
 

 
 

THE UNIVERSITY LIBRARY 

 

 

 

 

 

 

 

 

August 2010 

  

 

 

 

 

 

P R O T E C T I O N  O F  A U T H O R ’ S  C O P Y R I G H T  

 

 

 

 

This copy has been supplied by the Library of the University of Otago on the understanding that 

the following conditions will be observed: 

 

1. To comply with s56 of the Copyright Act 1994 [NZ], this thesis copy must only be used for 

the purposes of research or private study. 

 

2. The author's permission must be obtained before any material in the thesis is reproduced, 

unless such reproduction falls within the fair dealing guidelines of the Copyright Act 1994.  

Due acknowledgement must be made to the author in any citation. 

 

3. No further copies may be made without the permission of the Librarian of the University of 

Otago. 

 



~-

~-

)-

~ 

~ 

I' 

.,. 

~ 

" 

;.~ 

r· 

.... 

tf 

... 

~ 

"' 
"' 

" 
f\ 

THE NATURE AND ORIGIN OF GOLD 
MINERALIZATION AT SAMS CREEK, 
NORTH-WEST NELSON 

Stephen J. Windle 

A thesis submitted in partial fulfilment of the requirements for the degree of 
Master of Science . 

University of Otago 
Dunedin, New Zealand 
August 1989 

(i) 



~~-

>-

~ 

>· 

·' 
). 

,. 

·'' 

,.,.. 

,, 
q 

;.. 

(' 

't-

" 

h 

!') 

" 

..... 

ABSTRACT 
Gold mineralization is hosted by a peralkaline granite dyke which outcrops over 
about eight kilometers in the area of Sarns Creek, a tributary of the Takaka River, 
north-west Nelson. The granite is riebeckite and acmite bearing, with antiperthitic 
alkali feldspars; it has A-type chemistry, implying an origin by partial melting at a 
temperature > 800°C. Associated with the granite is a suite of lamprophyre dykes; 
now highly altered, they probably range from original camptonites to quartz -
bearing calc-alkaline types. A quartz- bearing lamprophyre has intruded along the 
footwall contact of. the granite over much of the observed outcrop length; it may 
have been a source rock for gold. Granite intrusion is inferred to have occurred 
before or during the 0 2 deformation in the surrounding shales and quartzites, 
suggesting a minimum age of 400Ma. Deformation involving E- W compression has 
caused the granite to break into essentially rigid pieces, of the order of 50m in size, 
surrounded by ductilely deforming sediments. Strain has been concentrated into 
the footwall lamprophyre, which has also served as a conduit for hydrothermal 
fluids. Locally, small brittle - ductile shear zones occur within the granite; some of 
them post - date the mineralization. Tectonic imbrication of the granite and the 
development of fracture permeability have probaoly controlled the locus of gold 
mineralization. 
Two styles of hydrothermal alteration are observed: in Main Zone, hydrolysis of 
riebeckite produced the assemblage magnetite+ siderite; an influx of Fe, As, Sand 
associated Au then produced the assemblage quartz + albite + K-feldspar + pyrite 
+ arsenopyrite. Gold is present as the native element, poikilitically enclosed by 
arsenopyrite. In the western part of the area, iron has been lost during the early 
stages of alteration to produce the assemblage quartz - albite - K-feldspar; with 
further reaction, feldspars alter to sericite, and pyrite and arsenopyrite are 
deposited. Gold values are lower than in Main Zone. The mineralizing fluids are 
inferred to have been metamorphic in origin. Geothermometry based on the 
assemblage arsenopyrite - pyrite - sphalerite suggests a temperature of 370 ±50 oc 
for Main Zone. Fluid inclusions in the western part of the area show evidence of 
immiscibility between H20 and C0

2
; their homogenization temperature directly 

yields an estimate of 260 ± 25°C for the hydrothermal fluid. Water-bearing 
inclusions from Main Zone, taken in conjunction with the arsenopyrite - sphalerite 
geothermometer, suggest a pressure o·f between one and two kilobars for the 
mineralization. In Main Zone, progressive hydrolysis of granite was accompanied 
by falling a0 , which resulted in the precipitation of arsenopyrite; this in turn 

2 
caused a localized fall in total. dissolved sulphur which caused gold to co
precipitate.The fluid pH was ~ 9. Further west, in the sericitically altered zone, the 
fluid pH was buffered to between 5 and 5.4 by the alteration of K-feldspar to 
sericite. The lower pH has been critical in limiting gold mineralization in the western 
part of the area. 
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1. INTRODUCTION 

1.1 LOCATION OF STUDY AREA 

A peralkaline granite dyke outcrops irregularly in an east- west direction over some 
six kilometers astride the Takaka river between Upper Takaka and the Cobb reservoir 
in NW Nelson. The study area lies in the Eastern Sedimentary Belt (Cooper, 1979), one 
of three N-S trending, thrust-bounded, belts of Paleozoic sedimentyin Nelson and , __ _ 
north Westland (fig. 1.1 ). To the west, it is bounded by the Devil Rivef- Thrust, and to 
the east by the Waitui valley, where the dyke outcrop is lost beneath the Tertiary cover . 
Fig. 1.1 shows the field names used to refer to the different parts of the area, which 
are also used in this text. Significant gold mineralization is hosted by the granite, 
principally in Main Zone but also in the other areas. 
The terrain is characteristically steep,covered with dense beech forest or with manuka 

N~ ~ \ 

20 km 

\ 
\ 

\ 

I 
I 

Fig 1.1 Location map showing the Paleozoic sedimentary belts of NW Nelson (W, 
C, E are Western, Central and Eastern respectively). The Anatoki(AT) and Devil 
River (DRT) thrusts are shown. The dotted outline is the area shown in fig. 1.2. 
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Fig 1.2. Outcrop map of the peralkaline granite dyke, showing the field names used to denote the 

various areas. 
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scrub in some areas of regenerating former farmland.There is road access up the 
Takaka River and onto Barrons Flat; the W.Outcrops I Riordans area is several hours' 
walk from either the Cobb Dam road or the lower Takaka River valley via the Kill Devil 
track.Some of the best exposures occur in Sams Creek, within easy walking distance 
of the road. 

1.2 REGIONAL GEOLOGY 

The geology of Paleozoic rocks in N.W. Nelson has been comprehensively reviewed 
by Cooper(1979, 1989). The three sedimentary belts of fig. 1.1 are assigned to two 
terranes: the BullerTerane in the west, comprising the Western Sedimentary Belt, and 
the Takaka Terrane in the east, comprising the Central and Eastern Belts. The Anatoki, 
Thrust separates the two. In the study area, the sediments to the west of the Sams 
Creek I Takaka River confluence are mostly shales of the Upper Ordovician Wan
gapeka formation; to the east are mostly quartzites which probably lie stratigraphically 
below the shales( Hickey, 1986). The sediments were probably deposited as turbidites 
in a deep submarine fan environment(Hickey, 1986). Deformation of the Wangapeka 
formation (see chapter 5) is ascribed to a 'pre-Baton tectonic event' (Cooper, 1989) 
with an age of> 400Ma. 

1.3 PREVIOUS WORK 

The gold mineralization has been investigated for some years by CRA Exploration, 
who have surveyed grid lines at 1oom intervals and mapped the granite outcrops on 
a 1 :1000 scale. Some forty holes have been drilled, mostly in the well-mineralized 
Main Zone, but with reconnaissance drilling in Doyles, W.Outcrops, and Riordans. 
This drill core is often the best source of unweathered, mineralized, material. The 
petrography of the granite was described briefly by Shelley(1984), who noted its 
recrystallized texture, and at greater length by Hickey(1986). Hickey(1986) mapped 
an area including the present study area, with an emphasis on structure. 

1.4 PURPOSE OF THIS STUDY 

The aim was to understand the gold mineralization in the granite, by addressing the 
following issues: 

1) The nature and origin of the granite 
2) Its relation to other lithologies 
3) The nature of hydrothermal alteration in the granite 
4) The source of gold, and the causes of gold deposition 
5) The chemistry of the ore-forming fluids 
6) The pressure and temperature of the ore-forming fluids 
7) The structural history of the granite, and structural controls on minerali-

zation 

3 



1 2 3 4 5 6 7 8 10 11 12 13 
RIEB. RIEB. RIEB. RIEB. PERTH. PERTH. PERTH. ACMITE ACMITE ACMITE ACMITE ACMITE 

Si02 49.34 50.28 49.94 50.68 67.82 65.28 66.68 53.22 52.47 52.04 52.54 52.16 
Al203 0.62 1.01 0.65 0.42 19.83 18.26 19.86 0.26 0.33 0.56 0.45 0.45 
Ti02 2.55 1.56 1.41 1.01 0.01 0.02 0.00 0.13 1.06 1.76 1.51 1.35 
FeO 19.11 19.88 15.71 18.59 0.18 0.06 0.12 0.00 0.00 0.00 0.00 0.00 
Fe203 13.08 11.98 17.36 13.85 0.00 0.00 0.00 32.68 32.42 31.33 32.05 30.85 
MnO 0.74 0.86 0.85 0.81 0.02 0.00 0.00 0.00 0.11 0.16 0.03 0.24 
MgO 0.00 0.03 0.05 0.05 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.07 
CaO 2.09 1.33 2.25 0.20 0.00 0.00 0.01 0.05 0.38 0.94 0.01 2.34 
Na20 7.52 7.46 7.99 8.62 12.26 0.67 9.40 13.80 13.21 13.33 14.06 13.03 
K20 2.43 2.06 2.17 3.83 0.07 15.80 3.67 0.01 0.03 0.02 0.00 0.00 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.02 0.00 0.00 
H20 1.90 1.90 1.93 1.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.38 98.35 100.31 99.97 100.19 100.10 99.74 100.20 100.02 100.17 100.66 100.47 
Cations 
Si 7.77 7.94 7.75 7.95 11.87 12.03 11.85 2.03 2.00 1.99 2.00 1.99 
AI 0.12 0.19 0.12 0.08 4.09 3.97 4.16 0.01 0.01 0.03 0.02 0.02 
Ti 0.30 0.19 0.16 0.12 0.00 0.00 0.00 0.00 0.03 0.05 0.04 0.04 
Fe++ 2.52 2.63 2.04 2.44 0.03 0.01 0.02 0.00 0.00 0.00 0.00 0.00 
Fe+++ 1.55 1.42 2.03 1.64 0.00 0.00 0.00 0.94 0.93 0.90 0.92 0.88 
Mn 0.10 0.12 0.11 0.11 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Ca 0.35 0.23 0.37 0.03 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.10 
Na 2.30 2.29 2.40 2.62 4.16 0.24 3.24 1.02 0.98 0.99 1.04 0.96 
K 0.49 0.42 0.43 0.77 0.02 3.72 0.83 0.00 0.00 0.00 0.00 0.00 
H20 2.00 2.00 2.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 17.49 . 17.42 17.43 17.77 20.17 19.96 20.10 4.00 3.98 3.99 4.01 4.00 

Table 2.1 Microprobe analyses of phases in the freshest granite found (OU59296, OU59337). 1-4, riebeckites (see app. 1 for recalculation 
procedures); 5,6, perthite end members; 7, perthite using 60J.!m beam; 8-13, acmites. 5-7 normalized to 32 oxygens; 8-13 no(malized to 6 
oxygens with all Fe as ferric iron. 15 kV, 1J.!m beam, WDS. 
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2: IGNEOUS LITHOLOGIES 

2.1 SAMS CREEK GRANITE 

Petrography 

The fresh granite contains euhedral alkali-feldspar phenocrysts (fig. 2.1 ), ranging from 
one to ten millimetres in size. They are commonly twinned on either the Mane bach, 
Carlsbad or Baveno laws, usually showing simple twins with two individuals. They are 
antiperthitic, consisting of lamellae 25 - 30 11-m thick of albite (Ab ,

00
) and thinner 

microcline (Ab
6
0r

94
) (fig.2.2). The composition of the original homogeneous feldspar 

was determined as ~ Ab800r20 (table 2.1 ). Inclusions of quartz or skeletal ilmenite are 

Fig 2.1 Antiperthitic K-feldspar phenocryst twinned on the Baveno law. 
OU59295, Barrons flat. Scale bar = 1 mm. 

common, the latter occasionally showing a preferred orientation (fig. 2.3). 
Quartz phenocrysts are sub- to euhedral, 1-5 mm in size. They commonly show 
undulose extinction or the development of subgrains, and occasionally contain 
inclusions of feldspar and amphibole . 
Riebeckite forms abundant subhedral phenocrysts , 0.1-2 mm in size, which impart a 
characteristic speckled blue colour in hand specimen. It is close to the end-member 
composition (table 2.1 ), containing_ essentially no magnesium and little calcium. The 
titanium content may be due to the presence of tiny inclusions of rutile . Microprobe 
spectra (1 OkV, EDS) show a fluorine peak, implying partial or complete substitution 
of F for OH. Quantitative F-analyses were not attempted. 
Acmites commonly occur on the margins of amphiboles as ~ 0.1 mm subhedral grains 
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Fig 2.2 Microprobe scan across an antiperthitic K-feldspar in OU59296 

(fig .2.5). Some have close to the end-member composition NaFeSi
2
0

6 
(table 2.1 ); 

others, usually the more pleochroic varieties, contain Ti and Ca. Pyroxenes were not 
observed as inclusions in, or as cores to, amphiboles. 
Skeletal, euhedral, tabular grains of relict ilmenite are often associated with amphibole 
(fig. 2.6). They are altered to an amorphous opaque material, or sometimes pseudo-

Fig 2.3 Large perthite with exsolved and altered ilmenite showing crystallogra
phically controlled orientation. Mafics in the surrounding rock are riebeckite. 
OU59294, Barrons Flat , Scale bar= 1 mm. 
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Fig 2.4 Riebeckite grains with granitic groundmass. Small more birefringent 
grains at the top right are acmites. OU59337, Barrons Flat. Scale bar= 250).Lm 

Fig 2.5 Grain of riebeckite with marginal acmite. OU59294, Barrons Flat. Scale 
bar= 1 OO).Lm. 

morphed by small blebs of rutile. Zircon was not observed either in thin sections or in 
heavy mineral concentrates. This is problematic, since the granite contains -1200 
ppm Zr. Patches of amorphous, altered material (fig. 2.6) are rich in zirconium; they 
are the remains of an unidentified Zr~bearing phase. Whole-rock uranium is <8 ppm 
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OU59282 OU59294 OU59295 OU59296 FELSIC FELSIC A-TYPE 
I-TYPE S-TYPE 

Si02 75.97 74.98 77.54 76.32 73.39 73.39 73.81 
Ti02 0.33 0.34 0.33 0.33 0.26 0.28 0.26 
Al203 10.66 10.75 10.91 10.92 13.43 13.45 12.40 
FeO 2.17 2.50 0.98 1.09 1.32 1.73 1.58 
Fe203 1.80 2.21 1.57 2.32 0.60 0.36 1.24 
MnO 0.01 0.08 0.00 0.02 0.05 0.04 0.06 
MgO 0.09 0.08 0.04 0.04 0.55 0.58 0.20 
CaO 0.03 0.12 0.01 0.02 1.71 1.28 0.75 
Na20 3.01 3.50 2.44 2.45 3.33 2.81 4.07 
K20 4.80 4.86 4.92 4.73 4.13 4.56 4.65 
P205 0.02 0.00 0.00 0.00 0.07 0.14 0.04 
LOI 0.25 0.47 0.53 0.53 NA NA NA 
TOTAL 99.14 99.89 99.28 98.76 98.84 98.62 99.06 
Trace Elements (ppm) 
Ni NA NA 5 5 2 4 <1 
Cu NA NA 1 3 4 4 2 
Zn NA NA 301 183 35 44 120 
Nb NA NA 56 58 12 13 37 
(?a 36 44 38 43 16 17 25 
Rb 199 208 211 202 194 277 169 
Sr 6 6 4 5 143 81 4H 
y 144 80 151 107 34 33 75 
Zr 1230 1283 1307 1242 144 136 528 
Pb 18 28 30 17 23 28 2.4 
Th 27 25 29 27 22 18 ~~3 

u 6 4 7 6 5 6 5 

K/Rb 200 194 193 194 177 137 228 
Rb/Sr 33.2 34.7 52.8 40.4 1.4 3.4 3.5 
Ga/AI 6.38 7.74 6.58 7.45 2.25 2.39 :3.75 
AI. 0.95 1.03 0.86 0.84 0.74 0.71 0.95 

