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Abstract At Sams Creek, a gold-bearing, peralkaline
granite porphyry dyke, which has a 7 km strike length
and is up to 60 m in thickness, intrudes camptonite
lamprophyre dykes and lower greenschist facies metap-
elites and quartzites of the Late Ordovician Wangapeka
formation. The lamprophyre dykes occur as thin (<
3 m) slivers along the contacts of the granite dyke.
d18Omagma values (+5 to +8&, VSMOW) of the A-type
granite suggest derivation from a primitive source, with
an insignificant mature crustal contribution. Hydro-
thermal gold–sulphide mineralisation is confined to the
granite and adjacent lamprophyre; metapelite country
rocks have only weak hydrothermal alteration. Three
stages of hydrothermal alteration have been identified in
the granite: Stage I alteration (high fO2) consisting of
magnetite–siderite±biotite; Stage II consisting of thin
quartz–pyrite veinlets; and Stage III (low fO2) consisting
of sulphides, quartz and siderite veins, and pervasive
silicification. The lamprophyre is altered to an ankerite–
chlorite–sericite assemblage. Stage III sulphide veins are
composed of arsenopyrite + pyrite ± galena ± sphal-
erite ± gold ± chalcopyrite ± pyrrhotite ± rutile ±
graphite. Three phases of deformation have affected the
area, and the mineralised veins and the granite and
lamprophyre dykes have been deformed by two phases
of folding, the youngest of which is Early Cretaceous.
Locally preserved early-formed fluid inclusions are ei-
ther carbonic, showing two- or three-phases at room
temperature (liquid CO2-CH4 + liquid H2O ± CO2

vapour) or two-phase liquid-rich aqueous inclusions,
some of which contain clathrates. Salinities of the
aqueous inclusions are in the range of 1.4 to 7.6 wt%
NaCl equiv. Final homogenisation temperatures (Th) of
the carbonic inclusions indicate minimum trapping
temperatures of 320 to 355�C, which are not too dif-

ferent from vein formation temperatures of 340–380�C
estimated from quartz–albite stable isotope thermome-
try. d18O values of Stage II and III vein quartz range
from +12 and +17& and have a bimodal distribution
(+14.5 and +16&) with Stage II vein quartz account-
ing for the lower values. Siderite in Stage III veins have
d18O (+12 to +16&) and d13C values (�5&, relative to
VPDB), unlike those from Wangapeka Formation me-
tasediments (d13Cbulk carbon values of �24 to �19&) and
underlying Arthur Marble marine carbonates (d18O =
+25& and d13C = 0&). Calculated d18Owater (+8 to
+11&, at 340�C) and d13CCO2

(�5&) values from vein
quartz and siderite are consistent with a magmatic
hydrothermal source, but a metamorphic hydrothermal
origin cannot be excluded. d34S values of sulphides range
from +5 to +10& (relative to CDT) and also have a
bimodal distribution (modes at +6 and +9&, corre-
lated with Stage II and Stage III mineralisation,
respectively). The d34S values of pyrite from the Arthur
Marble marine carbonates (range from +3 to +13&)
and Wangapeka Formation (range from �4 to +9.5&)
indicate that they are potential sources of sulphur for
sulphides in the Sams Creek veins. Another possible
source of the sulphur is the lithospheric mantle which
has positive values up to +14&. Ages of the granite,
lamprophyre, alteration/mineralisation, and deforma-
tion in the region are not well constrained, which makes
it difficult to identify sources of mineralisation with re-
spect to timing. Our mineralogical and stable isotope
data does not exclude a metamorphic source, but we
consider that the source of the mineralisation can best be
explained by a magmatic hydrothermal source. Assum-
ing that the hydrothermal fluids were sourced from
crystallisation of the Sams Creek granite or an under-
lying magma chamber, then the Sams Creek gold deposit
appears to be a hybrid between those described as re-
duced granite Au–Bi deposits and alkaline intrusive-
hosted Au–Mo–Cu deposits.
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Introduction

Gold mineralisation at Sams Creek, 25 km south of
Takaka in the northwest Nelson region of the northern
part of the South Island of New Zealand (Fig. 1), was
discovered in 1974 by CRA Exploration (CRAE). From
1980 to 1987 CRAE (e.g. Clemenston 1987) undertook a
programme of geological mapping, geochemical sam-
pling, geophysical surveys and diamond drilling (42 drill
holes). Thirty of these drill holes tested a 1 km strike
length of the dyke at Main Zone prospect, and indicated
that a bulk mining target of 2 to 3 g/t Au was possible.
Oceana Gold Ltd have completed 12 diamond drill holes
since 2002 in the Main Zone (Reynolds 2004) defining an
inferred resource of 13.5 Mt @ 1.78 g/t Au containing
776,000 ounces of gold (0.7 g/t cut-off; Oceana Gold Ltd
2004).

Gold is associated with arsenopyrite–pyrite–quartz–
siderite mineralisation in a peralkaline granite porphyry
dyke which intrudes Lower Palaeozoic metasedimentary

rocks. The granite dyke has a thickness of 30 to 60 m,
and extends discontinuously for 7 km (Fig. 2). Thin
dykes (<3 m) of altered lamprophyre occur locally
along the margins of the granite dyke and also contain
arsenopyrite–pyrite–carbonate veins. Arsenopyrite–pyr-
ite–carbonate veins are absent from the metasedimen-
tary country rocks.

In the first published record of the dyke, Shelley
(1984) noted that it was a metamorphosed riebeckite
microgranite. Windle and Craw (1991) considered that
the granite dyke had been buckled and dismembered by
folding, and concluded that the mineralising fluids were
of metamorphic origin (orogenic gold) and suggested
that the mineralisation was confined to the granite
porphyry dyke because of its distinctive Fe3+-rich
composition. Tulloch (1992) described the mineralogy
and chemistry of the granite as peralkaline and noted
that the granite was altered by late and/or postmagmatic
fluids. Our preliminary studies indicated that the ore
mineralogy, hydrothermal alteration, and stable isotope
compositions of the vein minerals at the Sams Creek

Fig. 1 Regional geology map of the Sams Creek area (modified
after Rattenbury et al. 1998). Inset: Regional location map of Sams
Creek area in the north of the South Island, New Zealand. BT

Buller Terrane; (TT) Takaka Terrane; (KB) Karamea Granite
Batholith; (SS) Separation Point Suite Granitoids; (RC) Riwaka
Complex; (AF) Anatoki Fault; (DF) Devil River Fault
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gold deposit are similar to other granite-related gold
deposits, but that it appears to be a variant of the
alkaline intrusion-related gold deposit type—an As–Au
deposit associated with a peralkaline granite and lamp-
rophyre (Faure et al. 2003; Brathwaite and Faure 2004).

Here, we present detailed mineralogical, fluid inclu-
sion and isotope data to establish which is the most
likely source of the gold–sulphide mineralisation at
Sams Creek–magmatic hydrothermal or metamorphic
hydrothermal.

Regional setting

The Sams Creek area lies in the Takaka Terrane
(Fig. 1), a belt of Lower Paleozoic metasedimentary
rocks in northwest Nelson (Grindley 1978, 1980;
Cooper 1989; Rattenbury et al. 1998). The Takaka
Terrane is structurally complex and is preserved in a
series of north-trending fault-bound slices (Cooper and
Tulloch 1992; Münker and Cooper 1999). The Devil
River Fault divides the Takaka Terrane into western
and eastern parts, with the Cambrian arc–related
Haupiri and Devil River Volcanics Groups to the west,
and the Ordovician to Early Devonian passive margin
sequence of the Wangapeka Formation, Arthur Mar-
ble, Hailes Quartzite and Baton Formation to the east
(Fig. 1).

