7 2.9 

Inclusions in quartz interstitial to barite-rich Upper Zone ore 
Sample It Area Drillhole Depth (m) Host Position Te Tm (H20) wt.% NaCI 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -5.3 	8.3 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.4 	5.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.6 	5.8 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -6.2 	9.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.5 	5.7 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.4 	4.0 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.7 	4.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.1 	3.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.3 	3.9 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.3 	3.9 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.1 	3.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.1 	3.5 
SJ 160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.9 	3.2 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -4.8 	7.6 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -4.2 	6.7 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.5 	5.7 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.9 	6.3 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.9 	3.2 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.9 	3.2 
SJ160 Battle mine .18-975 77.5 quartz Upper Zone mz -1.6 	2.7 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.4 	2.4 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.5 	2.6 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.1 	3.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -0.3 	0.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.9 	3.2 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.7 	2.9 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.9 	3.2 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.7 	2.9 
SJ160 ,Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.1 	3.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.7 	2.9 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.8 	3.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -1.6 	2.7 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 	5.4 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.1 	5.1 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 	5.4 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.4 	5.5 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.4 	5.5 

Th 
172 
166 

167 
182 
173 
201 
190 
171 
157 
155 

140 
210 
278 
242 
145 
160 
157 
150 
160 
173 

177 
165 
140 
139 
164 
177 
149 
157 
155 

142 
148 
152 
152 
153 
155 
182 
176 
168 
172 

495 



Inclusions in quartz interstitial to barite-rich Upper Zone ore 
Sample # Area Drillhole Depth (m) Host Position Te Tm (H20) wt.% NaCI Th 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.8 	6.1 177 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.7 	6.0 168 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.7 	6.0 169 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -3.4 	5.5 175 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.5 	4.2 174 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.6 	4.3 183 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.6 	4.3 187 
SJ160 Battle mine 18-975 77.5 quartz Upper Zone mz -2.6 	4.3 167 

Inclusions in quartz interstitial to barite-rich Upper Zone ore 
Sample # Area Drillhole Depth (m) Host Position 	Te Tm (H20) wt.% NaCI Th 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.2 5.2 175 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.2 5.2 177 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.5 5.7 186 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 5.4 179 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.2 5.2 165 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 5.4 171 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -2.5 4.2 164 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.2 5.2 173 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 5.4 170 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 5.4 181 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.8 6.1 171 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.4 5.5 178 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.3 5.4 170 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -5 7.9 127 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -4.7 7.4 125 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -4.3 6.9 127 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -4.3 6.9 108 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -4.2 6.7 109 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -3.1 5.1 101 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -4.9 7.7 102 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -2.7 4.5 177 
F16 Battle mine 18-975 77.5 quartz Upper Zone mz -2.4 4.0 188 

Inclusions in quartz interstitial to sulphides at top contact 
Sample # 

SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ638 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 
SJ85 

Area 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 
HW mine 

Drillhole 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
'S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
S335C 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 
23-488 

Depth (m) 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 
Face A 

14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 

Host 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 
quartz 

Position 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 

Te Tm (H20) wt.% NaCI 

	

-1.9 	3.2 

	

-2.7 	4.5 

	

-1.9 	3.2 

	

-1.8 	3.1 

	

-0.9 	1.6 

Th 
159 

157 
154 
160 

-22 -2.2 3.7 161 
-2.8 4.6 168 
-2.6 4.3 152 
-1.6 2.7 130 
-2.3 3.9 172 
-2.3 3.9 162 
-2.1 3.5 158 
-1.7 2.9 148 
1.7 0.0 
-2.2 3.7 142 
1.2 0.0 127 
2.5 0.0 143 
-1.6 2.7 120 
-1.8 3.1 129 
-2.9 4.8 137 
2.6 0.0 135 
0.3 0.0. 121 
-2.4 4.0 130 
2.5 0.0 144 
-3.2 5.2 172 
-2.6 4.3 174 
-2.4 4.0 180 
-3.8 6.1 172 
-2.6 4.3 167 
-4.2 6.7 169 
-2 3.4 210 

-2.8 4.6 180 
-2.3 3.9 195 
-2.2 3.7 195 

-21 -2.8 4.6 170 
-2.4 4.0 215 
-3.3 5.4 176 
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Position 	Te 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 

Tm (H20) wt.% NaCl Th 
-3.7 6.0 128 
-4.4 7.0 122 
-4.2 6.7 177 
-5.7 8.8 180 
-3.9 6.3 202 
-5.2 8.1 128 
-3.9 6.3 162 
-5 7.9 171 

-4.2 6.7 170 
-4.1 6.6 163 

Position 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 
near ore base 

Te Tm (H20) wt.°A. NaCI Th 

-24 

-2 
-2.8 
-2.7 
-2.1 
-2.3 
-0.2 
-2 

-2.1 
-2 

-1.9 
-2.2 
-2.1 
-1.8 
-1.9 
-1.8 
-1.9 
-2.5 
-2.3 
-2.5 
-2.4 
-2 

-1.6 
-1.3 
-1 

-1.7 
-1.4 
-1.7 
-1.5 
-1.7 
-1.5 
-1.6 

0 
• -1.8 
-1.8 
-1.7 
-1.9 
-0.1 
0.5 

1 
0.8 
0.2 

3.4 
4.6 
4.5 
3.5 
3.9 
0.4 
3.4 
3.5 
3.4 
3.2 
3.7 
3.5 
3.1 
3.2 
3.1 
3.2 
4.2 
3.9 
4.2 
4.0 
3.4 
2.7 
2.2 
1.7 
2.9 
2.4 
2.9 
2.6 
2.9 
2.6 
2.7 
0.0 
3.1 
3.1 
2.9 
3.2 
0.2 
0.0 
0.0 
0.0 
0.0 

136 
137 
165 
150 
137 

154 
152 
168 
129 
149 
138 
172 
124 
167 
138 
166 
142 
164 
138 
174 
165 
166 
168 
148 
168 
166 
166 
92 
146 
132 
110 
155 
177 
177 
150 
116 
118 
108 
162 
192 

Inclusions in quartz interstitial to sulphides at top contact 
Sample # Area Drilthole Depth (m) Host 

SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ85 NW mine 23-488 14.3 quartz 
SJ85 HW mine 23-488 14.3 quartz 
SJ80 HW mine 23-488 1 quartz 
SJ80 HW mine 23-488 1 quartz 
SJ80 NW mine 23-488 1 quartz 
SJ80 NW mine 23-488 1 quartz 
SJ80 HW mine 23-488 1 quartz 
SJ80 HW mine 23-488 1 quartz 
SJ80 HW mine 23-488 1 quartz 

Position 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 
ore top contact 

Te Tm (H20) wt.% NaCI Th 
-2.9 4.8 182 
-0.3 0.5 140 
0.3 0.0 143 
-2.5 4.2 156 
-2.6 4.3 149 
-2.3 3.9 140 
-2.4 4.0 190 
-2 3.4 164 

-2.1 3.5 170 
-3.3 5.4 162 
-3 4.9 148 

-1.5 2.6 144 
-2.5 4.2 148 
-2.2 3.7 152 
-2.2 3.7 164 
-2.3 3.9 142 

Inclusions in quartz interstitial to sulphides near base of HW main lens 
Sample # Area Drillhole 	Depth (m) Host 

F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 

Inclusions in late crosscutting quartz vein 
Sample # Area Drillhole 	Depth (m) Host 

F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine 'N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
Fgo NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW Mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 NW mine N357RP 	23 Level quartz 
F20 HW mine N357RP 	23 Level quartz 
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