·--
Q 39.3 34.4 44.0 42.6 33.4 36.1 30.6 
or 28.4 28.9 28.9 27.8 24.5 27.2 27.2 
ab 25.7 27.8 20.4 21.0 28.3 23.6 34.6 
an 0.3 8.6 5.6 1.9 
c '0.4 1.6 1.7 0.3 1.8 
ac 1.4 

Di 0.5 1.4 
wo 0.2 0.7 

1en 0.0 0.3 
fs 0.2 0.4 

Hy 1 .1 1.5 1.7 2.9 1.4 1.5 0.5 
en 0.2 0.2 0.1 0.1 1.4 1.5 0.2 
fs 0.9 1.4 1.6 2.8 0.3 
mt 3.2 3.0 1.4 1.6 1.4 1.9 2.3 
he 0.3 0.5 
il 0.6 0.6 0.6 0.6 0.5 0.5 0.5 

ap 0.3 
TOTAL 99.0 98.1 98.6 98.2 98.7 99.0 99.0 

Table 2.2. Whole rock analyses of the freshest material found, with averages from Whalen 
et al.(1987) for comparison. For analytical techniques, see app. 2. 
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Fig 2.6 Fresh amphiboles adjacent to altered ilmenite (a) and an altered Zr
bearing phase (b). OU59294, Barrons Flat. Scale bar= 250 jlm. 

which makes it unlikely that metamictization alone could account for the disappear
ance of zircon. 
The matrix consists of fine-grained anhedral quartz, albite and K-feldspar. In places 
there is a relict granophyric texture(fig.l3.1 O) but in general the ground mass has 
recrystallized to an equigranular texture with common 120° triple junctions between 
grains . . Alteration of ilmenite and (?)zircon, with loss of alkalis (see below) probably 
accompanied the recrystallization . 

Geochemistry 

Analyses and norms for the fresh granite are presented in table 2.2. For comparison, 
the average A-type and felsic 1- and S-types from Whalen et al. (1987) are shown. o ·nly 
one specimen (OU59294) has normative acmite, with the others showing norl1"1 ative 
corundum. This suggests that even the freshest rocks at Sams Creek have undergone 
hydrothermal alte ration, with loss of alkalis, especially sodium. Sparse REE data 
(fig.2.7) suggest the presence of a negative Eu anomaly, suggesting that some 
plagioclase fractionation may have occurred during the evolution of the magma; this 
would also account for the low Ca and Sr levels. Whalen et al. (1987) found similar 
evidence of plagioclase fractionation in their fractionated A-types. They have devised 
discrimination plots, based on Ga/AI ratio to distinguish A-type granites from fraction
ated 1- and S- types , which they sometimes resemble in their major-element geochem
istry (fig. 2.8) . The anomalously low alkalis in fig. 2.8 are probably the result of 
alteration. On the Rb vs. Y + Nb discrimination diagram of Pearce et al. (1984), the 
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Fig 2. 7 Plot of available REE data, normalized to the chondrite values of 
Nakamura(1974). 
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Fig 2.9 Rb vs. Y +Nb discrimination dia
gram from Pearce et al. (1984). Fields for 
syn-collision(COLG), volcanic arc(VAG), 
within-plate(WPG), and ocean ridge(ORG) 
granites are shown. + = Sams Creek gran
ite. Outlined is the A-type field from 
Whalen et al.(1987). 

fresh granite plots clearly in the within-plate category, as do the A-types of Whalen et 
al. (1987). However, the latter authors point out that A-type magmas need not 
necessarily be associated with any particular tectonic environment. 

Mafic dykes 

Hickey(1986) describes two suites of dykes from the area: quartz microdiorites, and 
a very altered rock type which he terms 'carbonate dykes'.The latter are of particular 
interest in the present study because of their intimate structural association with the 
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Fig 2.8 Ga/AI vs:-zr, Nb, Y;Zn~alKalTs and agpaitic indexlmar· 
(Na+K)/AI) for the least altered granites (table 2.2) .Crosses= these 
data; rectangular area= limit of I -,S-, and M- types; dotted areas= 
fractionated felsic I- and S- types; Plain border= approximate range 
of A- types. From Whalen et al. (1987). 

granite: they occur as late-stage intrusions along the contact (usually the footwall) in 
several places (see chapter 5), as well as forming rare outcrops elsewhere (e.g. in the 
W. branch of Sams Creek, mapped by Hickey(1986)). The dykes are usually very 
altered with high modal carbonate and chlorite; those along the contact are sheared 
as well (chapter 5 ). Some less altered examples occur in drill core (fig.2.1 0) and as 
float boulders in Sams Creek. Original phenocrysts which are recognizable include 
pink, pie ochroic titanaugite, a brown amphibole (kaersutite or barkevikite ), brown 
biotite, abundant apatite, and magnetite which is dispersed throughout the rock as 
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Fig 2.10 Lamprophyre dyke from drill core in Main Zone. See text for discus
sion. OU59338. Scale bar= 1 mm. 

Fig 2.11 Ocellus in lamprophyre from drill core at the Anvil. The core is quartz, 
with radiating laths of K-feldspar.OU59339. Scale bar= 1 mm. 
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subhedral grains. Some more pris
matic opaques are probably il
menites. The groundmass has a 
typical hypabyssal texture of pla
gioclase laths. Quartz is present in 
small proportions in the ground
mass. Some examples have an 
ocellar texture (fig. 2.11); ocelli 
contain quartz cores surrounded by 
laths of alkali feldspar. Some con
tain the sulphide assemblage 
pyrrhotine -chalcopyrite - sphaler
ite- pyrite, contrasting strongly with 
the groundmass magnetite. The 
ocelli are inferred to form by retro
grade boiling of magma volatiles 
(Cooper, 1979); gas vesicles form 
in which late - stage phases ( 
quartz, sulphides ) are concen
trated. The presence of alkaline 
amphibole, phlogopite, titanaugite, 
apatite and plagioclase suggests 
that the dykes are alkaline lampro
phyres (Rock, 1987), probably 
camptonite. There is widespread 
alteration of feldspars to chlorite, 
and of mafic phases to an Fe-, Mg-
rich carbonate. Chemical analy

ses of dyke rocks are shown in 
table 2.3. Note tile similarity of the 

s i 02 
T i 0

2 

A I 
2
0 

3 

FeD 
F e

2
0 3 

MnO 
MgO 
CaO 
Na

2
0 

K20 

P20s 
LOI 

TOTAL 

Trace 

Ni 
Cu 
Zn 

Nb 

Ga 
Rb 
Sr 
v 
Zr 
Pb 

Th 

OU59261 OU59270 OU59284 OU59287 

39.43 
3.62 

13.75 
12.62 

0.71 
0. 18 
4.54 
7.02 
2.09 
1. 66 
0.84 

11 . 57 

98.03 

elements 

48 
27 
157 
1 6 

25 
90 
427 
57 
304 
7 

0 

38. 13 
3.01 

1 2. 17 
12.68 

0. 72 

0.28 
5.30 
8.64 
1. 22 

1. 71 
0.66 

13.37 

97.88 

(ppm) 

48 
1 5 

1 6 2 

1 2 

1 7 

95 
520 
45 
257 
7 

3 

47.23 
2.32 

15.08 
10.32 

1. 75 
0.20 
6.34 
8. 16 
2.84 
0.33 
1. 00 

2.80 

98.38 

74 
36 
1 4 2 

1 6 

23 
1 6 

607 
51 
300 
1 2 

2 

46.58 
2.59 

15.40 
10.89 

2. 10 
0.22 
5.48 
8.05 
3.00 
0.31 
1.27 

2.73 

98.62 

57 
27 
162 
20 
22 

1 5 

602 
61 
351 
11 

2 

u 0 1 0 2 

Table 2.3 Geochemistry of camptonite dykes. 
See appendix 2 for analytical techniques. 

sheared material from the granite contact (OU59261 ,270) to undoubted dyke material 
( OU59284,287). The low silica, high Ca and P, and high volatiles, plus the presence 
of relict prismatic apatites and phlogopites, preclude the possibility of the contact 
material being altered granite. The quartz microdiorites mapped by Hickey(1986) 
were not included in the present study. He correlates them with the (post -Devonian) 
Baton formation dykes mapped on a regional scale by Grindley (1980); the granite and 
lamprophyre intrusions are inferred to be pre - Baton in age (see chapter 5 ), and 
therefore not related to the quartz microdiorites. 

Origin of Sams Creek granite 

Collins et al. (1982) have proposed a model for A-type granite petrogenesis involving 
anhydrous partial melting of an already depleted protolith. Melting experiments by 
Clemens et al. (1986) on a natural A-type granite suggest a temperature of >830°C 
for the partial melting. Their results (fig. 2.12) suggest that the order of liquidus phases 
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GIG-1 

-
5102 74.74 

T102 .35 

AI 20 3 12.63 

FeQ2 2.85 

t110 .02 

MJO .27 

CaO 1.26 

Na 20 3.58 

K20 4.30 

1000 

900 

u 

~ 850 

800 

• 

A- Typo Granito 

GIG-I 

p,. I k bar 

7501- log f~=QFM + 0.3 

-....... _ 

7000 I 2 3 4 

wt% H20 In Melt 

. Fig 2.12 Starting composition of, and experimentally determined phase 
relations for, Watergums A-type granite, SE Australia (Clemens et al., 
1986).Mag =magnetite ; Bt =biotite; Kfs = K-feldspar; PI= plagioclase; 
Otz =quartz; Cpx =Clinopyroxene. Upper and lower stability fields are 
shown for cpx. 

in the granite would be: zircon, magnetite or ql)artz (depending on H
2
0 content), then 

plagioclase, with clinopyroxene and alkali feldspar later. Amphibole was inferred to be 
a low temperature (<7500C) phase, possibly crystallizing undersubsolidus conditions. 
Their experimental rockGIG-1 could evolve into aSamsCreek-typecomposition very 
easily by the fractionation of a small amount of plagioclase: Ca- and Sr- depletion 
would ensue, giving rise to a single alkali feldspar on the liquidus, resulting in the 
hypersolvus granite seen at Sams Creek. The riebeckite - acmite relationship is 
obscure: there is no textural evidence for the riebeckite having formed by late- stage 
inversion pf pyroxene under relatively hydrous, low temperature conditions, as the 
experiments of Clemens et al. (1986) suggest. Rather, the occurrence of acmite on 
the margins of riebeckites suggests a late - stage loss of volatiles, possibly by 
hydrofracture and venting to higher crustal levels, resulting in anhydrous conditions 
for the final crystallization. One possible explanation is control by fluorine: F -rich 
amphiboles may have crystallized under relatively anhydrous conditions. With subse
quent F- depletion, excess sodium would crystallize as acmite, giving rise to a 
potassium- rich groundmass. Whalen et al.(1987) suggest that heterogeneity in A
types may reflect variety in the protoliths; a requirement common to all is a source of 
heat fort he secondary melting. This heat was probably provided by the emplacement ~ 

of mantle - derived mafic magma, some of which was expelled as the associated 
lamprophyre dykes. The probable high temperature gradient in the area (chapter 5) 
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suggests a minimum depth of ~15km for the 800°C temperature required for partial 
melting to prevail. 

Conclusions 

The granite at Sams Creek is a hypersolvus, riebeckite + acmite- bearing alkali granite 
with the characteristic geochemistry of a fractionated A-type granite. The hypersolvus 
nature implies crystallization at PH20 < 4kbar (Cox et al., 1979: 137). The granitic 
magma was probably generated by partial melting of granulite facies material at a 
depth of> 15 km. Heatforthis event may have been provided by the intrusion of mantle 
-derived lamprophyric magma, some of which was intruded along the margins of, and 
in the vicinity of, the granite as volatile- rich camptonites, which are ocellar in places. 
Even the freshest granite has been altered, with recrystallization of the groundmass 
and the breakdown of ilmenite. The granite probably contained original zircon; 
normally resistant to alteration, it has been completely destroyed, possibly by late -
stage magmatic fluids. 
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Fig. 3.1. Riebeckite altering to magnetite and biotite. OU59337, Barrons Flat. 
Scale bar= 250 Jlm. · 

' · .i.j;{f8';:~~~~~&;;::::,;>··r:. c ... ·~W ; ,;'k;".., •'t_;/f. . • ... . . ~ .JJ• .. } .,, • 
• •' • '-"""' • •; ' r '"'l' J/:'~~ ' ... • . ··' " .• • .: • .,., . . ) • ·,. · :~. <,._,..'!.. ~···· .,.,.:.>1.':·~.::- -~~-.. •,.; . 

.. . ~ .• ·,'!'· · ..• ~.J .. t~··_,.·.~· , • ;i"oo·":··· · •·•J~ • . -!> ..... • " .·~· ...•.. -.~ -~·· · -· ,.,...,.._ .. · .. -~,~···· .· · .•.. ·· ~· -...r• • .... 1· -''t i' '~" W':~ -~"' ~:!. · , ·• • " · • ··•I··~ '· s-

. :;~~.j;~;~~~t~1~1r:-·::if~~~~ftJ~-. 
Fig 3.2. Localized leaching of mafic phases from the granite by a small quartz 
vein. Photograph of thin section OU59295, Barrons Flat. Section is 2.5 em 
wide. 
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3. HYDROTHERMAL ALTERATION 
3.1 GRANITE 

As was noted in chapter 2, none of the specimens studied is completely fresh; 
however, for practical purposes, OU59294 from the Barrons Flat road is used as a 
petrographic and geochemical parent. 

Barrons Flat 

The first hydrothermal event is represented by -30cm- spaced, 1 mm- thick veins of 
quartz with occasional pyrite or carbonate. Riebeckite and acmite are the first to be 
affected, altering either to magnetite+ biotite (fig. 3.1 ), or to siderite. The alteration is 
typically very localized: within a couple of centimetres of the vein (fig. 3.2), the mafics 
are leached out. Other phases are not obviously affected, although there is probably 
some recrystallization of the groundmass, as discussed in chapter 2. This is likely to 
have been accompanied by Na I K metasomatism in the feldspars. More intensely 
mineralized zones occasionally occur, usually in close proximity to unaltered granite. 
The mineralization resembles that of Main Zone (see below) with the sequence 

riebeckite =>magnetite+ siderite, then pyrite, arsenopyrite mineralization with galena, 
sphalerite and gold. 