The Takaka Terrane has been intruded by the Late
Devonian Riwaka mafic-ultramafic complex and I-type
granites of the Early Cretaceous (�110 Ma) Separation

Point Suite (Tulloch 1983; Muir et al. 1995; Muir et al.
1996; Tulloch et al. 2003). Recent unpublished Ar–Ar
data indicate that the age of the Sams Creek granite
dyke is about 319 Ma (see below). Three phases of
deformation have been identified in the region: a first
phase of recumbent folding (F1), a second of inclined
folds (F2) about sub-horizontal north–south trending
axes, and a third (F3) of localised northeast to southeast
trending folds (Grindley 1980; Jongens 1997). According
to Bradshaw (2000), the Early Devonian Baton For-
mation is affected by the F1 and F2 folding, and the F1

cleavage is cut by mafic dykes that may be related to the
Late Devonian Riwaka Complex. However, the corre-
lation of the mafic dykes with the Riwaka complex is
uncertain and Grindley (1980) noted a strong foliation
along the margins of the Riwaka Complex, which may
be associated with syn-emplacement deformation.
Bradshaw (2000) was uncertain as to whether the F2

folds pre-dated the Late Devonian intrusives. Jongens
(1997, 2004) relates the F1 and F2 deformations to tec-
tonic shortening associated with the amalgamation of
Takaka and Buller terranes. Radiometric dating indi-
cates that a northeast-trending regional schistosity in the
area northwest of Takaka, which is correlated with F3

deformation, was associated with the emplacement of
the voluminous Separation Point batholith in the Early
Cretaceous (Challis et al. 1995). The region has also
been affected by late Tertiary and Quaternary folding
and faulting, as indicated by deformation of mid-Ter-
tiary sedimentary rocks which unconformably overlie
the older rocks.

Fig. 2 Geological map of the Sams Creek area, Upper Takaka. Adapted from CRA Exploration mapping (Clementson 1987) by Tulloch
(1992), with additional data from Hickey (1986)
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The Paleozoic mineral deposits of northwest Nelson
include: orogenic gold–quartz lodes (Golden Blocks)
hosted in Ordovician metagreywackes and slates of the
Buller Terrane and Ni–Cu sulphide mineralisation in
gabbro and pyroxenite of the Riwaka Complex (Brat-
hwaite and Pirajno 1993; Fig. 1). Granite-related min-
eralisation other than Sams Creek comprises: (a) silver-
bearing quartz–sulphide veins associated with granite
porphyries at Richmond Hill and Parapara Peak, (b) a
weakly schistose granodiorite porphyry of Early Creta-
ceous (133.5 Ma) age associated with molybdenite and a
magnetite–pyrite–chalcopyrite skarn at Copperstain
Creek (Brathwaite et al. 2004), and (c) porphyry-style
molybdenite mineralisation associated with granodiorite
stocks of high Na and Sr/Y chemistry belonging to the
126–105 Ma Separation Point Suite granitoids (Tulloch
and Rabone 1993; Tulloch and Kimbrough 2003).

Deposit geology

Sams Creek is a deeply incised tributary of the Takaka
River (Fig. 2). The Sams Creek granite porphyry, which
hosts the gold–sulphide mineralisation, intrudes the
Ordovician-Silurian Wangapeka Formation (Mount
Arthur Group), which consists of metapelites and
quartzites with several marble bands (Grindley 1980;
Cooper 1989; Rattenbury et al. 1998). These metasedi-
mentary rocks overlie the Early Ordovician Arthur
Marble 1 (Cooper 1989). Although, the general sequence
is similar throughout the Takaka terrane, there are
variations between areas and within fault slices. It is
possible that the Sams Creek granite may have intruded
older sequences below the Mount Arthur Group, such as
the calcareous siltstones/sandstones of the Mount
Patriarch Group, which is not exposed in the Sams
Creek area. The Sams Creek granite body, which ex-
tends discontinuously for about 7 km, has been arbi-
trarily divided into the Riordans, Western Outcrops,
Doyles, South East Traverse, Main Zone, Anvil Zone
and Barrons Flat zones (Fig. 2). Its broadly linear ori-
entation and discordance to bedding in the metasedi-
mentary rocks indicate that it is a dyke.

The metasedimentary rocks have been folded and
regionally metamorphosed to a lower greenschist facies
assemblage of quartz–albite–muscovite–chlorite. Shelley
(1984) described a recumbent fold (F1) at Sams Creek
which has been refolded by northerly trending F2 folds.
Hickey (1986) mapped the F2 folds as being inclined
with sub-horizontal axes and also identified F3 folding
about steeply plunging axes. The granite dyke cuts the
F1 folds at high angles, and therefore postdates the F1

deformation. A prominent crenulation cleavage is axial
planar to the F2 folds (Shelley 1984; Hickey 1986;
Windle and Craw 1991), and this cleavage also extends
into hydrothermally altered lamprophyre, which in
places occurs along the margins of the granite dyke. In
the Anvil section (Fig. 2), Windle and Craw (1991)
mapped deflection of the cleavage around the margins of

granite bodies that have been dismembered by defor-
mation. This, together with the sinuous outcrop pattern
of the granite dyke and the presence of extensive
shearing in the dyke and along many of its contacts,
indicate that it has been deformed and folded by the F2

and F3 events.
Relatively, unaltered granite porphyry is a speckled

grey to pinkish-grey rock, with phenocrysts of perthite
(0.5–5 mm in length), dark arfvedsonite (sodic amphi-
bole), green aegerine (sodic pyroxene), and quartz (up to
4 mm) in a hypidiomorphic granular (c. 0.2 mm)
aggregate of perthite, quartz, plagioclase, arfvedsonite,
and aegerine. Myrmekitic intergrowths of quartz and
plagioclase are also present. Ilmenite, rutile and fluorite
are accessory minerals. The arfvedsonite is partly re-
placed by rims of riebeckite. The sodic mineralogy, low
Al2O3 and Sr, coupled with high Zr, Nb, Ga and Y, are
characteristic of peralkaline (Na2O + K2O>Al2O3) A-
type granites (Tulloch 1992). The presence of ilmenite,
absence of primary magnetite, and a low-magnetic sus-
ceptibility (30 SI units·10�5) in the least-altered granite
classifies it as a reduced, (low fO2) granite (Ishihara
1981).

Fig. 3 a Outcrop photo of Sams Creek granite-lamprophyre-
Wangapeka Formation contact. b Photomicrograph (transmitted
plane polarised light) of altered lamprophyre xenolith in altered
microgranite. c Photomicrograph (transmitted plane light) of
altered lamprophyre with relict plagioclase laths in a fine-grained
ankerite-sericite rich groundmass

805



Thin (< 3.0 m) dykes of lamprophyre occur along
the contacts of the granite porphyry dyke (Fig. 3a) and
in the adjacent metapelite. In the Main Zone, the
lamprophyre dykes appear to be thicker along the
northern contact of the granite porphyry dyke. Contacts
of the lamprophyre and metapelite are commonly
sheared, but in some cases a sharp contact has been
preserved and a crenulation cleavage extends from the
metapelite into the altered lamprophyre, where it is de-
fined by alignment of sericite crystals. The presence of
lamprophyre dykes at, and concordant with, the margins
of the granite dike (Fig. 3a) and the occurrence of
inclusions of lamprophyre in the granite (Fig. 3b) adja-
cent to its contacts with lamprophyre suggests that the
lamprophyre dykes were intruded before the granite
dyke and along the same fracture as the granite. In most
cases the lamprophyre is altered to an ankerite–chlorite–
sericite assemblage, but least altered samples of the
lamprophyre contain relict phenocrysts of plagioclase
(Fig. 3c), titaniferous augite, brown amphibole, biotite,
magnetite, ilmenite, and apatite. The mineralogy and
chemical analyses of the lamprophyre indicate that it is a
camptonite (Windle 1989; Windle and Craw 1991).