Main Zone 

Veining in Main Zone shows no obvious generations distinguishable by cross-cutting 
relations, but is a progressive phenomenon, with the degree of alteration and 
mineralization increasing with the intensity of veining. It is interpreted to have been a 
single event, with the different rock types which are preserved reflecting various fluid 
I rock ratios. 
Few of the rocks in Main Zone are very altered. The freshest material (fig. 3.3) contains 
unaltered quartz, albite, and perthites; original mafic phases are represented by the 
assemblage magnetite+ siderite. Early veins contain the assemblage quartz+ siderite 
+ pyrite + albite (fig 3.4). The fluids react with magnetite, ultimately resulting in a 
creamy -white rock with quartz and feldspar phenocrysts visible, consisting of quartz 
- albite - perthite - siderite, with occasional pyrite porphyroblasts (fig.3.5). In thin 
section, the euhedral pyrite grains contrast strongly with relict magnetite grains which 
have a skeletal, xenomorphic appearance. With more intense veining (fig. 3.6) pyrite 
and arsenopyrite form on the margins of veins, or form sulphide veinlets which are 
parallel to, or grade into, the quartz- siderite- albite veins. Locally, sulphide veins form 
an intense stockwork (fig. 3. 7). As the proportion of sulphides in the veins increases, 
so does the arsenopyrite I pyrite ratio. Arsenopyrite is accompanied by minor 
sphalerite and traces of galena and gold. Gold occurs as small inclusions in 
arsenopyrite, frequently associated with galena (fig. 3.8). Even the heavily mineral
ized granite of fig. 3.7, however, is hardly altered: quartz and albite are fresh, while the 
perthites are incipiently altering to siderite (fig. 3.9). XRD studies show a progressive 
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(a) 

(b) 

Fig 3.3. The freshest material found in Main Zone contains magnetite porphy
roblasts associated with siderite, and an unaltered granitic groundmass. (a): 
crossed polars; (b): reflected light. Scale bar= 250~m. OU59338. -
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Fig 3.4. Earliest veining in Main Zone. A quartz- pyrite- siderite vein is re
moving magnetite from the rock, giving a silicified effect. Drill hole SC19. 
Scale bar= 3.5cm. 
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Fig 3.5. Two specimens of altered granite from drill core in Main Zone, to 
illustrate the change in appearance caused by the removal of magnetite. 
OU59340 (bottom) and OU59341, hole SC19 . 
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Fig 3.6. Veins of quartz with marginal sulphides in Main Zone, culminating in 
segregations of pure sulphides. 

Fig 3.7. Stockwork of arsenopyrite and pyrite developed in relatively unaltered 
granite, Main Zone. Gold> 1 Oppm; Arsenic- 1.5 wt.%. Diameter of core= 
6cm. OU59265. 
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Fig 3.8. A grain of arsenopyrite containing blebs of galena and gold. Reflected 
light; scale bar= 125j..im. OU59267, hole SC19, Mail Zone. 

Fig 3.9. Perthite with incipient alteration to siderite in proximity to a vein of 
quartz- albite- arsenopyrite- siderite.Scale bar= 1 mm. OU59267, hole 
SC19, Main Zone. 

21 



albitization of alkali feldspar during alteration in Main Zone, leading ultimately to the 
assemblage quartz+ albite +siderite (OU59264). 

W.Outcrops I Riordans 

The freshest material in this area is more altered than in Main Zone. There is 
ubiquitous pyrite, and no magnetite; of amphiboles there is either no trace, or else they 
are pseudomorphed by siderite, often weathering to aggregates of goethite, with 
traces of sphene. Occasionally, the assemblage quartz - albite - perthite survives, 
sometimes with patches of relict granophyric texture, but always with incipient 
sericitization of K-feldspar (fig. 3.1 0). More normally, all original microcline and some 
or all albite is altered to sericite, giving the assemblage quartz- sericite- pyrite- siderite 
-arsenopyrite. Sulphides follow the same pattern as in Main Zone, with arsenopyrite 

Fig 3.1 0. The freshest material in W.Outcrops I Riordans. A nearly fresh per
thite has traces of sericite; the groundmass contains a relict patch of grano
phyric texture. Scale bar= 500)lm. OU59298, Riordans. 

increasing as the total sulphides increases; however, the arsenopyrite - dominated 
stockwork is not widely developed and overall, the area is dominated by pyrite. Vein 
paragenesis is similar to Main Zone, with quartz albite siderite veins, with various 
amounts of sulphides crystallizing on their margins, grading into occasional intensely 
mineralized material with arsenopyrite pyrite veins (fig. 3.1 t). Late stage, -1 em -
wide milky white quartz veins cross-cut the sulphide-bearing veins (fig. 3.12; fig. 5.26); 
this veining is restricted to Riordans and W. Outcrops. Although sideritic alteration is 
sometimes present in the area, it is always accompanied by sericite, giving the rock 
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Fig 3.11. Quartz- sericite- pyrite- arsenopyrite rock. Scale bar= 1 mm. 
OU59297, Riordans. 

Fig. 3.12. quartz+ pyrite veins cut by a later milky white quartz vein at 
W.Outcrops. Diameter of core= 5cm. OU59305. 

a characteristic green tinge in hand specimen. Even the freshest W.Outcrops material 
has some sericite; it is thought not to be derived from the late stage veins (which are 
more sporadic) but rather to reflect the regional zonation of the hydrothermal system. 
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59294 59338 59263 59267 59265 59264 59298 59271 59297 59273 59274 59280 59275 
FRESHEST M.Z M.Z M.Z M.Z M.Z WO/RI WO/RI WO/RI DOY DOY DOY DOY 

Si02 74.98 74.52 74.56 74.11 80.61 75.27 75.71 75.41 80.33 78.39 74.95 
Ti02 0.34 0.31 0.31 0.48 0.33 0.31 0.23 0.33 0.33 0.31 0.30 
Al203 10.75 10.07 10.07 10.47 10.29 10.00 8.01 10.33 10.62 10.65 10.07 
FeO 2.50 3.66 3.89 3.01 0.01 4.33 4.34 4.07 0.09 NA 4.57 
Fe203 2.21 0.75 0.62 1.94 0.87 0.22 0.58 0.00 0.67 1.47 0.00 
MnO 0.08 0.08 0.08 0.10 0.00 0.10 0.00 0.11 0.00 0.00 0.08 
MgO 0.08 0.10 0.16 0.33 0.00 0.16 0.18 0.12 0.04 0.07 0.18 
CaO 0.12 0.06 0.05 0.05 0.00 0.04 0.00 0.04 0.00 0.00 0.03 
Na20 3.50 2.53 3.09 5.49 2.54 2.62 0.00 3.32 2.18 2.17 2.55 
K20 4.86 4.47 3.70 0.11 4.16 3.01 2.38 3.01 4.84 4.44 3.94 
P205 0.00 0.00 0.00 0.02 0.02 0.00 0.02 0.01 0.03 0.01 0.00 
LOI 0.47 2.08 2.42 2.78 0.46 2.57 4.93 2.32 0.45 0.97 2.14 
TOTAL 99.89 98.62 98.96 98.90 99.29 98.65 96.37 99.08 99.56 98.48 98.80 

1\) 
S.G. 2.65 2.67 2.69 2.53 2.71 2.83 2.60 2.73 

..(:>.. Trace Elements 
Ni NA 5 6 4 4 9 6 5 NA 6 5 5 6 
Cu NA 0 1 2 3 0 0 0 NA 0 0 1 3 
Zn NA 183 177 157 49 154 40 190 NA 174 37 53 148 
Nb NA 43 53 43 36 44 59 44 NA 50 60 54 57 
<?a 44 34 32 35 44 37 35 35 39 32 37 35 36 
Rb 208 134 101 84 64 4 123 82 88 67 128 106 90 
Sr 6 27 27 39 49 54 16 21 5 49 30 26 25 
y 80 177 117 146 95 144 162 141 124 92 148 140 87 
Zr 1283 1160 1172 1182 1178 1108 1327 1098 871 1219 1382 1186 1146 
Pb 28 23 8 28 94 6 15 12 17 15 22 11 11 
Th 25 33 13 25 12 24 24 25 20 18 27 22 15 
u -4 7 5 8 8 7 6 3 6 5 7 5 5 
Au 0 0 0 5 17 0 0 0 2 0 0 0 0 
As 4 4 12 2321 15851 5 27 3 16957 160 6 914 0 

Table 3.1. Whole rock analyses of specimens representative of progressive hydrothermal alteration of granite.NA = not analysed. 
No major element data were obtained for the high As specimens (see footnote opposite). M.Z. = Main Zone; WO/RI = W.Outcrops 1 
Riordans; DOY = Doyles. For analytical techniques, see app. 2. 



Doyles 

The alteration style is intermediate between Main Zone and W.Outcrops, with 
perthites altering to siderite in one specimen (OU59273) and more or less completely 
to sericite in others (OU59274, 59275). There are no fresh amphiboles or magnetite, 
the former being replaced by siderite, and the opaque phase being pyrite. 

3.2 MOBILITY OF CHEMICAL COMPONENTS DURING ALTERATION 

Geochemical data for representative specimens are presented in table 3.1. The gains 
and losses of specific components have been plotted on the composition - volume 
diagrams of Gresens (1967) (fig. 3.13). The volume factors have been chosen by 
assuming Zr immobility, for the following reasons: 

1 )Zr persists at high concentrations in the most altered material, suggest
ing that there is no Zr loss from the granite during alteration. 

2)Zr concentrations in the sediments are ~300 ppm, and it is unlikely that 
transport has occurred into the granite, which has ~1200 ppm Zr. 

3)0thercandidates are AI and Ti. The former is clearly mobile as vein albite; 
the latter is apparently immobile but present in too low a concentration to give accurate 
results. 
Conclusions drawn from fig. 3.13 (summarized in fig.3.14) are: 

1 )Sideritic alteration. Exemplified by OU59294 => OU59338 => OU59264 (Main 
Zone). 1 The first stage, alteraton of mafic phases to magnetite + siderite, involves 
principally the influx of silica, with reduction of iron: 

1 00g(294) + 7.6g Si02 + 1.6g FeO 
+ 0.4g Al20 3 

=> 11 0.8g(338) + 0.7g Na20 
1.4g Fe 20 3 

(1 )2 

The sodium lost is from the breakdown of riebeckite; feldspars are unaltered at this 
stage. Further alteration to the assemblage quartz- albite- siderite involves principally 
the gain of sodium and more silica, with complete loss of potassium: 

1 00g(338) + 3.1g Si02 + 3.2g Na20 => 1 04.8g(264) + 0.5g FeO (2) 
+0.3g Fe20 3 + 0.9g Al20 3 + 4.3g K20 

The observed leaching of magnetite suggests that a further net reduction of iron 
should be involved, which in this case is obscured by the weathering of siderite .to 
goethite. 
Well mineralized material (OU59267) has essentially the same groundmass as 

1Unfortunately, whole rock analyses could not be made for the most mineralized Main Zone specimens, because 

of the corrosive effect of As on the Pt crucib 1 es used in XRF samp 1 e preparation. However, OU59264 represents 

the most altered Main Zone material , although not the most mineralized. 

21talicized numbers in parentheses are prefixed OU59 and refer to analyses in table 3.1. Equation numbers refer 

to reactions in figs 3.13 and 3. 14. 
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Fig. 3.13 Composition- volume diagrams after Gresens(1967).The dashed vertical 
line represents the inferred volume change for each reaction. Gain or loss of a 
particular component is given by its intercept with the fv line. Circled numbers 
correspond to reactions in the text and in fig. 3.14. No data were available for 
reaction (3) (see footnote on the previous page). 
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OU59298; intense mineralization is probably described by: 

(338) + Si02 + FeO +As+ minor Na20 :::} (267) + minor K20 (3) 

involving the influx of iron, silica arsenic and sulphur. 

2.Sericitic Alteration. Exemplified by : 

OU59271 
~ 

OU59294 ---7 OU
59298 ~ OU59297 

The early stages are characterized by gain of silica and almost total loss of iron and 
some alkalis, corresponding to complete leaching of riebeckite: 

1 OOg (294) + 3g Si02 :::} 96.6g(298) + 0.8g Al20 3 + 0.8g K20 (4) 
+ 1.1 g Na20 + 1 .4g Fe20 3 + 2.5g FeO 

Reaction (4) may not occur as a single step: the siderite + magnetite assemblage 
found in Main Zone may have formed initially and subsequently been obliterated with 
further fluid- rock interaction. Such a history is depicted by a dashed line on fig. 3.14. 
However, the phantom intermediate stage is not observed at W.Outcrops, so equation 
(4) is preferred. 
The next stage involves the conversion of K-feldspar to sericite, and the growth of 
pyrite and siderite porphyroblasts. Albite is not affected; minor addition of sodium and 
aluminium is probably as hydrothermal albite: 

100g(298) + 10.5g Si02 + 4.7g Feo· ~ 121g(271) + 0.5g K20 (5) 
+ 1.8g Al20 3 + 0.6g Na20 

The resulting assemblage (OU59271) is quartz- albite- sericite- siderite- pyrite. More 

intense mineralization and sericitization occurs locally and is exemplified by OU59298 
:::} OU59297. There is veining of quartz+ pyrite+ arsenopyrite, and everything except 
quartz in the original granite is converted into sericite: 

100g(298) + 34.6g Si02 + 6.6g FeO' =:::} 152.1g(297) + 0.5g K20 (6) 
+ 1 .9g Al20 3 + 2.6g As + 2.5g Na20 

3.3 ALTERATION OF OTHER LITHOLOGIES 

Lamprophyres 

These are characteristically intensely altered to a chlorite + ankerite + sericite 
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OU59294 

SiO 2 Qz - Ab - Kspar -
Rieb 
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Ab(hydrothermal) -
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Fig. 3.14. Summary of hydrothermal alteration. Oz = quartz;Ab =albite; 
Kspar = K-feldspar; Sid= siderite; Ser =sericite; Mt =magnetite; Py = 
pyrite ; Aspy = arsenopyrite 

OU59297 
Qz - Ser - Py - Aspy 



assemblage, often to such an extent that apatite is the only original mineral to survive. 
Original aligned laths of groundmass feldspar are pseudomorphed by sericite and 
ankerite; ocellar types have the quartz and sulphides from the centre of the ocelli 
preserved, surrounded by chlorite, after feldspar. Some veins contain quartz+ pyrite 
+carbonate, suggesting that a similar fluid to the one in the granite may have been 
responsible. Since no fresh lamprophyres were found, it was not possible to quantify 
the alteration. 

Sediments 

Veins of quartz with occasional pyrite occur in the quartzites, as well as ubiquitous 
structurally controlled quartz veining related to solution during deformation. Seams of 
mica are associated with cleavage development (see chapter 5 ), and some pyrite 
porphyroblasts are observed. There is therefore evidence for the passage of quartz 
- iron -sulphur bearing fluids through the sediments as well as through the granite. 
Shales generally show no signs of alteration. In hand specimen, disseminated pyrite 
is often visible; however, this may be of original detrital or metamorphic origin. 

3.4. Au - As - ARSENOPYRITE RELATIONS 

The geochemical link between gold and arsenopyrite is well established at Sams 
Creek both by rock- chip sampling undertaken by CRA, and by analyses made during 
the present study (fig. 3.15). This relationship was investigated more closely by 
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Fig. 3.15. Whole rock Au vs. As. Limit of detection for Au is - 0.2 
ppm. For analytical techniques, see appendix 2. 
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studying the Au tenor of arsenopyrite mineral separates at three locations: Main Zone, 
W.Outcrops, and the road by the Takaka River (table 3.2). 

Specimen 

OU59288 

OU59290 

OU59304 

Location WRAu 

ppm 

Takaka R. <0.2 

Main Zone 5.6 

W.Outcrops 0.6 

WRAs 

ppm 

4 

9268 

4792 

Expected Aspy 

tenor, ppm 

<1 04 

250 

60 

Measured Aspy 

tenor, ppm 

100 

400 

16 

Table 3.2 Gold distribution between whole rock (WR) and arsenopyrite (Aspy). 
For analytical techniques, see appendix 2. 

The 'expected aspy tenor ' is the concentration of gold in arsenopyrite which would 
be expected if all the whole rock gold were contained in arsenopyrite. It is concluded 
that: 

(1) In Main Zone, essentially all the gold is present as inclusions in arsenopy
rite. This is probably true at the Takaka River as well, but the whole rock gold is below 
the detection limit. The measured arsenopyrite tenor is comparable to that of well-min
eralized material in Main Zone. This suggests that, in Main Zone- Barrons Flat, Au and 
arsenopyrite precipitation are linked, and that the amount of gold present might be 
controlled by the amount of arsenic available to precipitate with it. 