Despite high Zr contents of 1,180–1,380 ppm, the
granite contains insignificant amounts of zircon and
several attempts to separate this mineral for U–Pb dat-
ing have been unsuccessful. K–Ar dates of amphibole
from the granite are 226 ± 1.1 Ma (Tulloch 1992), and
246 ± 3 Ma (Tulloch (personal communication)), but
these are probably minimum ages due to resetting during
the thermal and deformation events that have affected
the area. Recent Ar–Ar data for a sample of arfedso-
nite–reibeckite from the granite show a disturbed stair-
case spectrum, with an interpreted age of 319 ± 8 Ma
(Tulloch and Dunlap submitted). This age correlates
with the ages (320–292 Ma, Tulloch et al. 2003) of other
localised A-type granites such as the Foulwind granite,
�150 km southwest of Sams Creek and Freds Camp
granite on Stewart Island. However, these other A-type
granites have a peraluminous rather than peralkaline
composition. There are extensive Early Cretaceous
granitoids in the Northwest Nelson region (see ‘‘Re-
gional Setting’’), but they are all I-Type granites. In
summary, the Sams Creek peralkaline granite has not
been positively linked with any of the known magmatic
events in this part of New Zealand.

Analytical methods and samples

Samples

Samples in this study are largely from drill core provided
by Oceana Gold Ltd. Only the Main Zone at Sams Creek
has been systematically drilled to date, due mainly to the
steep topography and difficult access (Fig. 1). Therefore,
most of the samples in this study are from drill core from
the Main Zone, but some drill core samples from the
other sections drilled by CRA, and Sams Creek granite
outcrop samples were also analysed. Sample descriptions
and localities are listed in Appendix I.

Sample selection, particularly for stable isotope
analyses, was an important part of this study, because of
possible isotope re-equilibration effects as a consequence
of recrystallisation. In determining which samples were
to be analysed, care was taken to sample minerals that
did not appear to be recrystallised, i.e. they have no
subgrains or fine grained overgrowths, no ribbon tex-
tures and only a low density of microcracks. Granite
quartz and feldspar phenocrysts were sampled from thin
section and more than one phenocryst per sample was
analysed to ascertain isotope heterogeneity. Granite
feldspar phenocrysts and groundmass were generally
hydrothermally altered (discussed below). Outcrop
samples (P43154, P68912, P68913, P68914, P68914a) of
Sams Creek granite that show no apparent evidence of
alteration of feldspar were collected from localities
outside of the Main Zone. Arthur Marble samples that
contained trace amounts of pyrite were provided by
John Simes (GNS Science, Lower Hutt; sample locations
plotted on Fig. 1). Pyrite cubes (0.1–2 mm) were ob-
tained from the marble by dissolution of the carbonate
by acetic acid.

Whole-rock geochemical analyses

Geochemical analyses of selected elements from inter-
sections of the granite and lamprophyre dykes and me-
tasediments in four drill holes (SC43, 44, 45 and 48) have
been provided by Oceana Gold Ltd for this study. One-
metre-long drill core samples were analysed for Au by
fire assay and Ag, As, Cu, Pb, Zn, Mo and Bi by
inductively coupled plasma mass spectroscopy (ICP-
MS). Au was analysed at the Amdel laboratory, Macr-
aes mine site, and the rest of the elements were analysed
at the Amdel laboratory, Adelaide. A summary of the
results are listed in Tables 1 and 2.

Mineral analyses

Gold and carbonate minerals were analysed using a Jeol
Superprobe 733 electron probe microanalyser (EPMA)
at Victoria University of Wellington, New Zealand. For

Table 1 Average concentration (ppm per one-metre core-length)
for elements from drillcore (SC43, 44, 45 and, 48; data provided by
Oceana Gold Ltd). These are averages for samples from Sams
Creek granite and lamprophyre. Samples from host metapelites are
below limits of detection (Fig. 6)

Au Ag As Zn Pb Cu Mo Bi

Average 1.8 1.1 6972.0 323.8 147.8 16.1 5.6 0.4
N 260 249 249 249 249 249 249 249
Max 9.2 34.5 43,500 4,350 2,050 320 26 6.5
Min 0 0 0 40 1.5 1 1 0
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carbonate analyses operating conditions were 15 kV
with a beam current of 12 nA using synthetic metal
oxide standards. For gold analyses operating conditions
were 25 kV with a beam current of 15 nA using pure
metal (Au, Ag, Sb, Cu and Bi) standards. Analyses are
listed in Table 3 carbonates) and Table 4 (gold). Gold
was analysed for in a selection of arsenopyrite grains,
but was below the detection limit of 0.01 wt%.

Stable isotope analyses

Carbonate samples were microdrilled from drill core
samples, crushed to a fine powder, and reacted in 105%
H3PO4 at 80�C in an automated GEO20-20/CAPS sys-
tem. An appropriate D CO2-H3PO4 correction was ap-
plied to oxygen isotope ratios (McCrea 1950;
Rosenbaum and Sheppard 1986). Carbonate sample
values were normalised to the international calcite
standard (NBS 19), d18O values are reported relative to
VSMOW, and d13C values relative to VPDB. All isotope
values are reported in the familiar per mil (&) notation
relative to the appropriate standard. Replicates of car-
bonate standards were better than 0.1& for carbon and
oxygen values. Whole-rock carbon isotope analyses of
metapelites were measured using the method of Boutton
(1991). Samples were normalised to the oxalic-acid
standard (SRM-4990) assuming a value of �19.3&

(PDB). Oxygen isotope values of silicate samples were
obtained using the laser ablation-BrF5 method of Sharp
(1990). Values of samples were normalised to the quartz
standard NBS 28 assuming a value of 9.6& (VSMOW),
with replicates usually better than 0.1& and always
better than 0.2& (except feldspar phenocrysts–see be-
low). Sulphur isotope values of sulphide samples were
obtained using the methods of Robinson and Kusakabe
(1975) and Sasaki et al. (1979). Sample values were
normalised to an internal GNS pyrite standard (R2268)
with replicate values typically better than 0.2&. The
d34S values are reported relative to CDT. Pyrite and
chalcopyrite (+Cu2O) were combusted at 1,000�C on-
line and SO2 measured for its 34S/32S ratio. Arsenopyrite
was reduced by Kiba reagent to form H2S, which was
precipitated as Ag2S and then combusted with Cu2O to
form SO2. Finally, sphalerite was reacted with 1:1 HCl
to form H2S, which was precipitated as Ag2S and then
combusted with Cu2O to form SO2.

Alteration, mineralisation, and deformation

The Wangapeka Formation has been regionally meta-
morphosed to a lower greenschist facies assemblage of
quartz–albite–muscovite–chlorite, but only local car-
bonate–sericite–pyrite hydrothermal alteration has been
observed adjacent to the granite contact. Hydrothermal
gold–sulphide mineralisation is confined to the Sams
Creek granite and adjacent lamprophyre. Three stages of
alteration and associated mineralisation are recognised
in the granite, but only one stage can be identified in the
lamprophyre. The alteration and mineralisation in the
granite dyke is best documented at Main Zone, which is
where by far the most drilling has been done.

The first stage of alteration (Stage I) is represented by
a magnetite–ankerite±biotite assemblage (Fig. 4a),
which appears to be confined to the Main and adjacent
Anvil Zones except for one sample from Barrons Flat.
The magnetite–ankerite alteration consists mainly of
subhedral to euhedral magnetite and ankerite grains that

Table 2 Correlation (R2) of elements in Sams Creek granite and
lampropyhre

Ag As Cu Pb Zn Mo Bi

Au 0.28 0.75 0.00 0.32 0.21 0.07 0.16
Ag 0.26 0.81 0.25 0.22 0.46 0.06
As 0.08 0.24 0.11 0.17 0.12
Cu 0.13 0.17 0.48 �0.03
Pb 0.17 0.48 �0.03
Zn 0.48 �0.03
Mo �0.03

Table 3 EMPA analyses of carbonate minerals from the Sams Creek gold deposit

Drill hole SC26 SC44 SC48 SC42 SC45 SC45 SC48
Depth (m) 121.8 234 221.3 229.2 112.2 65.2 228.25
Analysis# 6 1 3 2 2 1 1

Habit cb alt gran vein gran vein gran mag alt gran cb alt lamp cb alt lamp vein lamp
Mineral siderite siderite siderite siderite siderite ankerite ankerite
FeO (%) 54.3 53.8 56.2 52.2 43.3 17.0 20.9
MnO 3.8 2.8 1.7 2.5 0.9 0.5 0.7
MgO 1.3 1.0 1.6 4.6 14.3 11.0 7.9
CaO 0.8 3.1 0.8 1.6 0.5 28.0 26.3
Total 60.2 60.8 60.3 60.9 58.9 56.6 55.8
FeCO3 93.4 86.8 90.6 84.2 69.8 28.1 33.7
MnCO3 2.2 4.6 2.8 4.0 1.5 0.5 1.1
MgCO3 2.8 2.1 3.3 9.7 29.3 25.6 16.5
CaCO3 1.6 5.5 1.4 2.8 0.8 46.7 46.9
Total 100.0 99.0 98.1 100.8 101.9 100.8 98.3

Abbreviations: alt alteration; cb carbonate; gran granite; lamp lamprophyre; mag magnetite
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are clustered in and around the remnants of arfvedsonite
and aegerine phenocrysts. In some samples the magne-
tite and ankerite are accompanied by fine-grained brown
biotite. A few samples also contain traces of fine-grained
chalcopyrite associated with magnetite. The occurrence
of the early stage alteration minerals, magnetite and
biotite, is similar to the magnetite + biotite alteration
found in many calc-alkaline and alkaline porphyry Cu–
Mo–Au deposits, where it represents an early high
temperature stage (e.g. Sillitoe 2000; Jensen and Barton
2000 and references therein).

The second stage of alteration/mineralisation (Stage
II) consists of thin quartz, pyrite, quartz-pyrite, or
quartz–albite veinlets, which contain no gold (Fig. 4).
Where these veinlets are contained in schistose mi-
crogranite, they also have schistose textures. The sec-
ond stage quartz or quartz–pyrite veinlets are
generally discontinuous due to disruption by shear/
cleavage surfaces, but in least-deformed samples they
are planar to semiplanar. They are cut by the third
stage of gold-bearing sulphide and quartz–siderite
veins (Stage III).

Stage III alteration/mineralisation consists of irregu-
lar to planar gold-bearing arsenopyrite–pyrite±quartz–
siderite±sericite veins, which locally form vein stock-
works (Fig. 4). Stage III mineralisation is most extensive
at Main Zone and Anvil, but minor arsenopyrite–
pyrite±galena±sphalerite–quartz–siderite–sericite veins
also occur in the granite dyke at Riordans, Western
Outcrops, Doyles, and Barrons Flat. Drill hole inter-
sections from the Main Zone show that the sulphide–
Au–quartz–siderite mineralisation can extend over the
full width of the dyke (Fig. 6), although some other
intersections are only sporadically mineralised. The veins
are commonly sulphide rich and consist of semi-massive
to massive aggregates of arsenopyrite with generally
lesser pyrite, minor galena and sphalerite, and local gold.
They vary in thickness from <1 to 15 mm. Chalcopyrite
is locally present in minor amounts (Fig. 5b). Minor
rutile occurs locally in association with vein arsenopyrite,
pyrite and quartz. Traces of pyrrhotite occur as small
inclusions in pyrite and arsenopyrite (Fig. 5c), and
crystalline graphite occurs locally in a number of samples
(Fig. 5d). No bismuth minerals or molybdenite were
found in any of the polished thin sections, which is

consistent with low values of these elements in the drill
hole assay data (Table 1). Vein assemblages containing
sericite are uncommon in samples from the Main Zone,
whereas at Riordans and Western Outcrops, a quartz–
sericite–siderite assemblage is extensive. A K–Ar date of
101 ± 2 Ma on a sericite-altered granite sample from
Western Outcrops may represent either the age of the
hydrothermal alteration, or more likely a closure tem-
perature for muscovite/sericite following uplift after the
Early Cretaceous thermal event that has affected the re-
gion (Tulloch 1992; Tulloch and Dunlap submitted).

Adjacent to the Stage III sulphide–quartz–siderite
veins, the granite is pervasively silicified to a quartz–
perthite–albite–rutile±pyrite–siderite±sericite assem-
blage. Remnant arfvedsonite and aegerine are replaced
by siderite, and the Stage I magnetite is replaced by
pyrite and rutile. The lamprophyre dykes are altered to
an ankerite–chlorite–sericite–titanite/leucoxene assem-
blage, which, allowing for their much more mafic

Fig. 4 Examples of the three different stages of alteration/miner-
alisation (relatively undeformed) observed in Sams Creek granite.
Stage I magnetite-siderite±biotite altered granite (mottled black),
Stage II thin quartz-pyrite veins, Stage III arsenopyrite-pyrite-
(galena-sphalerite-gold-chalcopyrite-pyrrhotite-graphite), quartz
and siderite veins. a All three stages represented. b and c Stages
II and III. Abbreviations: apy arsenopyrite; py pyrite; gn galena; sl
sphalerite; Au gold; cp chalcopyrite; po pyrrhotite; graph graphite

Table 4 Representative EMPA analyses of gold/electrum from the
Sams Creek gold deposit

Sample Ag wt% Au wt% Bi wt% Total wt%

SC26-121.8-I 17.6 80.1 0.7 98.4
SC26-121.8-2 19.3 78.1 0.7 98.1
SC26-121.8-3 17.2 81.9 0.7 99.9
SC26-121.8-5 19.3 78.1 0.7 98.1
SC44-184.6-1 29.4 68.1 0.5 98.0
SC44-184.6-2 29.1 69.7 0.7 99.6
SC44-184.6-4 30.0 69.1 0.4 99.5
SC45-69.7-1 16.1 83.1 0.8 99.9
SC45-69.7-2 15.8 83.0 1.1 99.9
SC48-221.3-1 19.8 77.5 0.7 98.0
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composition than the microgranite, is similar to the
third stage alteration seen in the microgranite. Country
rock metapelites are only locally altered to a carbon-
ate–sericite–pyrite assemblage along dike contacts, and
show no evidence of contact metamorphism.

Gold is largely confined to the granite dyke. The al-
tered lamprophyre locally contains carbonate–arseno-
pyrite–pyrite–sphalerite–galena veins with gold values of
up to 0.82 g/t in drill core analyses. Gold (2–100 lm in
size) is associated with the Stage III arsenopyrite–pyrite
veins, where it occurs mainly in arsenopyrite (Fig. 5a).
Within arsenopyrite crystals it is commonly in contact
with inclusions of galena (Fig. 5b). Less frequently, gold
occurs as small grains (5–10 lm) in vein quartz adjacent
to arsenopyrite. The colour of the gold shows some
variation from medium to pale yellow, suggesting that it
contains significant silver (Table 4).

The Sams Creek granite and sulphide, carbonate and
quartz veins have been variably deformed and recrys-
tallised. Quartz crystals in the Stage II veins commonly
show a schistose fabric, with the quartz crystals elon-
gated parallel to the vein walls. Stage III vein pyrite and
arsenopyrite, being competent sulphide minerals, are
commonly fractured and brecciated. Fractures in arse-
nopyrite are locally filled by galena and gold. Galena,
well known as a ductile sulphide mineral, readily mi-
grates to low-pressure sites. Vein quartz shows local
development of cataclastic and mortar textures with
broken quartz fragments in a matrix of fine-grained re-
crystallised quartz. Quartz pressure shadows are formed
around larger arsenopyrite crystals, indicating that the
latter are pre- or syntectonic. Quartz in veins commonly
shows undulose extinction, deformation bands and
deformation lamellae.