(2) In W. Outcrops, most of the gold is not associated with arsenopyrite, and 
overall gold values are lower. This suggests that the gold precipitation mechanism 
was not linked to that of arsenopyrite, and that the gold which does occur in 
W.Outcrops is of a different origin from that in Main Zone. 

3.5 CONCLUSIONS 

Two types of alteration in granite are noted; their distribution probably represents a 
zoning in the original hydrothermal system. In Main Zone- Barrons Flat, riebeckite first 
alters to the assemblage magnetite+ siderite. There is then an influx of Fe, As, S, with 
associated Au, giving the assemblage quartz + albite + K-feldspar + pyrite + 
arsenopyrite. K-feldspar is replaced by albite to a varying extent. 
In W.Outcrops- Riordans, practically all the iron is leached from the granite during the 
early stages of alteration, giving essentially a quartz- albite- K-feldspar rock. With 
further reaction, first K-feldspar and then albite alter to sericite, with minor siderite, with 
the simultaneous deposition of pyrite and arsenopyrite. Gold values are in general 
much lower than in Main Zone, and gold is less intimately associated with arsenopyrite 
In all areas, the alteration is characterized by a considerable influx of silica. 
Broadly similar fluids, containing Si02 and FeO, have affected the surrounding 
sediments and lamprophyre dykes, and the fluids seen in the granite are probably part 
of a larger scale hydrothermal system. Cooper(1989) has noted that widespread 
secondary ankerite is characteristic of all pre-Devonian units in the Takaka terrane. 
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It is suggested that the occurrence of siderite at Sams Creek is the result of interaction 
of the regional metamorphic fluids with the granite, and that the fluid chemistry was 
controlled by that of the rock, in which Fe is the only mafic component. 
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4. PRESSURE AND TEMPERATURE OF 
ORE-FORMING FLUIDS 

4.1 THE ARSENOPYRITE- SPHALERITE GEOTHERMOMETER 

The assemblage arsenopyrite +sphalerite can constitute a useful geothermometer, 

provided either pyrite or pyrrhotine is present to buffer as2 (Scott, 1983). Pyrite is 
ubiquitous in the mineralized material at Sams Creek; although sphalerite is relatively 
rare, the desired assemblage aspy+ sphal + py was found at a few localities (fig. 4.1 ). 
In fig. 4.2, atomic% As in arsenopyrite and molecular% FeS in sphalerite together 
define a unique temperature. Kretschmar and Scott(1976) add the following caveats: 

1) Arsenopyrite and sphalerite should be from equilibrium, -buffered assem-
blages. 

2)The combined minor-element content of the arsenopyrite should be 
<1wt.%. 

3)An arsenopyrite standard of proven homogeneity should be used for 
microprobe analyses. 
Condition (1) is impossible to prove. Kretschmar and Scott (1976) assert that, in vein 
deposits, equilibrium between arsenopyrite and simultaneously deposited minerals 
can be assumed to occur via the fluid phase; however, they also emphasise the 

Fig 4.1 (a) Inclusion of galena(g)- chalcopyrite(c) - sphalerite(s) in arsenopyrite 
-pyrite aggregate (aspy-py) .OU59306 , Main Zone .Scale bar= 125 Jlm. 
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Fig 4.1 (b) Sphalerite - pyrite - arsenopyrite assemblage . Abbreviations as 
above. OU59305 ,W. Outcrops. Scale bar== 250 11m. 

desirability that the three phases of the buffer assemblage be touching, preferably in 
triple junctions. In general, sphalerites at Sams Ck. occur as small grains enclosed by 
pyrite; the companion arsenopyrites are either enclosed by, or in contact with, the 
same grains of pyrite. An exception is OU59302 which has abundant sphalerite and 
galena with minor pyrite and arsenopyrite. 
Condition (2) is met by all the Sams Ck. material. Inspection of the microprobe spectra 
for arsenopyrites revealed no extraneous peaks. It is estimated that about 0.2 wt% of 
an impurity would be sufficient to show a clear peak. 

The third condition was satisfied by the availability in Otago of the arseno
pyrite standard ASP200 established by Kretschmar and Scott(1976) and used in the 
construction of fig. 4.2.1n addition, an attempt was made to prepare a sphalerite 
standard from a carbonatite (material kindly provided by Dr A. F. Cooper). This material 
is homogeneous within the limits of resolution of the microprobe. Wet - chemical 
analysis of the proposed standard, SP4, gave the following result 1 : 

Zn 
Fe 
s 

60.65% 
5.5 % 

33.6 % 

99.75% 

By constantly referring to the two standards between unknowns, an estimated 

1 Analysis was by gravimetric techniques described by Vogel( 1978) .Sulphur was determined as Baso. 
after fusion of sphalerite with Na20 2 • Fe and Zn were precipitated by cupferron and oxine respectively, 
after dissolution of sphalerite in hot HCI. 
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Fig 4.2 Compositions of sphalerite and arsenopyrite coexist
ing with pyrite and/or pyrrhotine at 1 kBar. Contours are 
mol% FeS in sphalerite. From Scott(1983). · 

accuracy of 0.4 wt.% and precision of 0.2 wt% were obtained. Operating conditions 
were: energy dispersive spectrometer; 25 KV accelerating potential; 2.0 nA beam 
current; approx. 111m spot width. Results are given in table 4.1 and fig. 4.3. 
A fourth problem relevant to the Sams Ck. material is that the points plot in the vicinity 

500~------~----~~-----,------~~ 
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t 400 
u 
0 

Q) .... 
ouS93_9"h 

o~N ~ONE: 

.23501 I I e ; 
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0.. ? GY 0 !?.flK.'ii:Pl"" I" t...AT 

E "Do'i'-•7' 
~ 300

29 30 31 32 

Atomic% As in arsenopyrite 
33 .... 

Fig 4.3 Compositions studied which may plausibly repre
sent equilibrium conditions. 
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of the equilibrium aspy+ py + liq + vap in the bottom left corner of fig. 4.2. As discussed 
by Kretschmar and Scott(1976), the position of this line is very poorly constrained. 
Scott(1983) states that sphalerite in equilibrium with arsenopyrite and pyrite ' must 
contain about ten or more mole percent FeS '.Thus, OU59305, with a spread of values 
from 5.6 to 11.2 mol.% FeS, probably represents disequilibrium between the sulphide 
phases. OU59307, however, at about 9.3 mol. % FeS and 29.5 at. % As, could 
represent a stable assemblage with a temperature in the low 300's, depending on the 
exact position of the arsenopyrite stability field boundary. 
The cumulative uncertainty in the measurement is probably of the order 50'°C. The 
best two points, OU59306 and OU59302, give temperatures of 370°C and 325°C for 
Main Zone anc:j Barrons Flat respectively .. Lower values of at.% As in aspy at W. 
Outcrops and Riordans hint either at a lowertemperature or at a higher sulphur activity, 
perhaps evinced by the prevalence of pyrite over arsenopyrite in the western part of 
the prospect. 

SPECIMEN MOL% FeS IN AT% As IN TEMP (°C) COMMENT 

SPHALERITE ARSENOPYRITE 

OU59305 {7.5;7. 7;11.2} {29.8;29.3;29.2} ?290-340 PROBABLE DISEQUILIBRIUM 

(W.O.) {5.6} {29.9} 

OU59302 {11.3;11.9;1 0.7; {29.8} 325 

(B. FLAT) 11.3;11.4} 

OU59306 {14.4;15.0} {30.8} 370 as, -10'6 

(M.ZONE) 

OU59307 {9.2;9.5} {29.5} 325 

(DOYLES) {8.5} 

OU59308 {7.2} {29.9} ?340 PROBABLE DISEQUILIBRIUM 

(W.OUTCROPS) 

OU59275 {30.8} NO SPHAL FOUND 

(DOYLES) {30.1} 

OU59297 {29.3} NO SPHAL FOUND 

(RIORDANS) {29.4} 

Table 4.1: Microprobe measurements on sphalerite and arsenopyrite. Sph
alerite - aspy pairs are aligned horizontally. Multiple points on one grain are 
bracketed together {} . 
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4.2 EVIDENCE FROM FLUID INCLUSIONS 

Petrography of fluid inclusions 

Fluid inclusions are present in all the quartz veins at Sams Ck. The majority of veins 
contain a milky, rather opaque, quartz which is characterized by abundant, <i!..m, 
inclusions which are too small to study. This situation pertains over most of Main Zone. 
Occasionally, more translucent quartz is found which contains inclusions of up to 5-
1 011m in diameter. Only in one instance, OU59311, were large (-50 11m) inclusions 
found (fig. 4.4(c)). Inclusions of workable size commonly occur in isolation or in small 
clusters. They contrast markedly with abundant planar arrays of inclusions 1 m or less 
in size, which are often aligned with partially healed fractures. The former are assumed 
to be primary, and the latter secondary, following the criteria of Roedder(1984). The 
material studied was taken from veins bearing the assemblage qz + py ±aspy 
siderite albite, associated with the main phase of mineralization. Late stage milky 
quartz veins which cross-cut the earlier veins at Riordans andW.Outcrops did not yield 
any inclusions large enough to study. All of the inclusions studied were in quartz. 

Heating and Freezing Experiments 

Doubly-polished wafers of quartz -1 OOjlm thick were studied using a modified USGS 
heating/freezing stage with a x50 objective. Care was taken not to heat the wafers 
above - 150 PC during the sample preparation, to avoid decrepitating inclusions . 

Fig. 4.4 Different types of inclusions studied 
(a) Aqueous , two -phase (W.Outcrops) . (b) 
C02 (liquid)- C02 (vapour)- H20 (Doyles) . (c; 
Aqueous , two - phase , exceptionally large 
inclusions (Barrons Flat ) . Scale bars = 20Jlm 
((a), (b)); =100Jlm (c). 
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OUNO. LOC. TYPE Tmco, TtrzH,O T mclath ThCO, ThlN liq/vap 
oc oc oc oc oc 

59310 MZ AO -2 132 

59310 MZ AO -3.6 137 

59310 MZ AQ -5.5 160 

59310 MZ AO -3.5 206 

59310 MZ AO -0.1 180 

59310 MZ AO -5 178 

59310 MZ AO -6.1 175 

59310 MZ AQ -1.4 I 173 

59310 MZ AO -3.5 180 

59310 MZ AO -4.1 184 

59310 MZ AO -3.4 190 

59310 MZ AO 210 

59310 MZ AO 193 

59310 MZ AQ 192 

59312 wo AO -0.8 89 

59312 wo AQ 0 152 

59312 wo AO -4 153 

59312 wo AO -4.2 148 

59312 wo AO -2.3 162 

59312 wo AQ -5.2 163 

59312 wo AQ -5.2 241 

59312 wo AO -3.7 

59307 DO C02-H20 -56.7 -2.1 8.2 16.4 320 v 
59307 DO C02-H20 -58.1 -1 .3 8.2 21.2 328 v 
59307 DO C02-H20 -56.9 -1.5 8.9 23.7 321 L 
59307 DO C02-H20 -56.6 -3.6 8.6 21.1 330 v 
59307 DO C02-H20 -0.9 9.5 22.1 293 L 

59307 DO C02-H2
0 9.5 14.6 311 v 

59307 DO C02-H2
0 16.7 292 L 

59307 DO C02-H20 300 L 

59307 DO C0
2
-H

2
0 319 L 

59307 DO C02-H20 265 L 

59307 DO C02-H2
0 320 L 

59307 DO C0
2
-H

2
0 284 v 

59307 DO C0
2
-H

2
0 329 v 

59307 DO C02-H2
0 322 L 

59307 DO C0
2
-H

2
0 318 v 

59307 DO C0
2
-H

2
0 317 L 

59307 DO C0
2
-H

2
0 322 v 

59307 DO C0
2
-H

2
0 291 L 

59311 BF AO -4.8 198 

59311 BF AQ -1 .8 133 
59311 ° BF AQ -1.3 256 

59311 BF AO -0.8 151 

Table 4.2 Results from microprobe analyses. Note that numbers in the same row 
do not all refer to the same inclusion ; only Th and UV columns are tied . 
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OUNO. LOC. TYPE Tmco, TtrzH,O T mclath ThCO, Ttvv liq/vap 
oc oc oc oc oc 

59311 BF AQ 0 189 

59311 BF AQ -0 .6 242 

59311 BF AQ -4.5 164 

59311 BF AQ -5.4 188 

59311 BF AQ -4.8 192 .. 
59311 BF AQ 191 • 
59311 BF AQ 212 

59311 BF AQ 230 ..... 
59311 BF AQ 212 

59311 BF AQ 208 

59311 BF AO 213 " 
59311 BF AQ 208 

• 
59311 BF AQ 207 

59305 wo C0
2
-H

2
0 -56 .8 9 

59305 wo C0
2
-H

2
0 -56.6 8.8 

59305 wo C0
2
-H

2
0 -56.7 8.8 

59305 wo C0
2
-H

2
0 10 

59302 BF AQ -1.6 173 

59302 BF AQ -1.7 175 

59302 BF AQ -0.5 191 .. 
59302 BF C02 -56.6 8.2 23.7 219 

.; 

59302 BF C02 -57 8.2 24.1 228 

59302 BF C0
2 

-56.7 9.5 24.8 230 

59302 BF C02 9.1 25.4 238 ~ 

59302 BF C0
2 

8.7 24.6 321 

59302 BF C0
2 

24.7 355 

59302 BF C0
2 

24.2 335 ..... 

59302 BF C02 
298 

59302 BF C0
2 

222 

59302 BF C02 
300 

59302 BF C02 
203 

59303 Rl C0
2
-H

2
0 -57.3 9.8 20.9 300 L ..... 

59303 Rl C0
2
-H

2
0 -56.7 9.6 23.9 348 v • 

59303 Rl C0
2
-H

2
0 -56.8 9.4 17.8 265 L 

59303 Rl C0
2
-H

2
0 9.6 23.7 247 L 

59303 Rl C0
2
-H

2
0 23.5 293 v 

59303 Rl C0
2
-H

2
0 4 245 L ~ 

59303 Rl C0
2
-H

2
0 15.2 247 v • 

59303 Rl C0
2
-H

2
0 252 L 

59303 Rl C0
2
-H

2
0 250 L 

59303 Rl C0
2
-H

2
0 258 v 

59303 Rl C0
2
-H

2
0 273 v ., 

59303 Rl C0
2
-H

2
0 285 v 

< 
59303 Rl C0

2
-H

2
0 324 v 

59303 Rl C0
2
-H

2
0 266 L 

Table 4.2 continued 
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OUNO. LOC. TYPE Tmco, TtrzH,O T mclath Thco, Thuv liq/vap 
oc oc oc oc oc 

59303 Rl C0
2
-H

2
0 260 L 

59303 Rl C0
2
-H

2
0 275 v 

59303 Rl C0
2
-H20 275 v 

59303 Rl C0
2
-H 20 260 L 

59303 Rl C0
2
-H

2
0 293 v 

59303 Rl C0
2
-H

2
0 303 v 

59303 Rl C0
2
-H

2
0 276 L 

59303 Rl C0
2
-H

2
0 276 v 

59303 Rl C0
2
-H

2
0 284 L 

59304 wo C0
2
-H

2
0 -56.6 -1.3 8.2 23 194 L 

59304 wo C0
2
-H

2
0 -56.8 -1.5 8.2 23.2 247 L 

59304 wo C02-H 20 -56.6 -3.8 8.4 24.1 212 L 

59304 wo C02-H 20 -4.5 9.5 17.4 221 v 
59304 wo C0

2
-H

2
0 9.5 19.6 258 L 

59304 wo C0
2
-H

2
0 9.8 300 L 

59304 wo C02-H20 8.2 310 v 
59304 wo C0

2
-H

2
0 9.4 301 v 

59304 wo C0
2
-H

2
0 255 L 

59304 wo C0
2
-H

2
0 242 v 

Table 4.2 (continued) 

Heating rates were maintained at about 1 0°C I minute during heating experiments, 
and 1°C I minute during the critical stage of freezing experiments. Results of the latter· 
were reproducible to about± 0.1 °C . 
Two types of inclusion were found during the study (fig . 4.4): 

1) Two phase inclusions, liquid with a single vapour bubble, which on 
freezing formed ice with a reduction in size of the vapour bubble at- -30°C; the ice 
melted between -6 and 0 C. On heating, these inclusions homogenized by disappear
ance of the bubble at -200 °C. 