Results

Whole-rock geochemical analyses

Average values are listed in Table 1 and concentrations
of selected elements from one drill hole are plotted in
Fig. 6. The average Au concentration in the samples
from the four drill holes is about 2 ppm and is almost
continuous at that level across the dyke (Fig. 6, Ta-
ble 1). Gold values of up to 0.82 ppm were recorded in
the lamprophyre (drill hole SC45), but Au values are
typically less than 0.2 ppm in samples containing
lamprophyre. Arsenopyrite–pyrite veins are absent
from the metapelite and metasandstone country rocks,
which contain no gold (limits of determination were
0.01 ppm; Table 1). Silver concentrations of drill core
are variable, with an average grade of about 1 ppm,
but can be as high as 35 ppm. Only As is strongly
correlated with Au (R2 = 0.75; Table 2), although in
polished thin sections gold (2–100 lm in size) is often
associated with galena as inclusions in arsenopyrite
and pyrite crystals (Fig. 5B). Silver strongly correlates
with Cu (R2 = 0.81), but the reason for this is not
clear. The average concentrations of Cu, Mo, and Bi
are low (<< 20 ppm), with average Cu concentra-
tions higher in the metapelites (25 ppm) than the
mineralised granite (16 ppm, Fig. 6). The average
concentrations of As (� 7,000 ppm), Zn (�325 ppm)
and Pb (�150 ppm) reflect the predominance of arse-
nopyrite, with minor sphalerite and galena in the sul-
phide–gold veins.

Fig. 5 Ore minerals. a Gold
with arsenopyrite and quartz. b
Gold associated with galena,
chalcopyrite and sphalerite with
arsenopyrite and pyrite. c
Pyrrhotite inclusions in pyrite
with arsenopyrite. d Crystalline
graphite with arsenopyrite and
quartz. Photomicrographs in
reflected light. Abbreviations:
apy arsenopyrite; Au gold;
cpchalcopyrite; gn galena; graph
graphite; qtz quartz; py pyrite;
po pyrrhotite; sl sphalerite
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Fig. 6 Assay results (ppm) versus depth for drillhole SC45. One-metre long drillcore samples were analysed and results are plotted for Au,
As, Cu, Pb, Zn and Bi. Data provided by Oceana Gold Ltd. Dots = Wangapeka Formation metapelite; crosses = Sams Creek granite
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Mineral chemistry

Carbonates

Carbonate minerals are present in the Stage III veins
and as alteration minerals in the granite and lamp-
rophyre. The carbonate minerals analysed are mainly
siderite, with ankerite restricted to lamprophyre sam-
ples (Table 3). This presumably reflects the higher
magnesium and calcium contents of the lamprophyre
compared to the granite. The EPMA oxide analyses
have been recalculated as carbonates in Table 3. Some
of the siderite samples also contain significant manga-
nese (up to 4.6 wt% MnCO3). A few of the siderites
contain magnesium with up to 29.3 wt% MgCO3, but
most have over 80 wt% FeCO3. The composition of
the carbonate in the veins is similar to that in adjacent
altered granite.

Gold

Gold analyses (Table 4) show a range in silver content
from 15.8 to 30.0 wt% (average Au = 76.9 wt%),
consistent with microscopic observations of colour
variations from deep to pale yellow. Gold with
>20 wt% Ag is more accurately termed electrum.
Within individual samples the composition of the gold
appears to be fairly uniform and is unrelated to the
adjacent sulphide minerals; i.e. gold enclosed in galena is
no more silver-rich than gold enclosed in arsenopyrite.
Trace elements (Bi, Cu, and Sb) analysed for by EPMA
are below their detection limits (0.1 wt%), except bis-
muth, which ranges from 0.4 to 1.1 wt%.

Fluid inclusions and microthermometry

Fluid inclusion microthermometry was carried out using
Fluid Inc. and Linkam heating-freezing stages that were
calibrated using synthetic fluid inclusions at �56.6�C,
0�C, and 374�C. Precision is estimated at ±0.2�C for
freezing runs and ±2�C for heating to higher tempera-
tures. The vein quartz at Sams Creek is extensively re-
crystallised and typically contains clouds of tiny, single-
phase fluid inclusions (<2 lm in size) in planar arrays.
Relict, possible primary fluid inclusions are rare and are
preserved in clear quartz grains within and adjacent to
arsenopyrite veins in the Main Zone (Fig. 7a, b). The
rigidity of the arsenopyrite appears to have protected the
quartz grains and their contained fluid inclusions from
recrystallisation (cf. Marsh et al. 2003). The occurrence
of these inclusions in three-dimensional patterns within
individual quartz grains is the main criterion for their
primary origin (cf. Roedder 1984). However, because of
possible postentrapment modification, despite their
apparent protection by the arsenopyrite host, it is mis-
leading to call them primary (Marshall et al. 2000, and
references therein) and they are referred to as ‘‘early
formed’’ in this paper. Early-formed fluid inclusions are
also locally preserved in unrecrystallised quartz pheno-
crysts in the granite (Fig. 7c). At room temperature, the
early-formed inclusions occur as small (<10 lm), two-
and three-phase carbonic liquid-rich inclusions con-
taining liquid CO2-CH4 + liquid H2O ± CO2 vapour
(L1+L2±V), and two-phase aqueous liquid-rich (L+V)
inclusions. The L+V inclusions are classified into those
with clathrates (Lclath+V) and without clathrates
(L+V). Within individual samples, the two- and three-
phase carbonic liquid-rich inclusions do not coexist with
the aqueous liquid-rich inclusions.

Fig. 7 Fluid inclusions in vein
quartz. a Primary inclusions in
quartz protected by
arsenopyrite (apy). b.
Enlargement of part of (A)
showing two-phase carbonic
liquid (dominant phase) +
aqueous liquid inclusions. c
Early secondary aqueous
liquid-rich inclusions with
variable vapour to liquid ratios
preserved in quartz phenocryst
in granite. d Secondary healed
monophase inclusions.
Photomicrographs in plane
transmitted light
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Remnants of other early fluid inclusions occur in
deformed vein quartz as decrepitated fluid inclusions
and as healed monophase inclusions (Fig. 7d). These
remnant fluid inclusion morphologies are similar to
those described from a metamorphosed ore deposit by
Giles and Marshall (1994). The healed inclusions were
interpreted by these authors as leaked inclusions which
re-equilibrated to a lower bulk density under conditions
of high-internal overpressure during rapid decompres-
sive regional uplift. Some of the carbonic liquid-rich
inclusions in quartz crystals that are not enclosed by
arsenopyrite show variable degrees of fill, which suggests
either trapping of a heterogeneous fluid or leakage
during postentrapment modification. In some of these
inclusions, leakage is consistent with the presence of
some dark coloured, i.e. empty inclusions.

A previous study by Windle and Craw (1991) de-
scribed CO2-rich inclusions from the western part of the
dyke (Western Outcrops and Riordans; Fig. 2), which
coexisted with aqueous liquid-rich inclusions. They were
interpreted to represent trapping of immiscible carbonic-
rich and aqueous liquid at temperatures of 260–340�C.
The TmCO2

(�56.6 to �58.1�C) indicates that the car-
bonic phase was mainly CO2. Salinities estimated from
ice melting and clathrate melting temperatures were in
the range of 0 to 7.5 wt% NaCl equiv.

Microthermometric results

The carbonic liquid-rich L1+L2±V inclusions in quartz
adjacent to arsenopyrite homogenised by disappearance
of the H2O-rich liquid phase to vapour at temperatures
of 320 to 354�C (Table 5). The L1+L2 inclusions
(Fig. 7b) contain water (L1) plus a pale brownish grey
carbonic liquid (L2) which forms a vapour bubble on
cooling to about �10�C. The vapour bubble homogen-
ised to liquid at temperatures of �3.0 to +11.0�C.
During freezing runs on these two-phase inclusions, the
carbonic phase melted ðTmCO2

Þ at temperatures of
�63.5 to �62.0�C and a clathrate phase melted (Tmclath)
at 11.5 to 12.5�C. The three-phase inclusions

(L1+L2+V) contain liquid water (L1) plus carbonic
liquid (L2) and carbonic vapour (V) at room tempera-
ture. In these inclusions, the vapour bubble homogen-
ised to liquid at temperatures of 20 to 26.7�C and the
carbonic phase melted ðTmCO2

Þ at a temperature of
�62.0 to �66.3�C. These data suggest that the carbonic
phase contains a significant component of other gases
such as CH4 and N2 in addition to CO2, because TmCO2

is well below the �56.6�C triple point of pure CO2 (e.g.
Diamond 2003). Using the curves of Thiéry et al. (1994)
for the CO2-CH4 and CO2-N2 systems, none of the
microthermometric data are consistent with the CO2-N2

system but some of the data are consistent with the CO2-
CH4 system. The mole fraction of CH4 in the carbonic
phase, for one of the carbonic fluid inclusions ( TmCO2

of
�62.5�C and ThCO2

of �3�C), is estimated at 0.25 from
the VX diagram for the CO2-CH4 system at low-molar
volumes of Thiéry et al. (1994). The presence of CH4 in
the fluid is consistent with the occurrence of graphite in
the mineralisation.

The presence in individual quartz crystals of fluid
inclusions containing only carbonic liquid and H2O
indicates trapping of a homogeneous fluid that sepa-
rated into two immiscible liquids at the homogenisation
temperatures of 320–355�C, rather than trapping of an
immiscible two-phase assemblage. Therefore, these
inclusions represent trapping of a single-phase fluid at
temperatures (Tt) greater than Th (cf. Shepherd et al.
1985).

The aqueous liquid-rich inclusions containing clath-
rates (Lclath+V), have temperatures of homogenisation
(Th) from 258 to 310�C and clathrate melting tempera-
tures (Tmclath) in the range 9.0 to 11.6�C. Liquid CO2

was observed in one inclusion and a TmCO2 value of
�57.6�C indicates near pure CO2 in the carbonic phase.
The ice melting temperatures (Tmice) of �1.0 to �3.8�C
convert to apparent salinities of 1.7 to 6.2 wt% NaCl
equiv. However, the presence of clathrates suggests that
the higher values may be overestimates (Collins 1979).

The aqueous L+V inclusions without clathrates have
ThV-L values in the range 185–305�C, with Tmice of �0.8
to �4.8�C. The higher part of the range of Th and the

Table 5 Summary of microthermometric data from fluid inclusions in vein quartz and quartz phenocrysts, Sams Creek gold deposit.
Mode of homogenisation recorded as L, to liquid: V, to vapour. Degree of fill is the volumetric proportion of the aqueous H2O-rich phase
estimated visually at 25�C from charts of Shepherd et al. (1985). (9) = number of inclusions measured

Inclusion
type

Carbonic liquid-rich
L1+L2±V

Aqueous liquid-rich
with clathrate Lclath+V

Aqueous liquid-rich
L+V

TmCO2 �62.0 to �66.0 (9) �57.6 (1)
ThCO2 �3.0 to 26.7 (7) 10.5 (1)
Mode L L
Tmclath 9.0 to 12.5 (3) 9.0 to 11.6 (6)
Tmice �1 to �3.8 (4) �0.8 to �4.8 (7)
Th 320 to 354 (10) 258 to 310 (14) 185 to 305 (11)
Mode V L L
Th Mean 337 285 280
Salinity (wt% NaCl equiv) 1.7 to 6.2 1.4 to 7.6
Degree of fill 0.3–0.8 0.7–0.8 0.6–0.8
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apparent salinities of 1.4 to 7.6 wt% NaCl equiv overlap
with the Lclath+V inclusions, which suggests that they
are of the same generation. Clathrate melting behaviour
was not observed in these inclusions, but it may have
been missed because of their small size.

Although, the Th values of early-formed fluid inclu-
sions may only be minimum trapping temperatures and
are suspect because of possible leakage, they are not too
different from temperatures of 340–380�C obtained from
stable isotope geothermometry (see below), suggesting
that postentrapment modification of these selected
inclusions may have been limited.

Stable isotopes

Quartz and feldspar phenocrysts from the Sams Creek
porphyry granite have d18O values that range from +5.9
to +9.1& and 0.7 to +12.0&, respectively (Table 6;
Figs. 8, 9). In determining quartz phenocryst d18O val-
ues, care was taken to sample quartz phenocrysts that
did not appear to be recrystallised (see ‘‘Sample
Description’’ section). Quartz phenocrysts have similar
d18O values and show good replication, regardless of
whether samples had altered groundmass and feldspar
phenocrysts or not. Feldspar phenocrysts on the other

d18O & (SMOW)

Stage Vein qtz (alb) Pheno qtz (d18Omagma) Pheno fsp Amphibole (d18Omagma)

SC1-4.5 II 15.4; 15.4
SC15-18.1 III 15.9; 15.7
SC15-21.7 III 15.7; 16.0
SC16 4.7 II 12.0
SC16 9.9 III 15.8
SC16A 15.0 III 16.0; 16.1
SC16A 20.9 II 14.4
SC16A 26.2 II 14.7; 14.8
SC17A-10.2 III 15.7; 15.8
SC18-13.6 II 15.3
SC25-160.0 III 16.1
SC26-123.3 II 14.4
SC29-29.8 III 16.3
SC29 45.8 III 15.9; 15.7
SC29 46.1 III 16.3
SC29-56.5 III 15.6
SC29 118.3 II 14.0; 14.2
SC29 120.5 II 14.9
SC32 16.8 III 16.1
SC37 94.4 III 16.0
SC37 88.5 III 16.1; 16.0
SC38 4.6 III 16.3
SC38 7.2 II 15.1 (13.0) 9.1; 8.9 (8.0)
SC38 7.6 III 16.8
SC38 7.6 II 8.8; 8.8 (7.8)
SC38 31.1 III 16.2
SC39 39.2 II 7.5; 7.2 (6.3) 6.6; 6.5
SC39 47.6 III 16.7
SC40 142.9 II 14.7; 14.7
SC40 138.2 II 13.7
SC40 95.9 II 14.8; 14.8
SC40 105.5 II 14.7
SC40 151.6 12.0
SC40 152.3 7.7; 7.8 (6.8) 7.9; 7.7; 7.5
SC42 199.5 7.5; 7.4 (6.4) 11.4; 11.7
SC42 216.7 7.8; 7.7 (6.8) 11.6; 11.0
SC42 246.8 II 14.8
SC43 61.5 11.7; 12.0
SC43 62.1 8.0; 8.2 (7.2) 9.3; 10.5
SC46 105.5 II 14.5
140103-2 7.6; 7.6 (6.6) 6.1; 6.2 5.7 (6.5)
P43154 5.9; 5.9 (4.9) 0.7; 1.0; 0.5
P689136 6.1 (5.1) 8.5; 7.6
P689114a 6.4; 6.2; 6.5 (5.4) 8.6
P689114 6.5; 6.4 (5.5)

Table 6 Oxygen isotope values of vein quartz (qtz) and albite (alb),
granite quartz and feldspar (fsp) phenocrysts (pheno). In some
veins more than one quartz sample was analysed and for the
granite duplicate/triplicate quartz and feldspar phenocrysts were

analysed where possible. Veins have been identified as either Stage
II or III, based on their relative timing and mineralogy. d18Omagma

values (in brackets) are calculated from quartz and amphibole
phenocrysts (see text)
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hand had a wide range of values and poor replication,
even though the feldspar appears visually to be unal-
tered (Table 6). One sample of amphibole was analysed
from an unaltered granite sample and had a d18O value
of +5.7&.