2) H
2
0- C0

2 
inclusions, which froze solid at --1200C; on heating, a portion 

of the inclusion melted at around -56.6°C. Usually, nothing more was observed until 
- 5- 1 0°C, when C0

2 
hydrates melted around the rim of the C0

2 
phase, leaving an 

aqueous phase rimming a C0
2 

liquid, in which a bubble of C0
2 

vapour was commonly 
observed. The C0

2 
phase homogenized by disappearance of the bubble at between 

15 and 25 oc (inclusions at the bottom end of this range were difficult to distinguish 
from type (1) at room temperature, because of their two-phase nature).The water arid 
C0

2 
phases then homogenized to a single phase at 250- 300 °C. 

Geobarometry using aqueous inclusions 

Type (1) inclusions were studied from Barrons Flat, Main Zone, and W. Outcrops. 
Heating and freezing data are contained in table 4.2. Mean freezing point depression 
is 3.2°C (fig. 4.5), which implies a salinity of 5 wt.% eq. NaCI (Roedder, 1984). Mean 

This about 200°C (fig . 4.6). 
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The existence of an independent estimate of trapping temperature, T
1

, from the 
arsenopyrite sphalerite geothermometer (section 4.1) allows an estimate of the 
trapping pressure, P

1
, to be made (Roedder, 1984).Taking values of T

1
= 350 ±50 oc 

and Th = 200±20°C, the temperature correction T = 150±70°C, giving P = 170 
± 90 MPa, =1.7 ± 0.9 KBar (fig. 4.7). 

0 

6 

5 

"-1 

3 

2 

0 4---.--.--.....__,1 
0 ~ ro ~ ~ ~ 7 ~ N - 0 - N ~ 
- I I I I I I I I I 
I 

T mice oc 
Fig 4.5 Freezing-point depressions for 
2-phase aqueous inclusions from 
Barrons Flat and Main Zone. 

12 

10 

8 

Mixed H
2
0- C0

2 
Inclusions 

~ 6 

Type (2) inclusions (H
2
0 - C0

2
) are 

common in Doyles, Riordans and 
W.Outcrops (OU59303, 59304, 
59305, 59307 ), and are also present in 
OU59311 on Barrons Flat. In general, 
mixed H

2
0- C0

2 
inclusions are of little 

use for geothermometry (Roedder, 
1984). However, they can sometimes 
be used for geobarometry on the con
dition that, at the time of trapping, two 
partly immiscible fluids (one H

2
0- rich, 

one C0
2

- rich) were present and that 
the two fluids were trapped by different 
inclusions in the growing crystal. Fig. 
4.8 shows the extent of immiscibility in 
the system H

2
0- C0

2
.For example, a 

fluid at 500 bars and 300°C would 
consist of two immiscible fractions with 
13 and 45 mole% C0

2
• This is equiva

lent to 31 and 75 val.% C0
2 

at 25°C, 
assuming a density of 0.8 for C0

2 
and 

that Th,C0
2 
< 2s>C. On heating, both 

types would homogenize to a single 
phase at 300°C. A complication arises 

LL 

4 

2 

0 
0 0 0 0 0 0 0 0 

N "f .0 ro ~ ~ ~ ~ when a growing inclusion traps a mix-
Th oc ture of the two immiscible fluids, giving 

Fig 4.6 Homogenization temperatures rise to a mixed C02 - H2 0 inclusion the 
for 2-phase aqueous inclusions from properties of which will be misleading 
Barrons Flat, MainZone,W.Outcrops or impossible to interpret. Such inclu-
(OU59311 ,OU5931 0, OU59312) sions may be distinguished by their 

salinities (see below). One specimen from Barrons Flat (OU59302) contains both H
2
0 

-rich and C0
2

- rich inclusions ('AQ' and 'C0
2

' in table 4.2 ). The C0
2

- rich types are 
much more abundant and show little variation in bubble size; they are ascribed to a 
different generation from the aqueous types and no further attempt has been made 
to interpret them. 
C0

2
- bearing inclusions from Doyles, Riordans and W.Outcrops show a wide range 

of C0
2 

I H
2
0 ratios (fig. 4.9).Quantitative estimation of fluid inclusion volumes is 
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notoriously difficult, even for large inclusions (Roedder and Bodnar, 1980). The 
inclusions of fig. 4.9 are at the limit of resolution of the long- range objective used on 
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Fig 4.8 P-X plot in the system 
H

2
0-C0

2
• Isotherms show the 

compositions of coexisting 
phases (from Roedder and 
Bodnar, 1980). For comparison, 
the 300°C isotherm for 1.9 mol% 
(=~4.2 wt.%) NaCI is shown , 
extrapolated from the data of 
Bowers and Helgeson(1983), to 
demonstrate the increase in size 
of the immiscibility region with 
increasing salinity. 



val. %for the least. While heating the specimens through -56.6 °G, melting activity 
could be observed in the majority of inclusions, regardless of bubble size, suggesting 
that even the smaller bubbles contain a C0

2 
phase. Fig. 4.10 shows homogenization 

temperatures for H
2
0- rich vs. C0

2
- rich inclusions. As discussed by Craw(1988), it 

is to be expected that the C0
2
-rich inclusions have a higherTh than the H

2
0- rich ones, 

because of the tendency for a fraction of parent liquid to be trapped with the vapour 
bubble. This is evident in fig. 4.1 0; the coincidence of homogenization temperatures 
for the two classes of inclusion is taken to be "relatively unambiguous proof of boil
ing" (Roedder, 1984).The fluids are in fact exhibiting 'immiscibility', which involves two 
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Fig. 4.10 Homogenization temperatures of C0
2
-H

2
0 inclusions distinguishing 

those rich in H
2
0 (LIQ-RICH) from those rich in C0

2 
(VAP-RICH). 

components, H
2
0 and C0

2
, rather than 'boiling', which only involves one. The 

homogenization temperature of the liquid- rich inclusions is then equal to the trapping 
temperature, T

1
; this is 304 ± 20 ac for Doyles (OU59307), and 258 ± 25 oc for 

W.Outcrops I Riordans (OU59302,59304,59305) (table 4.2). 

Salinity of H
2
0- C0

2 
inclusions 

C0
2 

hydrates are relatively pure compounds of water and carbon dioxide (Collins, 
1979); when they crystallize, any dissolved salts are excluded from the crystal lattice 
and concentrated in the remaining water. Measurements of freezing-point depression 
in the aqueous portion of C0

2
- bearing inclusions will therefore give erroneously high 

salinity estimates, if C0
2
-hydrates are present. Collins(1979) uses the decomposition 

temperatures of the gas hydrates themselves to estimate salinities of the inclusions 
(fig. 4.11 ). The technique is valid for inclusions containing the assemblage C0

2
(g), 

C0
2
(1), aqueous solution, and C0

2 
hydrate, at the instant of last decomposition of the 
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Fig. 4.9 Evidence for ·immiscibility 
in C02 - H20 bearing fluids . 
Coexistence of fluids consisting 
mostly of water (I) with those rich in 
C02(v) . (a),(b),(c) : OU59307 
(Doyles); (d) ,(e) : OU50303 
(Riordans) ; (f) OU59304 
(W.Outcrops) ;(g) OU59305 
(W.Outcrops) . Scale bar= 50Jlm 
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hydrate.The temperature at this in
stant corresponds to point 0

2 
on fig. 

4.11, and is a function of the salinity 
of the inclusion. Hydrate melting tem
peratures from the material studied 
range from 8.2to 9.8°C, correspond-
ing to between about 0 and 3 wt.% 
eq. NaCI. The vapour phase separat
ing immiscibly in the system H

2
0 -

C0
2

- NaCI should have essentially 
zero salinity (Trommsdorf and Skip
pen, 1986), suggesting that the more 
saline inclusions represent mixtures 
produced by accidental trapping of 
two fluids. Only those inclusions with 
no salinity (say, T m ciath >9.4, with 
experimental uncertainties) are true 
products of immiscibility; they should 
also have the greatest proportion of 
C0

2
• The salinity of the total system 

(i.e. the 'parental' fluid before it en
counters the 1 phase - 2 phase 
boundary ) is hard to estimate. The 
average Ttrz,Hp for water- rich H

2
0 

- C0
2 
type inclusions from table 4.2 is 

~ 

" ..0 

f! 

80-

ro 

G = C0 2(gasl 

Lw = H20 (liquid! 

Lc = C0 2 (liquid I 
H = C0 2 hydrale 

I =Ice 
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Fig 4.11 . Phase diagram for the system H
2
0 

- C0
2

• The dashed lines indicate the shift to 
lower temperatures of the decomposition of 
C0

2 
hydrate with increasing salinity .from 

Collins(1979) . 

-2°C, corresponding to a salinity of 3 wt.%.This will be a maximum value for the total 
system, for two reasons: 

1) NaCI partitions into the liquid phase during immiscibility. 
2)The effect of C0

2
- hydrates, as discussed above. 

Estimation of trapping pressure 

In the absence of quantitative volume measurements, fig. 4.8 cannot be used to 
estimate absolute pressures. The value of Th = 304±20°C for OU59307 suggests a 
maximum pressure of about 0. 7 kilo bar. However, Bowers and Helgeson(1983) have 
shown that the presence of NaCI drastically enlarges the miscibility gap in the system 
H

2
0-C0

2
• Fig. 4.12 shows their calculated 2-phase I 1-phase boundaries in the system 

H
2
0- C0

2
- NaCI. Their positions are strongly dependent on Xco2 , XNaCI, and T. If all 

three were known, the pressure might be constrained to a maximum value by the 
observed presence of two immiscible phases. Xco2 was observed to be between 0.08 
and 0.5, probably near to the top of this range because of the greater abundance of 

vapour- rich than liquid- rich inclusions. The inferred fco2 of ~ 103 (chapter 6, fig. 6.1) 

does not constrain Xco2, since fco2 is itself a function of pressure (fig. 4.13). 

Taking best- guess values of Xco2 = 0.3, XNaCI < 0.01 (the 'total system' salinity, see 
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above), fig. 4.12(e) shows that the minimum critical temperature is likely to lie in the 
range 300- 350 °C. The W.Outcrops I Riordans fluids (2600C) are therefore too cold 
to provide any pressure constraint. The ~ 300°C fluids at Doyles might offer some 
hope if the salinity were in the low part of the range. Modelling of volume - phase 
relations at 25 oc in the system H 

2
0- C0

2
- NaCI (as done by Bodnar et al. (1986) for 

2.2 

2.0 
(f) 
L 
(\} 1.8 
co 
.::::£. 

~ 1.6 
<1> 
L 
::; 
(f) 1.4 
(f) 

<1> 
L 1.2 o._ 

1.0 ,~-- -. 
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C0 2 Fugacity , Bars 

Fig 4.13 Variation of C02 fugacity with pressure for different mole 
fractions of C02 ( calculated from the equation of Kerrick and 
Jacobs(1981 )). 

the simpler H20 - C02 system), and comparison of the model inclusions with the 
observed assemblages (fig. 4.14), might place limits on both pressure and salinity; 
however, this was not attempted in the present study. 
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Fig 4.14. Sketches (not to scale) to illustrate phase- volume relations of two
and three- phase inclusions OU59307 (Doyles) . 
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4.3 CONCLUSIONS 

The temperatures estimated from arsenopyrite I sphalerite compositions and those 
from H

2
0- C0

2 
bearing fluid inclusions are in agreement, given the relatively large 

uncertainties inherent in the method. The fluid inclusion- derived values are preferred 
at Doyles and W.Outcrops; the aspy - sphal derived values provide a more direct 
temperature measurement at Barrons flat and Main Zone.Thus: 

Barrons Flat 
Main Zone 
Doyles 
W.Outcrops/Riordans 

325 ±50 oc 
370 ±50 oc 
304 ± 20 oc 
260 ± 25 oc 

The pressure at the time of mineralization was between one and two kilobars, 
equivalent to between 3.4 and 7 Km of burial, assuming the pressure was lithostatic, 
or up to 20 Km for hydrostatic pressure. A typical temperature gradient for a shale 
basin is - 27°C /Km, which would suggest that the heat flow was above average at 
Sams Ck. 
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S.STRUCTURE 

5.1 AIMS OF THIS CHAPTER 

The aims are, ideally, to establish the following: 
1) The emplacement age of the granite with respect to deformation events in 

the sediments. 
2) The timing of mineralization with respect to deformation events in the 

sediments. 
3) To account for the observed macro- and micro-structural features of the 

granite. 

5.2 REGIONAL STRUCTURE 

The area has been studied in detail by Hickey(1986);the following description is based 
on his work. Three phases of deformation are recognised (figs. 5.1, 5.2): 

1) 0
1

, which produced disrupted bedding followed by the development of a 
slaty cleavage in the meta-argillites, and a penetrative fabric in the quartzites. The 
latter is defined by aligned subgrains of quartz and metamorphic sericite, and by mica 
seams formed by pressure solution of quartz in the more micaceous rocks. Occa
s.ional F, isoclinal folds are observed, with sub-horizontal N-S axes. The S1 foliation 
is everywhere within 1 oo of bedding, except in F, fold hinges. 

2) 0
2

, consisting of open to tight, gently N-S plunging, folds throughout the 
area, giving rise to the overall N-S strike of the bedding. They have an axial planar 
crenulation cleavage (S

2
), best shown by meta-argillites, where both bedding and S, 

are crenulated on a scale of 1 mm - 4cm. S
2 
is sometimes developed in quartzites, 

especially in the hinges of F
2 
folds. It then appears principally as -1 em spaced solution 

seams enriched in micas, aligned parallel to S
2 
in the vicinity of the cleavage domains. 

3) 0
3

, consisting of steeply plunging macroscopic folds. No evidence of this 
phase was observed in the vicinity of the granite during the present study. 

Hickey(1986) recognizes late-stage faulting on N-S, NW~SE, and NE-SW trends. He 
reports a fault contact for the marble at its exposure in the Takaka river, with a probable 
downthrow to the east, but considers this to be a late stage feature and the marble to 
have conformable contacts. Such a fault may be responsible for offsetting the granite 
in the eastern part of the area (figs. 5.1 ,5.3) 
To the west, the area is bounded by the Devil River Thrust; to the east, the granite is 
overlain by Tertiary sediments in the Waitui valley. 