The d18O values of quartz from veins in the Sams
Creek granite range from +12.0 to +16.8&, but have a
bimodal distribution with modes at +14.5 and +16&
that correspond to Stage II and Stage III mineralisation,
respectively (Fig. 10). One vein (Stage II) has coexisting
quartz and albite with d18O values of +15.1 and
+13.0&, respectively. The albite is unaltered, based on
thin-section observations and XRD analysis. The d18O
values of the vein siderite and ankerite in lamprophyre
range from +12 to +16& and d13C values have an
average of �4.7& (1r = 0.5&; Table 7; Fig. 11). Two
siderite vein samples that have been severely brecciated
(and most likely isotopically re-equilibrated) have d18O
values that are outliers at about +19&, but d13C values
are unchanged. Bulk oxygen and carbon from the
Wangapeka Formation metapelite adjacent to the Sams
Creek granite and lamprophyre, has d18O and d13C
values that range from +13.6 to +16.0&, and �23.8 to
�19.3&, respectively (Table 7). The d34S values of the
sulphides in veins in the Sams Creek granite range from
+5.0 to +9.9&, but have a bimodal distribution with
modes at c.+6& and c.+9& which correlate with Stage
II and Stage III mineralisation, respectively (Table 8;
Fig. 12). A pyrite-rich sample from the Devil River
Volcanics has a d34S value of 0.1&. The metapelites of
the Wangapeka Formation contain pyrite blebs and
bedded stringers with values that range from �3.5 to
+9.3&; most values are < +4& (Fig. 12). The Arthur
Marble locally contains minor amounts of pyrite, which
has values that range from +3.6 and +13.1&.

Discussion

Granite source and alteration–oxygen isotope evidence

The whole-rock d18O value of an unaltered granite is
diagnostic of the source of the magma (O’Neil and
Chappell 1977). However, feldspars are susceptible to
the effects of alteration and because the granite often
consists predominantly of feldspar, the whole-rock
method of estimating the d18O value of the magma
(d18Omagma) is not always reliable. Quartz on the other
hand is much more resistant to alteration and its oxygen
isotope value provides an alternative way to estimate the
d18Omagma (Javoy and Weis 1987). The d18O value of
quartz in a granite is dependent on the isotope frac-
tionation between quartz and the melt (D quartz-magma)
and also the cooling rate, which is reflected in the grain-
size, and the temperature of closure of the quartz to
oxygen diffusion (e.g. Giletti 1986). To correct for the
‘‘closure’’ effects, D quartz-magma for quartz phenocrysts
(fine-grained groundmass) are considered to be

approximately +1& (Giletti 1986; Taylor and Sheppard
1986). Amphibole and pyroxene crystallise early in
granites and do not equilibrate to lower temperatures
like quartz; they are therefore also useful for estimating
d18Omagma values. The D pyroxene/amphibole-magma is �0.8&
(Taylor and Sheppard 1986).

The calculated d18Omagma values (+5 to +8&) from
Sams Creek granite quartz phenocrysts and one
amphibole phenocryst (+6.5&) overlap with those of
other A and I type-granites elsewhere (Table 6; Fig. 8).
This is consistent with the Sams Creek granite being an
A-type granite, based on its major and trace element
whole-rock geochemistry (Tulloch 1992). In his review
paper on the isotope variations in the mantle, Kyser
(1986) proposed that the mantle has d18O values that
range from +5 and +7&. In support of this, Javoy and
Weis (1987) considered the d18Oqtz values (+6.0 to
+7.3&, not corrected for ‘‘closure’’ effects) from alka-
line A-type granites to be consistent with a mantle ori-
gin. However, not all A-type granites have d18O values
entirely of mantle origin. For example, the anorogenic
complexes of Damaraland, Namibia, have d18Omagma

values from +4.9 to +12.0&, with values >10&
reflecting a large crustal contribution (Harris 1995). In
their study of the Cape Granite suite in South Africa,
Harris et al. (1997) proposed that A- and I-type granites
had d18Omagma values from +6.6 to +9.9& and were
distinct from values obtained from S-type granites
(+9.5 to +11.4&; Fig. 8). The petrogenesis of A-type
granites has been extensively studied, but remains a
subject of debate and cannot be discussed in any detail

Fig. 8 Stacked histogram of calculated d18Omagma values (from
quartz and amphibole phenocrysts –see text) for Sams Creek
granite compared to those of other A-, I- and S-type granites and
d18O values assumed for the mantle (bin size 0.5&). The A-type
values from Javoy and Weiss (1987) have been corrected for
‘‘closure effects’’, assuming a D quartz-magma = 1&. The inset
photomicrograph (crosspolarised light) is an example of a quartz
phenocryst, unaffected by hydrothermal alteration
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here. Some workers have suggested that A-type granites
are generated through partial melting of the lower crust
(e.g. Collins et al. 1982). Others have postulated that
there are genetic links between mantle-derived melts and
A-type granites (e.g. Turner et al. 1992). A-type magmas
have the potential to rise to very shallow levels in the
crust (Whalen et al. 1987), possibly via temporary stor-
age chambers near the brittle-ductile transition, and then
breach the surface to form rhyolite or become trapped
within the crust to form granite in extensional rift zones
(Hogan and Gilbert 1995). Generally, A-type melts have
occurred world wide throughout geological time in a
variety of tectonic settings and do not necessarily indi-
cate an anorogenic or rifting environment (e.g. Whalen
et al. 1987). Nevertheless, the oxygen isotope data from
Sams Creek quartz and amphibole phenocrysts are
consistent with a relatively primitive, either mantle or
mantle-derived crust, source for the granite magma with
little or no evolved crustal input.

If minerals such as quartz and feldspar in a granite
were in isotopic equilibrium they would plot on a
straight line with slope 1 on a d18Ofeldspar versus
d18Oquartz plot (d-space). When a fluid is brought into
contact with the granite, postcrystallisation, the relative
rates of exchange between the individual minerals and
the fluid are highly variable and this is reflected in var-
iable D 18Oquartz-feldspar values and positive-sloped dis-
equilibrium arrays in d-space (Gregory et al. 1989). In
the case of the Sams Creek quartz and feldspar pheno-
crysts, the data plot in a positive-sloped disequilibrium
array (Fig. 9). Some of the data have D 18Oquartz-feldspar

of about 1& which correspond to oxygen isotope equi-
librium temperatures of about 700�C, which could rep-

resent isotope equilibrium conditions, or may be
fortuitous given the range of feldspar values. Samples
with negative D 18Oquartz-feldspar values (those that plot
above the D 18Oquartz-feldspar = 0 line) cannot represent
equilibrium temperatures under any condition. Even
samples (P43154, P68913, and P68914a; Table 6) which
do not appear to have any apparent signs of feldspar
alteration, are not in isotope equilibrium. The relatively
high d18Ofeldspar values may be due to isotope exchange
with isotopically heavy fluid such as magmatic water (i.e.
deuteric alteration) or a meteoric water that has under-
gone extensive isotopic exchange with isotopically heavy
country rocks during circulation at high temperatures
(> 500�C), or due to isotope exchange with isotopically
light meteoric water at low temperatures (< 200�C; e.g.
Criss et al. 1984). This temperature is substantially lower
than the fluid inclusion homogenisation temperatures
from vein quartz (320 to 355�C), but the granite samples
are generally distant from the main alteration/minerali-
sation and could reflect regional lower greenschist
deformation or distal hydrothermal alteration. One
sample has feldspar with a very low d18O value (c.
+1&), indicating isotopic exchange with an isotopically
light water (e.g. meteoric) at relatively elevated temper-
atures (>300�C).