5.3 FIELD RELATIONS OF THE SAMS CREEK GRANITE 

A glance at fig 5.1 shows the intermittent outcrop pattern and overall E-W trend of the 
granite, perpendicular to the regional structures. Poor exposure accounts for much of 
the former, but in places outcrops of sediment are found in between granite outcrops. 
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Key to fig. 5.1 

...,. A Devil River Thrust 

v 'OJ' Lamprophyre dyke (position 
inferred from geophysical 
data) 

I T Tl Tertiary sediments 

Riebeckite granite 

li:: :;:;:: ::1 Marble 

Quartzite bands 

Turbidite deposits 
(sst and argillite) 

1
11 ll u I I I Waingaro Schist 
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Fig. ~.2. (Opposite 
pctge) Section 0_0' 
from Hick:ey(1986). 
Refer to fig. 5.1. 
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Fig 5.1 Simplified geological map of the study area. Location of outcrops and structure east of Takaka River from CRA(1987); location of the 
Devil River Thrust, marble, and structure west of Takaka River from Hickey(1986) 
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Fig 5.3 attempts to model the dyke as a steeply, northwardly-dipping, continuous 
sheet. A dip angle of about 70°is in accordance with the observed contact at the Anvil, 
and also with models compiled by CRA from drillhole data. Fig 5.3 demonstrates that, 
apart from the central area from the Anvil to Barrons Flat, an even approximately plane 
surface cannot account for the observed outcrop pattern. Areas of apparent thickening 
of the granite at W.Outcrops and Main Zone are also hard to explain. Either the granite 
was intruded in its present irregular pattern, or it came up as a more coherent body 
and was then disrupted tectonically. The age of intrusion of the granite relative to the 
regional deformation is thus of great importance in any genetic model. A more detailed 
study of structures at and near the contacts of the dyke was therefore made, to see 
whether the granite has affected, or been affected by, the regional deformation. 

Fabrics developed near the granite - sediment contact 

In several places (figs. 5.8, 5.18), a penetrative foliation is formed in altered 
lamprophyre dykes (see Chapter 2 ) intruded along the margin of the granite. They 
appear as a zone, 0.2- 1m wide, of soft, fissile, fine-grained, grey-green material rich 
in chlorite and carbonates. The rock is highly altered, consisting of the assemblage 
chlorite+ pyrite+ ankerite+ sericite+ rutile. The strong cleavage is defined by chlorite 
and sericite anastomosing around phenocryst pseudomorphs (fig. 5.4). Pyrite grains 
are frequently elongated parallel to the foliation (fig. 5.5). In most thin sections, 
microfolding of pyrite and chlorite can be seen; the presence of these fold structures 
has frustrated attempts to determine a sense of shear, since any particular shear 
indicator microstructure might itself have been rotated by subsequent folding not 

Fig. 5.4. Lamprophyre at the footwall contact of the granite, with rel ict phenoc
rysts and a foliation defined by phyllosilicates. Scale bar= 1 mm. 
OU59319,Sams Creek, west end of Anvil. 
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Fig. 5.5. Highly strained fabric in a quartz-bearing mafic dyke.OU59313, footwall 
.; :-' •. _ ~ .... · ill. ,;/'· }' ~ ri, ~ ~· · · · . ' 1\ }1'~; .\'~·'i • , contact Cobb Dam 
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road. Scale bar= 1 mm. 

Fig. 5.6(a). Lamprophyre 
dyke intruded along the 
contact between granite 
and quartzite, Sams 
Creek, W. end of the 
Anvil. S2 cleavage in the 
quartzite is parallel to the 
contact. 
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visible in the thin section. 
At the western end of the Anvil, the footwall of the dyke outcrops as a ~sam high cliff, 
attitude 1 08,60N (fig.5.6). The altered lamprophyre of fig. 5.4 forms a 30cm wide zone 
at the footwall, with cleavage parallel to the contact. The country rocks consist of 
quartzites with open F2 folding. Across the stream from the contact, a cleavage in the 
quartzites is also parallel to the contact; this cleavage is clearly axial planar to an F 2 

fold. In thin section (fig. 5.7), it consists of widely spaced crenulations, reinforced by 
solution along the S

2 
domains, refolding the bedding-parallel S

1 
fabric. The latter 

corresponds to the type C 'rough cleavage' of Gray(1978). Moving upstream from the 
outcrop, S

2 
in the sediments reverts to its regional NNE-SSW attitude (fig 5.6b), 

suggesting that S2 in the sediments rotates towards parallelism with the granite contact 
as the contact is approached. Thus, at the W.Anvil locality, there is a ductile-

deformation fabric in a dyke post-dating the granite, defined by a greenschist facies 
assemblage, which is parallel to S

2 
in the country rock. 

Where the granite is in contact with meta-argillites, it is often impossible to distinguish 
S

2 
in hand specimens of argillite. Orthogonal pairs of oriented thin sections were made 

at such localities to enable the measurement of S
2

• The results show a similar story 
in several locations: in the vicinity of the granite the S

2 
cleavage in the sediments is 

rotated towards parallelism with the contact. At the E. end of the Anvil (fig. 5.9), finely 
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Fig. 5.6(b). Field relations at the W.Anvil outcrop in Sams Creek. 

57 



Fig 5. 7. S1 rough cleavage in quartzite refolded to form spaced S2 domains. 
OU59320, Sams Creek, W. end of the Anvil. Scale bar= 1 mm. 

Fig. 5.9. Interbedded shale I sandstone folded at its contact with granite, E. 
end of the Anvil, Sams Creek. Field of view is approx. 2m. 
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Fig 5.1 0. Fabric developed in the granite at the E.Anvil contact (fig. 5.9). 
OU59318. Scale bar= 1 mm. 

Fig 5.11. Fabric developed in sediments at the E.Anvil contact (fig. 5.9). Scale 
bar= 1 mm.OU59316. 

interbedded shale and quartzite are folded against the contact. The adjacent granite 
contains a penetrative fabric (fig. 5.1 0), defined by elongate quartz grains and the 
alignment of feldspars and relict mafics, which is sub-parallel to the S

2 
cleavage in the 

sediments. The latter (fig. 5.11) crenulates the bedding-parallel S
1 

fabric and is well 
developed in argillaceous horizons. The fold axis observed in fig. 5.9 lies in the 
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Fig 5.12. Shales in contact with granite. Hanging wall of dyke, Cobb Dam road. 

Fig 5.14. 82 cleavage and bedding in quartzite (foreground); granite outcrops 
on far side of stream. Confluence of Sams and Pidgeon Creeks . 

measured 8
2 

plane. 
At the outcrop on the Cobb Dam road, 8

2 
is not developed in the shales of the hanging 

wall (fig. 5.12). A mafic dyke is again observed at the footwall , with cleavage sub
parallel to the contact (fig. 5.5). 15m away in the sediments, the 82 surface strikes N-

61 



~50 

.... 
4"""'"L 

\ 

o 10 -z..o m 

\ = .~;1;-,-i\-<L- oJ"\J. J ;f o~. Sz. - ~w{a.c.e.. 

\ = ~oLe.....\-; on o.\- c.ofl.\-o..c.J c\ ~ro..n·Je. 

Fig. 5.13. Field relations at the confluence of Sams and Pidgeon 
Creeks. 

S, with a gentle easterly dip (fig. 5.8); 4m away, S
2 

runs E-W but dips the opposite way 
to the footwall contact. 
The deflection of S

2 
in the vicinity of the dyke appears to be quite localized: the N-S 

striking S
2 
in the core of an antiform exposed in Sams Creek half way along the Anvil 

(see fig. 5.8) can be traced across the ridge of the Anvil, between the two outcrops of 
granite, without any change in orientation. 
At the confluence of Pidgeon Creek and Sams Creek (fig. 5.13), shale outcropping in 
the river near the contact has S

2 
076,68N; quartzites 1Om away across the stream 

show the regional N-S F
2 
folds with axial plane cleavage 176,76W (fig 5.14). A -3cm 

thick horizon of sheared material outcropping on theN. bank of Pidgeon Creek may 
be a sheared equivalent of the lamprophyre at the Anvil, and probably corresponds 
to the dyke contact: it has attitude 1 09,75N. 
At the base of the cliffs at Western Outcrops, the contact between granite and 
sediments is well exposed in the stream bed (figs. 5.15, 5.16). An intensely altered 
lamprophyre (fig. 5.17) is foliated sub-parallel to the prominent cleavage in the nearby 
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Fig 5.15. Field relations in 8ams Creek at the foot of W.Outcrops. 

argillites;the foliation is at a high angle to bedding in the sediments and is roughly axial 
planar to well-exposed F

2 
folds just upstream (fig.5.15). The alteration assemblage is 

pyrite+ chlorite + sericite + carbonate, which represents lower greenschist facies. 
There can be little doubt that this material has been affected by the 0

2 
deformation; 

since the field relations imply that it post-dates the granite, it follows that the granite 
too has experienced 0

2
• The regional 8

2 
trend is more 8W-NE in the western part of 

the study area (Hickey, 1986) and is not well defined in the 8ams Creek section below 
W.Outcrops (fig.30 in Hickey, 1986).There is, however, no obvious deflection of the 
8

2 
cleavage in the vicinity if the contact. 

A similar situation is found further up theW. branch of 8ams Creek (fig. 5.18). In the 
vicinity of the contact, 8

2 
is parallel to sheared mafic footwall material (085,658); 50m 

further south, an 8
2 

surface at 162,50E is found in the core of a 0
2 
synform. The change 

in 82 orientation between this point and the footwall contact to the north is not attributed 

63 



to the same origin as the 
very localized deflections of 

. 8
2 

described earlier in Main 
Zone and the Anvil; how
ever, the contact-parallel 82 

fabric in the sediments and 
the sheared lamprophyre at 
the margin are consistent 
with the field relations at 
Main Zone and the An vi I and 
suggest a common origin. 
Carbonate-altered lampro
phyres are often observed 
in drill core; in particular, 
sheared lamprophyres ap
pear to be a general feature 
of the footwall contact (figs. 
5.19, 5.20). 

Fig. 5.16. Sheared lampro
phyre at the contact be
tween granite and sedi
ments, Sams Creek, foot 
of Western Outcrops. 
~~- ::'!ta 

Fig 5.17. Thin section of the sheared lamprophyre in fig 5.16.Scale bar= 1 mm 

64 

< 

.. ' 

• .J ' 

·~ 

~ 

;,; 

.. 



<Sa 
76~ 31-

-v 
~ 

lOOm 

/ 

:l! 
t'J-.;r,o 

f;~ 6.\S 

VD 
=~ 

9 

~ 

.d;., ~o/ 
.. 

no 1:.?-

Zl-

0 

!'J/ 
,.Ji 

/ 

"' 

Fig 5.18. Relations between 82 cleavage and fabric and the granite's contact in the 
western part of the area. Inset are poles to 8 2 for the western branch of 8ams 
Creek from Hickey(1986) (equal area projection). Key as for fig. 5.8. 

65 



Fig 5.19 Contact between altered lamprophyre and shale at the footwall of the 
granite. Hole SC31, Riordans 

Fig . 5.20. Altered lamprophyre at the footwall contact of the granite. Hole 
SC19, Main Zone 

5.4 FABRICS WITHIN THE GRANITE 

As was noted in chapter 2, specimens of fresh granite have a recrystallized ground
mass texture. Shelley(1984) noted the presence of 'fibrous quartz aggregates', which 
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Fig.5.21. Specimen from a micro- shear zone in relatively fresh granite, Bar
rons Flat. Preferred orientation of amphiboles is visible at the left of the picture. 

he ascribed to recrystallization during a period of deformation. It is not known how 
much strain, if any, is associated with the recrystallization. At a number of locations 
in the Anvil and on tile hillside east of the Takaka River (fig. 5.8) , small shear zones, 
0.5 - 2.0 em in width, can be seen in the granite. In the Anvil they dip gently north, with 
an E-.W strike; above the Takaka River, they strike NE-SW and dip to theSE. In hand 
specimen, they consist of narrow zones of sheared mafics, giving a streaky appear
ance (fig. 5.21 ). They are usually associated with veining. In thin section (fig. 5.22a), 
a penetrative quartz fabric is apparent; phenocrysts and groundmass quartz grains 
down to -100 m in size show undulose extinction and preferred crystallographic 
orientation. The groundmass quartz has elongated grains with serrated bounaries; 
evidence of pressure solution is given by the growth of aligned metamorphic quartz 
grains in the pressure shadows of large phenocrysts. The highest strain is shown by 
vein quartz (fig. 5.22b), which is strain-banded with extensive subgrain development 
and marginal recrystallization. Feldspar phenocrysts are fractured; amphibole I 
pyroxene phenocrysts have been deformed brittly into elongate crystal aggregates, 
often with alteration to magnetite and siderite. In the Anvil the fabric is annealed (fig. 
5.23); larger quartz phenocrysts have formed subgrains, and large perthites are 
partially replaced by quartz. The amphiboles are fresh and undeformed; the preferred 
orientation of the mafics is produced by rotation of grains rather than by fracturing . In 
the case of syn-0 2 intrusion, the annealed fabric might have arisen from the action of 
the regional stress field on the cooling, partly - solidified, granite. It is probably the 
result of a higher temperature, or a lower strain rate, than in the Takaka River- Barrons 
Flat samples. In more deformed specimens, a weak crenulation of the fabric is visible, 
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(a) 

Fig. 5.22. Textures developed in a micro - shear zone east of the Takaka River. 
(a): Undulose extinction in large quartz grains with fractured feldspar. Recrys
tallized quartz in the strain shadow of the feldspar phenocryst. (b) Strain con
centrated in the vein material. OU59336. Scale bars= 1 mm 
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Fig. 5.23. Relatively well annealed texture in strained granite, Anvil area. 
OU59335. Scale bar= 1 mm. 

Fig 5.24. Highly strained veins and granite matrix in core from Main Zone. 
OU59268, hole SC19. Scale bar= 1 mm 

69 



Fig. 5.25. Strained arsenopyrite and quartz in well mineralized material from 
Main Zone. OU59267, hole SC19. Scale bar= 1 mm. 

implying either a second event (?0
3

) or a non- coaxial strain. Micro- shear zones in 
the granite are best observed in less altered material (e.g. Barrons Flat, Anvil) where 
preferred orientation of mafics is visible, but are probably present elsewhere as well. 
Core from drillhole SC19 in Main Zone shows extreme shearing in places, with ductile 
deformation of quartz grains and brittle deformation of feldspars and mafics (fig. 5.24). 
Mineralized veins containing the assemblage qz +albite+ aspy+ py +carbonate are 
also sheared, with strain-shadowed quartz and serrated, high-energy boundaries 
between quartz and arsenopyrite (fig. 5.25). 

Brittle Deformation 

There is abundant evidence of fracturing on outcrop and hand-specimen scale in all 
parts of the granite, and especially in the well-mineralized areas of Main Zone and 
W.Outcrops, where several generations of veining are cut by late-stage fractures, 
giving a broken, blocky texture in outcrop (figs. 5.26, 3.6) 

5.5 DISCUSSION 

Shear Zones 

It is a common observation (e.g. Ramsay, 1980) that strain in rocks can sometimes be 
concentrated in discrete shear zones; highly strained fabrics develop within such 
zones, but a short distance away the rock typically shows little or no evidence of strain. 
Theoretical models (Poirer, 1980) show that flow-softening is an essential feature of 
any material in which shear zones are to develop, the most likely being softening 
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relating to a change in the structure of the material ( rather than alignment of fabric, 
thermal effects, or strain-rate related effects ). White et al. (1980) consider a number 
of possible flow-softening mechanisms. Relevant among them are: 

1) Change in the deformation mechanism, e.g. grain size reduction promoting 
the onset of grain-boundary sliding. 

2) By chemical reaction, to produce a weaker mineralogy. 
3) The hydrolytic weakening of quartz. 

It is apparent that, at the footwall contact of the Sams Creek granite, mafic dykes have 
been intensely altered to rocks rich in structurally weak phyllosilicates. The metamor
phic fluids which have caused the alteration have been focussed along the basal 
surface of the relatively impermeable granite. The resulting material is very much 
weaker than the original igneous rock, and has become the focus of large amounts 
of strain. 

Shear zones within the granite 

It is not known how much strain has occurred in the micro- shear zones described from 
between the Takaka River and Barrons Flat (e.g. fig. 5.22). They mostly occur near 
the margins of the granite and may be related to strain at the contact, which is poorly 
exposed in the area. The total strain is assumed to be small, because the margin of 
the granite is not offset either on an outcrop or a regional scale. The small shear zones 
show brittle I ductile fabrics similarto tho$e described by Simpson(1985) from granites 
deforming under lowest greenschist facies conditions; they are thought to have 
developed along zones where fracturing has permitted the ingress of fluids along 
veins, resulting in hydrolytic weakening of quartz (Tullis and Yund, 1980; White et al., 
1980) which has produced the required strain-softening. The highest strain is 
observed in the veins themselves, where the greatest amounts of fluid have been 
focussed. Oxygen isotope studies (Kerrich et al.,1977') have suggested that the onset 
of deformation by dislocation creep in quartz grains, such as is evinced by the 
undulose extinction shown by large grains in fig. 5.22, occurs at from -300°C for 1 mm 
grains to about 450°C for 100m grains. This accords well with the temperature of 
about 300 - 3500C for the veining (see chapter 4) and the low greenschist facies 
ascribed to the 0

1 
and 0

2 
deformations by Hickey(1986). The deformation recorded in 

the shear zones is therefore thought to be tectonic in origin and is taken as evidence, 
along with the structures described from the footwall shear zone, that the granite was 
emplaced pre- or syn- 0

2
• 

Emplacement and deformation of the granite 

It is tempting to observe that, since both 0
1 
and 0

2 
described by Hickey(1986) involve 

roughly N-S trending folds, the tectonic environment was probably one of E-W 
compression, and a dyke intruded along anE-W axis would be perpendicular to the 
minimum principal stress. There is thus circumstantial evidence for a syn-tectonic 
intrusion of the Sams Creek granite. 
It is proposed that, once intruded, the dyke behaved mainly as a brittle and rigid body 
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during the 0
2 

deformation. There are several lines of evidence: 
1) If substantial folding of the dyke occurred, it could be expected to buckle 

in response to a compressive stress along its length (e.g. Ramsay, 1967,p.372). For 
a ductile deformation, this would tend to produce a fabric throughout the granite with 
a roughly N-S, steeply-dipping, orientation. The opposite is found: the bulk of the 
granite shows no penetrative fabric and fracturing is common. 

2) A large section, from the foot of Main Zone to the Barrons Flat road, 
appears to form a planar, steeply-dipping body and is essentially undeformed (fig.5.3). 
This area also contains the least altered material found. 

3) If the dyke underwent E-W shortening by brittle failure, zones of tectonic 
imbrication should occur, where fragments of dyke would be juxtaposed.This may 
explain the pattern of outcrops at Main Zone and Western Outcrops(fig.5.3). 

Fig 5.26. Late- stage sub- horizontal quartz veining in granite at Western 
Outcrops. The veins are ~ 1 em thick, of a barren milky white quartz. 

4) At the inferred conditions of ~325°C, 1.5 Kbar (chapter 4) a granitic 
composition is about 4000C below its solidus (Whitney, 1975). One would therefore 
expect the fresh granite to behave competently compared with the neighbouring 
shales, with their high concentraton of phyllosilicates. Experimental deformation of 
granite (Tullis and Yund, 1980) suggests that the transition between brittle and ductile 
behaviour occurs at about 6000C for dry granite and 300-400°C for water-saturated 
material at 1 OKbars. The dyke at Sams Creek is in the low-temperature, low-pressure 
side of this range, consistent with the observation that ductile deformation has only 
occurred in the vicinity of altered material or of veins which may have been associated 
with hydrolytic weakening of quartz. 
Fig. 5.27 shows a rather conjectural model for the relationship of the granite to the 
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Fig 5.27. Schematic diagram to illustrate the possible evolution of strain across the 
granite in the Anvil- Cobb road area. Qualitative only. The black shapes are in
ferred horizontal sections through the finite strain ellipsoid. (a): Immediately after 
the granite and lamprophyre were intruded, syn -D2• (b): At a later stage: a 
sheared margin has developed in the footwalllamprophyre but the hanging wall 
has not experienced significant strain since intrusion. Further deformation in the 
sediments just north of the hanging wall has been inhibited. 

sediments during the deformation. If it is assumed that t~e 82 cleavage and the foliation 

in the sheared footwalllamprophyre both developed perpendicular to A
3 

then in the 
Main Zone-Anvil area there must be a sharp change in the orientation of the strain 
ellipse in the vicinity of the footwall contact (see fig. 5.8). The sediments have 
presumably undergone shortening in a NW-SE direction, to account for the distribution 
of 8

2 
surfaces mapped by Hickey(1986) (see fig.5.8). The shear zone formed by the 

footwall lamprophyre has apparently functioned as a steeply-dipping transcurrent 
fault, roughly parallel to the shortening direction, which divides the sediments into 
regions ofdifferenttotal strain (fig.5.27). Each large fragment of granite has developed 
a sheared margin on the footwall dividing it from sediments which have suffered 
significant strain since its intrusion , and a low-strain margin on the other side (i.e. the 
hanging wall at the road outcrop, fig. 5.12). The low-strain margin essentially 
preserves the original igneous contact; the presence of the block of granite has 
inhibited further ductile deformation of the sediments near the hanging wall. In thls 
interpretation, the folds observed by Hickey(1986) on the north side of Sams Creek 
at the Anvil (fig. 5.8) must be pre-intrusive, suggesting that the dyke intrusion was syn-

02. 

5.6 CONCLUSIONS 

1) It is likely that intrusion, deformation , and mineralization of the granite 
occurred in a relatively short interval of time, during the 0

2 
deformation, 
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2) E-W compressional stress has caused the granite to break into essentially 
rigid pieces, of the order of 50m in size, surrounded by ductilely deforming sediments. 
Tectonic imbrication of these fragments may account for the greater thickness of 
outcrop at Main Zone and W. Outcrops. A section from the Anvil to Barrens Flat has 
remained as an essentially intact sheet. 

3) Over much of its length, a lamprophyre dyke has been intruded along the 
granite - sediment contact. This dyke has been the focus of both strain and 
hydrothermal alteration during the 0

2 
deformation. 

4) Locally, small brittle-ductile shear zones occur within the granite. They 
represent a rheology of probable greenschist facies, and are correlated with 0

2
• These 

shear zones sometimes affect the arsenopyrite mineralization in Main Zone. The total 
amount of strain across them is not known, but is thought to be small. They are 
attributed to a localized hydrolytic weakening of quartz. 
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6.GEOCHEMISTRY OF 
ORE-FORMING FLUIDS 

6.1 USE OF EQUILIBRIUM PHASE RELATIONS 

The approach adopted below is to apply equilibrium thermodynamic models to 
observed mineral assemblages, and to attempt inferences about the chemistry of 
the fluids responsible for the alteration. The assumption of equilibrium is 
contentious for any hydrothermal system, especially in the heavily mineralized 
areas where instantaneous fluid I rock ratios are high and the rock may be 
unable to control the fluid chemistry. However, at Sams Creek, the degree of 
alteration is generally small, and an equilibrium model is probably adequate for 
all but the final gold - arsenopyrite - pyrite depositing event; even in this latter 
case, equilibrium diagrams will indicate the directions in which processes will 
trend. A second caveat concerns quantitative interpretations at 350°C: few 
experimental data exist at this temperature and most of the logK values used are 
rather arbitrary extrapolations. Fig. 6.1 (c) and (d) may therefore contain 
inaccuracies, although the basic topology is likely to be correct. 
Fig. 6.1 shows phase relations in the systems Fe- 0- Sand H - 0- S at 300 and 
350 °C. These two temperatures correspond roughly to the conditions of 
mineralization at W. Outcrops and Main Zone respectively (Chapter 4). 

6.2 FLUID EVOLUTION AT MAIN ZONE I BARRONS FLAT 

The initial alteration at Barrons Flat (reaction (1 ), fig. 3.14) is of the form: 

Na2 Fe5Si 8 0 22 (0H)2 + 2C02 + 2H+ = Fe3 0 4+ 2FeC03 + 2Na+ + 8Si02 + 
2H20 (1) 

riebeckite mag netlte siderite 

so logK1 = 21ogaNa+ + 2pH- 21ogac02 (2) 

aNaCI is known roughly from fluid inclusions, and fc
02 

is broadly constrained by 

the assemblage magnetite + siderite to be ~1 o3 (fig. 6.1 c); however, 
thermodynamic data for riebeckite are not available to allow a quantitative 
calculation of pH. The formation of magnetite without pyrite implies a I,S value at 
this stage of s 0.01 (fig. 6.1 c). At such low I,s values, the magnetite field in fig. 
6.1 d expands to cover the whole range of pH; it is therefore not possible to 
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constrain the pH from the presence of magnetite alone. Note that, since the 

average Fe2+ I Fe3+ ratio of riebeckite (table 2.1) is 1.5, reaction (1) represents a 
straight hydrolysis, not a redox, reaction. As mineralization proceeds and pyrite 
porphyroblasts form, the coexistence of magnetite and pyrite constrains the fluid 

to a small region of log a 02 - loga82 space with log a 02 ~ -28 and loga82 ~ -

8.8 (point A, fig. 6.1 c ). The corresponding logiS (total dissolved sulphur) is 
between -1 and -2, assuming all the dissolved sulphur is present as H2 S (fig. 

6.1 c). This IS value implies a pH of about 9 for the magnetite - pyrite boundary 
(point A, fig. 6.1 d. The thin wedge of pyrrhotite between the Mt and Py fields may 
well be an artifact of the plot; no evidence of pyrrhotite was found in any altered 
granite ). With further reaction, magnetite is exhausted, leaving the fluid free to 
move into the pyrite field. Sulphur activity is then constrained by the presence of 

pyrite + arsenopyrite to 1 o-9 < as
2 

< 1 o-8 (fig 6.1 c). The likely trend is then 

towards a higher IS and a lower a 02 , as shown by the arrows in figs. 6.1 c,d. 

Note that there is an apparent paradox: in the reaction magnetite ~ pyrite, the 
fluid is being oxidized; however, in an open system with a relatively low fluid/rock 
ratio, the fluid chemistry is controlled by the mineral assemblage, so that the 
overall evolution is towards a more reduced fluid. 

Effect of arsenopyrite 

In the H2 S field, the solubility of arsenopyrite is controlled by the reaction 
(Heinrich and Eadington, 1986): 

4FeAsS + 4H2S + 502 + 2H20 = 4FeS2 + 2H2As03 (3) 

so logK3,350oc = 150.2 = 21ogaH
2
A803 - 51oga02 - 41ogaH

2
s (4) 

e.g., for loga02 = -29, logaH
2
s = -1, then logaH

2
A803 = 0.6, and arsenic is 

moderately soluble. However, since 

aHA o a ao 2.5 aH 2 
2 s 3 2 2s 

(5) 

a small drop in a 02 will cause a large drop in arsenic solubility. Precipitation of 

arsenopyrite will cause an equivalent drop in aH s tending to precipitate further 
2 ' 

arsenopyrite. Thus, as oxygen activity falls, at some critical value of a 02 virtually 

all the arsenic in solution is likely to drop out as arsenopyrite, with a resulting 
decrease in IS. This is thought to be the origin of the massive veins of 
arsenopyrite observed in Main Zone, where whole rock arsenic is as high as 
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1.5% (significantly, arsenopyrite is always· observed in the veins and not 
disseminated as porphyroblasts throughout the rock, like pyrite). In such areas, 
the drop in :LS associated with arsenopyrite precipitation is likely to be 
considerable. It is, however, a localized, disequilibrium effect; in the equilibrium 
case :LS is also controlled by the presence of pyrite and the oxygen activity (fig. 
6.1 c). At a distance from the vein, or with the passage of more (less As-rich) fluid, 
IS will recover to its former value. However, since the dissolution of pyrite and 
diffusion of sulphur through the fluid are kinetically sluggish compared to the 
precipitation of arsenopyrite, it seems likely that the disequilibrium situation 
would prevail, and a transient drop in dissolved sulphur occur. 

6.3 MODEL FOR GOLD PRECIPITATION IN MAIN ZONE 

Solubility of gold 

Gold solubility has been determined up to ~ 300°C by Seward(1973). He showed 

that the Au(HS)2- complex is dominant in reduced hydrothermal solutions of near 
- neutral pH. The controlling reaction in the H2S field is: 

- + 2Au + 4H2S + 1/202 = 2Au(HS)2 +2H + H20 (6) 

so a rv a 2 pH a o.2s 
Au(HS)2- "" H2S · · 0 2 

(7) 

The maximum solubility occurs near the HS-- H2S - so4 
2- triple point, with 

contours of equal solubility forming a triangular- shaped well around it (fig. 6.1 b). 
( It is not reasonable to attempt quantitative extrapolation to 350°C, so no Au 
solubility contours have been drawn on fig. 6.1 d. However, the form of the 
contours will be the same ). Solubility increases with temperature, with typical 
values of >200 ppm at 300°C (Seward, 1973). Precipitation of gold from solution 
is best achieved, according to equation (7), by decreasing the total dissolved 
sulphur, :LS. The effect of decreasing pH will be secondary, and of decreasing 
a02 negligible, in comparison. 

Gold precipitation 

The fluid at point A infig. 6.1 d is near the Au solubility maximum. Such a fluid is 
therefore potentially gold - bearing. After magnetite disappears, oxygen activity 
drops until at some point nearly all the As precipitates as arsenopyrite, causing a 
localized drop in total dissolved sulphur and so precipitating gold at the same 
time. Subsequent recovery of the fluid IS to its former value would tend to 
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re-dissolve gold; however, all of the gold observed in Main Zone is poikilitically 
enclosed by arsenopyrite, which would not itself tend to re-dissolve as long as 
the fluid pH continued to fall. The model thus accounts for both the observed 
geochemical correlation between gold and arsenic, and the observation that in 
Main Zone, gold is entirely contained in arsenopyrite (section 3.4) 

6.4 FLUIDS IN RIORDANS AND WESTERN OUTCROPS 

The key difference in the western part of the prospect is the absence of 
magnetite. Iron is essentially removed from the rock before any significant 
sulphide precipitation occurs, so there is no magnetite - pyrite buffer operating. 
The pH is buffered by the alteration of K-feldspar to sericite: 

3KAISi30 8 + 2H+ = KAI3Si30 10 + 6Si02 + 2K+ (8) 
K-spar muscovite 

where logKa,3oooc = 7.98 (Helgeson et al., 1978). So: 

logaK+ +pH = 3~99 (9) 

The Na I K ratio can be estimated from empirical geothermometers developed for 
active geothermal systems by Fournier and Truesdell ( described in Henley et 
al., 1983): 

atomic Na I K (300oC) = 4.32 (Truesdell) 
= 4.37 (Fournier) 

Salinity is estimated at 5 wt.% NaCI eq. (from two-phase,aqueous fluid 
inclusions, Chapter 4), so that: 

58.5m[NaCI] + 74.5m[KCI] =50 (1 0) 

where [NaCI] denotes the sum of molecular and ionic species. Using a value of 
4.35 for NaiK gives: 

mNa+ + mNaCI = 0.662 (11) 

mK+ + mKCI = 0.152 (12) 

At 300°C, water is essentially unionised (logKd = -12.4), so dissociation of water 
is neglected, as are the dissociation of KOHaq and NaOHaq (following Montoya 
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and Hemley,1975 ).The equations necessary to determine the system are thus 
(modified after Montoya and Hemley,1975): 

logaK+ +pH = 3.99 (9) 

mNa+ + mNaCI = 0.662 ( 11 ) 

mK+ + mKCI = 0.152 ( 12) 

logaKCI + 0.1 = logaK+ + logac1 (13) 

logaNaCI + 0.2 = IagaNa+ + logac1 (14) 

logaHCI - 1.37 = logaH+ + logac1 (15) 

mH+ + mNa+ + mK+ = mc1- ( 16) 

(dissociation constants from Montoya and Hem ley, 1975((13) and (14)) 
and Henley et al.,1983 ((15))). 

Activities and molalities of the ionic species are related by the Debye-Huckel 
equation: 

-logyi = (Azi2 ,o.s ) 1 (1 +ai B ,o.s ) + bl (17) 

where y is the activity coefficient (=ai I mi ), z is the ionic charge, a is an ionic size 

parameter, I is the ionic strength of the solution (defined as I = 112 I,miz? ), and 

A and Bare constants. Appropriate values(Henley et al., 1983), are, for 300°C : 

A B b aNa+ aK+ aH+ ac,-

1.2555 0.3965 0.04 4.0 3.0 9.0 3.5 

Activities of molecular species are assumed to be unity. A numerical solution. of 
equations (9-17) yields the result shown in table 6.1 (a): KCI is 85% dissociated 
under these conditions, and the model pH is 5.4.The greatest source of 
uncertainty in this estimation is probably the value of logKa. An experimentally 
derived value of 7.2 (Montoya and Hemley, 1975) gives the solution shown in 
table 6.1 (b) and a model pH of 5.0. 
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Gold at Western Outcrops I Riordans 

A key question is the explanation of the lower gold abundance at W.Outcrops. 
There are a number of possible alternatives: 

1 )As noted in section 3.4, gold precipitation at W.Outcrops is not linked 
·to arsenopyrite. This suggests that the most likely gold precipitation mechanism 
is a drop in pH; unlike reduction or a drop in :IS, this would not affect aspy 
solubility. One possibility is that such a reduction in pH could occur with the 
onset of sericitic alteration. As noted above, it is not such an efficient mechanism 
for depositing gold as reducing :IS, so even if the fluids at W.Outcrops had the 
same Au concentration as those at Main Zone, the 

IONIC STRENGTH = 0.78 logK(Ksp-ser) = 7.98 

NaCI HCI KCI Na+ K+ H+ Cl-

m 2.81 E-02 2.06E-05 6.81 E-03 6.34E-01 1.45E-01 7.91 E-06 7.45E-01 

'Y 1.00 1.00 1.00 0.32 0.27 0.50 0.30 

a 2.81 E-02 2.06E-05 6.81 E-03 2.04E-01 3.89E-02 3.98E-06 2.20E-01 

Log a -1.55' -4.69 -2.17 -0.69 -1.41 -5.40 -0.66 

-
(a) 

IONIC STRENGTH= 0.78 logK(Ksp-ser) = 7.20 

NaCI HCI KCI Na+ K+ H+ Cl-

m 2.96E-02 5.30E-05 7.16E-03 6.32E-01 1.45E-01 1.94E-05 7.82E-01 

y 1.00 1.00 1.00 0.32 0.27 0.50 0.30 

a 2.96E-02 5.30E-05 7.16E-03 2.04E-01 3.89E-02 9.77E-06 2.32E-01 

Log a -1.53 -4.28 -2.15 -0.69 -1.41 -5.01 -0.64 

-
(b) 

Table 6.1.Calculated activities and molar concentrations of the principal 
chemical species in the fluid at W.Outcrops, assuming the pH to be buffered by 
the alteration of Kspar to sericite. (a): for logK8 = 7.98. (b): for logK8 = 7.20. 
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resulting ore grade would be lower. 
2)At higher fluid I rock ratios, gold which was not enclosed in 

arsenopyrite might have been vulnerable to re - dissolution, caused, for example, 
by a rise in :Ls. 

3)Sericitic alteration may already have been established at the 
western end of the granite before the influx of Au- and arsenopyrite - bearing 
fluids. It is clear from the Au-solubility contours in fig. 6.1 b that a fluid with pH 
between 5 and 5.4would not be capable of transporting much gold in solution, so 
gold mineralization should not be expected within a body of sericitically altered 
granite (unless, of course, it precedes the alteration). A corollary is that any gold
bearing fluid flowing into the sericite zone could be expected to precipitate gold 
at its margin. 

6.5 CONCLUSIONS 

At Main Zone, a sequence of fluid - rock reactions have involved progressive 
hydrolysis and reduction of the granite. The assemblage pyrite - magnetite is 
present in the less altered material; it has probably buffered the pH of the initial 
fluids to about 9. In some areas, magnetite has been replaced completely by 
pyrite as the iron - bearing phase; the disappearance of magnetite was probably 
accompanied by a reduction of thehydrothermal fluid. Locally, high 
concentrations of arsenopyrite and gold were precipitated as a result of the falling 
ao2. 

At Western Outcrops and Riordans, the granite is more altered, with ubiquitous 
sericite, suggesting that a greater amount of fluid - rock interaction has occurred 
than at Main Zone. The pH of the fluid has been buffered by the assemblage 

sericite - K feldspar to about 5 ~ 5.4. The sericitic alteration has been critical in 
limiting the extent of gold mineralization, either because it preceded the influx of 
gold - bearing fluid, or because it caused a pH reduction prior to the precipitation 
of arsenopyrite, thus nullifying the potentially most efficient gold precipitation 
mechanism. 
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7.0RIGINS OF MINERALIZATION: 
DISCUSSION 

7.1. THE NATURE OF THE FLUIDS 

The 300- 350°C temperatures, low salinity, and high C02 content of the fluids all 
point to a metamorphic, rather than an igneous, origin. This is also implied by the 
similarity of the pyrite - carbonate alteration style in the granite to that in the 
sediments. Fluids involved in greenschist facies metamorphism probably 
originate from dehyration and decarbonation reactions deeper in the basin, at 
higher metamorphic grade (Norris and Henley, 1976). 

7.2 STRUCTURAL CONTROLS 

The fluid flow within the basin is likely to be by convection, with the fluids 
focussed through permeable horizons such as faults and shear zones (Etheridge 
et al.,1987). The inferred deep crustal origin for the granite, and its association 
with lamprophyres, suggest that it has been intruded along a deep crustal 
fracture; the combination of fracture permeability and heat flow deriving from the 
igneous intrusions make the granite a likely site for the upwelling limb of a 
convection cell. Over much of the outcrop length (e.g. at the Anvil), where the 
granite is undeformed, it has behaved as an impermeable barrier, focussing fluid 
into the permeable altered lamprophyre at the footwall. Mineralization at Main 
Zone and Western Outcrops has been accompanied by brittle deformation of the 
granite, with much of the material having a brecciated appearance (e.g. fig.3.6); 
fracture - induced permeability has been an important factor in enabling the ore -
forming fluids to interact with the host rock. The brittle vs. ductile rheology of the 
granite is in turn a function of its temperature and therefore its crustal level; in the 
Anvil - Barrons Flat area, fractured and mineralized material may have existed at 
a higher structural level and been lost by erosion. The amount of ore-grade 
material at Main Zone has probably been increased by tectonic imbrication of the 
granite. 

7.3 SOURCE OF GOLD 

Essential to the formation of a mineral deposit is a mechanism for concentrating 
the element in question. Frequently, in hydrothermal systems, this is 
accomplished by the passage through the host rock of a large volume of very 
dilute mineralizing solution. However, this requires considerable fluid I rock 
interaction, which is evidently not the case at Main Zone, because of the limited 
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extent of the alteration. It is therefore likely that the mineralization was produced 
by reaction of the host rock with a smaller volume of Au - enriched fluid. A 
possible source of gold for such an enrichment is the footwall lamprophyre. 

Role of lamprophyres 

There is a well established correlation between lamprophyres and gold 
mineralization. This may be due to the coincidence of lamprophyres with deep 
crustal structures (McNeil and Kerrich, 1986), or to the chemistry of the 
lamprophyric magma. Rock(1988) considers lamprophyres to be potential 
transporters of gold from mantle sources to higher in the crust, where they 
interact with metamorphic fluids, releasing gold into mineralizing systems. Calc
alkaline lamprophyres in particular are spatially associated with gold 
mineralization; Rock(1988) suggests that this association is due to the greater 
degree of crustal interaction which they suffer during ascent from depth. The 
lamprophyre intruded along the footwall of the granite is too extensively altered 
to classify it clearly. Although some of the other mafic dykes are clearly alkaline 
lamprophyres (see chapter 2), the footwall lamprophyre at the Cobb Road 
outcrop is quartz bearing(fig. 5.5), and may be of calc - alkaline affinity. The two 
different lamprophyres could be related by a mechanism of amphibole 
fractionaton, which would tend to drive the alkaline magma to a more saturated 
composition. Whatever its nature, the footwall lamprophyre has clearly acted as 
a conduit for hydrothermal fluids, and so could plausibly have enriched them in 
gold. 

7.4 PRECIPITATION OF GOLD AND THE CONTRAST BETWEEN 
MAIN ZONE AND WESTERN OUTCROPS 

At the simplest level, gold has been precipitated by the interaction of the 
mineralizing fluid with relatively fresh granite. It seems likely, following the 
discussion in chapter 6, that the degree of fluid - rock interaction has been critical 
in determining the distribution of gold mineralization. It is difficult to invoke a 
single fluid to explain Au mineralization at Main Zone at low fluid I rock ratio, and 
simultaneously explain sericitic alteration with sulphide veins barren of gold at 
higher fluid I rock ratio at W.Outcrops. A two-stage system seems likely: 

1) Sericitization at W.Outcrops. The alteration of the granite (chapter 3), 
consists of a series of hydrolysis reactions, with associated progressive 
reduction in pH and a0 . How far hydrolysis proceeds is a function of fluid I rock 

2 
ratio, which in a convective system will depend mostly on permeability and the 
system geometry. The difference in alteration style between Main Zone and 
W.Outcrops is therefore possibly due to structural control of fluid flow. Clearly, 
where hydrolysis has proceeded to the extent of sericitic alteration, the 
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environment is less favourable for gold mineralization; the possible causes are 
discussed in chapter 6. 

2) The influx of gold. The fluids causing sericitization at W.Outcrops 
were probably low in Au, As and S, otherwise Main Zone - style gold 
mineralization could be expected to have occurred. An influx of Au, As and S 
seems likely at a late stage in the lifetime of the hydrothermal system; this 
coincided with the development of permeability at Main Zone. As discussed in 
chapter 6, gold was precipitated at Main Zone but not at W.Outcrops because of 
the lower pH of the fluid. A possible cause of the gold influx is the intrusion of the 
lamprophyre along the footwall. 
The fluid inclusion evidence points to the existence at various times of two 
separate fluids, one H20 - rich, the other an immiscible H20 - C02 system. 
Although no cross - cutting relations were found to establish their relative ages, 
it seems possible that the two could correspond to the sericitizing and gold -
mineralizing fluids respectively. 

7.5 IMPLICATIONS FOR EXPLORATION 

On the scale of the Sams Creek prospect, the most important characteristics are 
alteration of the granite and the degree of fracturing. The areas with sericitic 
alteration are not prospective, although, as noted in chapter 6, the boundary 
betwen the sericitic and sideritic zones may have some potential. East of the 
Takaka River, the less altered granite has good potential, as shown by the freak 
high of - 50ppm in rock chip sampling (near OU59302, Barrons Flat). Zones of 
fractured material or tectonic imbrication of the granite on an outcrop scale 
should therefore be sought. 
On a regional scale, the most· significant feature is the association with 
lamprophyre and deep crustal structures. The A - type chemistry of the granite is 
significant because of its implied high temperature paragenesis; practically all 
mineralizing systems require a heat source. A-type granites have been 
recognized from many tectonic settings, including post - collisional environments 
(Sylvester, 1989); the association of granite, deformation and metamorphic fluids 
was an important factor in the present study. 
At Sams Creek, the granite has played a multiple role as host rock, in structural 
control of the hydrothermal circulation, and indirectly by being associated with the 
probable source rock. This combination is likely to be unique. 
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APPENDIX 1: RECALCULATION OF MICROPROBE ANALYSES 

Amphiboles were recalculated according to the scheme of Laird and 
Albee(1981 ). Three possible cation distributions are considered: 

1) Total cations less (Na+K) normalized to 15 (all the alkalis assumed 
to be in the A- site). 

2) Total cations less K normalized to 15 (Na all in the M4 site, all the K 
in the A- site). 

3) Total cations less (Na + K + Ca ) normalized to 13 ( no Fe2+, Mg or 
Mn in the M4 site). 
The following assumptions are made:· 

AIIV =8 -Si 

AIVI = AlroT- AIIV 

Fe3+ = 46 -total cation charge assuming all ferrous iron 

Fe2+ = FeroT - Fe3+ 

Sodium is distributed between the A- site and the M4 site as follows: 
(1):aiiNainA-site 
(2): all Na in the M4 site 

(3): NaM4 = 7- (Ca + FeTOT + Mg + Mn + AIVI + Ti + Cr) 

and NaA = NaTOT- NaM4 

The criterion for charge balance, 

NaM4 + AIIV = NaA + K +AI VI+ Fe3+ + 2Ti + Cr 

was tested for all three normalizations. For all the analyses, method (2) gave the 

best results, and was also in agreement with the Fe2+ I Fe3+ ratio measured on 
mineral separates (table 2.1 ). 
Acmite analyses were normalized by assuming that all the iron was present as 

Fe3+. This procedure is justified by the ratio of molecular Na I Fe, which is in all 
cases~ 1. The substitution 

Na.Fe3+ ++ 2Fe2+ 

would result in NaiFe < 1, and is inferred not to have occurred. 
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APPENDIX 2: ANALYTICAL TECHNIQUES 

Average samples were about fist - sized, with the exception of the fresh granite 

samples which average 15kg. Samples were broken into - 1 cm3 chips using a 
hydraulic splitter; weathered material was discarded and the remainder crushed 
to a fine powder in a WC Tema mill. The only contamination introduced should 
be tungsten and cobalt. This powder was used to prepare glass discs for major-

. element analysis by X- ray fluorescence according to the method of Norrish and 
Hutton(1967), and pressed powder discs for trace-element analysis, also by 
XRF. Every fifth sample was determined in duplicate as a check on precision; a 
standard is included in each run for internal calibration. 

Gold Analyses 

Gold analyses were made on the same rock powders as above, using a solvent 
extraction followed by atomic absorption spectroscopy, following the method of 
Hubert and Chao(1985). A 2g sample in a teflon beaker is dissolved in 20 ml of 
equal parts aqua regia and HF at room temperature on a vibrating plate for two 
hours, then evaporated to dryness. The procedure is repeated with 5 ml 
concentrated HBr. 0.22 ml HBr - 10% Br2 in 5 ml water is then added; the 
contents of the beaker are transferred to a screw- topped test tube and made up 
to 20ml with distilled water. 5.0ml MIBK are added, and the tube shaken for five 
minutes; the MIBK layer is then separated and used for determination of gold. 
Standards were made from Analar standard gold solution following the same 
process. A lower limit of detection of - 0.2 ppm was achieved using flame
source A.A.; a graphite furnace source would lower this considerably. 
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APPENDIX 3: THERMODYNAMIC DATA 

The following logK values were used in the compilation of fig. 6.1: 

Reaction logK3oO logK350 

1) H8o4- = H+ + 8o42- -7.06 -6.90 
* 2) H2 8aq =H8- + H+ -8.06 -8.5 

3) H8- + 202 = 8042- + H+ 56.61 47.28 

4) 3Fe8 + 3H2 0 + 1/202 = Fe3 0 4 + 3H8- + 3H+ -19.17 

5) Fe8 + H28aq + 1/202 = Fe82 + H20 15.55 

6) H20=H++oH- -12.35 
* 7) 2H28aq + 02 = 82 + 2H20 27.4 22.3 

8) 6Fe2o 3 = 4Fe3o 4 + 0 2 -30.98 -27.4 
* 9) 2Fe8 + 82 = 2Fe82 10.91 8.8 

* 1 0) 3Fe82 + 202 = Fe30 4 + 382 33.61 32.0 

11) 2Fe82 + 2C02 + 0 2 = 2FeC03 + 282 6.52 * 5.2 

Values at 300°C are from Walshe(1986); values at 350°C are from Henley et 
a1.(1983). Asterisked values are extrapolated from lower temperature data given 
by Walshe(1986). 
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