O, C and S isotope values of vein and alteration minerals

Quartz

Mineralogical studies have shown that if quartz has been
recrystallised, the d18Oquartz values could be partially or
completely re-equilibrated, depending on the extent and
temperature of recrystallisation (Voll 1976; Kerrich

Fig. 9 Plot of d18Oquartz versus. d18Ofeldspar values of phenocrysts
from the Sams Creek granite on an ‘‘isotherm’’ plot (solid lines of
equal temperature; D qtz-fsp = �1 corresponds to isotherm
700�C). Three samples appear to be in closed system isotope
equilibrium indicating isotope closure temperatures of about
700�C. Samples above D qtz-fsp = 0 are definitely out of isotope
equilibrium, as d18Oquartz is always > than d18Ofeldspar when in
isotopic equilibrium (see text for details)

Fig. 10 Stacked histogram of d18O values of vein quartz and one
sample of albite from a vein (bin size 0.25&). Stage II quartz veins
have lower values than Stage III quartz veins
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et al. 1977; O’Hara et al. 1997). O’Hara et al. (1997)
proposed that the onset for dynamic recrystallisation of
quartz in deformation zones commences at temperatures
of about 350�C. At Sams Creek, the regional lower
greenschist facies metamorphic grade and relatively high
d18O values of the granite feldspar phenocrysts, suggest
that metamorphic temperatures were generally lower
than 300�C. Hand specimen and thin section inspection
clearly indicate that most of the quartz veins have
undergone brittle and shear deformation and have been
recrystallised to varying degrees. However, relict unre-
crystallised grains are still present in this low-tempera-
ture/high-strain rate regime (cf. O’Hara et al. 1997). The
d18O values of some of the vein quartz analysed may
have been partially re-equilibrated. However, the small
differences in d18Oquartz values from the same vein, the
apparent preservation of isotopic equilibrium in one
vein that contained quartz and albite (SC38-7.2; Ta-
ble 6), and the preservation of the bimodal distribution
of values associated with different mineralisation stages,
suggests that values have not been changed significantly
by the deformation. Also the d18O values of phenocryst

and vein quartz are very different (by � 8&). If these
had been significantly affected by either regional or local
recrystallisation, the differences would not have been
preserved.

The reason for the bimodal d18Oquartz values may be
that Stage II veins were formed from fluids with relatively
lower d18OH2O values or slightly higher temperatures, or
a combination of the two, compared with Stage III veins.
One vein from Stage II contained quartz (d18O values =
15.1&) and albite (d18O values = 13.0&), giving a D
quartz-albite value of 2.1&. Assuming isotopic equilibrium
between the minerals, the calculated temperatures of
340�C (fractionation factors of Zheng 1993) and 380�C
(fractionation factors of Clayton and Kieffer 1991) are
not too different from temperatures (300 to 365�C)
indicated for Stage III veins from fluid inclusion Th
measurements. If the d18OH2O values were the same for
Stage II and Stage III veins, then Stage II veins formed at
approximately 50�C higher than Stage III veins, using the
Clayton et al. (1972) fractionation factors.

Assuming temperatures of vein formation between
300 and 360�C and the total range of d18O values of vein
quartz (+12 to +17&), the calculated d18OH2O values
range from +6 to +12&. If an average temperature of
340�C and the d18O mode values (+14.5 and +16&)
are used, then the calculated d18OH2O values are 8 and
10& for Stage II and Stage III mineralisation, respec-
tively (fractionation factor of Clayton et al. 1972). These
values overlap with those of magmatic origin or water
equilibrated at high temperature with magmatic rocks
(+5 to +10&), but also with those considered to be of
metamorphic origin (+5 to +20&; Sheppard 1986).
Windle and Craw (1991) suggested that the hydrother-
mal fluid was of metamorphic origin. Assuming that the
premetamorphic d18OWR values of the Wangapeka
Formation were similar to the postmetamorphic values
(�15&, Table 7), the metamorphic fluids would have
had d18OH2O values range from +12 and +15& (Zheng
1993, albite-water fractionation factor at 500�C). Quartz
precipitating at 350�C from these fluids would have had
values of about +19& (Zheng 1993), higher than the
total range of the Sams Creek vein quartz (+12 to
+17&). Based on oxygen isotope results, therefore, the
Wangapeka Formation does not appear to be the source
of the hydrothermal fluids, although a deeper source
cannot be ruled out.

Carbonate

Siderite in veins at Sams Creek have d18O and d13C
values in a relatively narrow ranges (+14&, ±2&), and
�4.7&,±0.5&, respectively; Fig. 11). The 18O/16O ra-
tios of siderite are much more sensitive to temperature of
formation than 13C/12C ratios, but the latter are good
tracers for the source of fluids. Thus, values for siderite
point towards a large, well-mixed oxygen and carbon
isotope reservoir and constant physico-chemical condi-
tions during precipitation.

Table 7 Carbon and oxygen isotope results for Sams Creek vein
siderite and ankeritea in granite and lamprophyreb, and bulk car-
bonc and oxygend from the Wangapeka Formation. Numbers in
brackets are the weight % carbon measured in sample

d13C & (VPDB) d18O & VSMOW

SC19 226.8a �4.9 14.1
SC25 144.2 �5.1 14.1
SC25 151.7 �4.8 13.9
SC25 159.1 �5.2 14.0
SC25 176 �5.5 14.4
SC25 171.1 �4.4 16.0
SC25 176.4 �4.3 14.0
SC29 120.9d 15.1
SC29 121.0c (0.86) �22.1
SC39 54.7 �4.9 14.6
SC 39 54.7 �5.0 14.1
SC40 104 �4.1 12.2
SC40 108.9d 13.6
SC40 121.6 �4.7 14.1
SC 40 154.3b �4.4 13.5
SC 40 154.4a �4.3 13.9
SC 42 195.5 �4.9 13.8
SC 42 223.1 �4.5 19.8
SC42 256.4 �4.7 14.0
SC43 11.4c (0.56) �23.8
SC 43 46.0 �5.7 14.1
SC 43 73.8 �4.6 14.9
SC 43 113.3d 16.0
SC43 121.8c (0.86) �19.3
SC44 173.1 �4.4 13.2
SC44 173.2 �4.3 13.6
SC44 276.2 �4.1 14.4
SC44 327.0d 15.8
SC45 67.3 �4.0 19.5
SC45 67.3 �5.0 15.0
SC45 67.3 �5.0 15.0
SC48 190.2 �4.4 14.3
SC48 222.0 �4.2 14.4
SC48 221.3 �4.9 12.6
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Recent determination of 18O/16O fractionation be-
tween siderite and water (45 to 75�C) by Zhang et al.
(2001) has confirmed the fractionation results of Caro-
thers et al. (1988) at low temperatures. In addition, the
fractionations determined by Carothers extrapolated to
higher temperatures (about 300�C), are in good agree-
ment with those proposed by Zheng (1999). The exact
temperature of formation for the Sams Creek siderite is
not known, but assuming temperatures of 250 and
350�C, then calculated d18OH2O values for siderite (+12
to +16&) range from +5 to +10& (fractionation
factors of Carothers et al. 1988). These d18OH2O values
are in agreement with those calculated from vein quartz
and are in the range of magmatic-hydrothermal fluids
(Sheppard 1986). The values are lower than calculated
d18O values (between +12 and +15&) of water from
dehydrated Wangapeka Formation metapelite (see pre-
vious section), although water of deep metamorphic
origin cannot be excluded.

Early formed fluid inclusions in vein quartz at Sams
Creek indicate that carbon in the hydrothermal fluids
was mainly dissolved as CO2 (H2CO3), although some
fluid inclusions contain up to 0.25 mole% CH4. Many
experimental studies show that isotopic exchange be-
tween gaseous species of the C-O-H system (particularly
CH4-CO2) is very slow even at temperatures up to 500–
600�C (Chacko et al. 2001). The carbon isotope equi-
librium fractionation between CH4-CO2 at 300�C is
about �25& (Richet et al. 1977) and partial (kinetic)
equilibrium between these two gases is not consistent
with the uniform values of �5& (average �4.7&; 1r
error ± 0.5&) obtained for the Sams Creek vein sider-
ite. Isotope fractionation between CH4-CO2 is therefore
assumed to be insignificant during the hydrothermal

stages. The 13C/12C fractionation between siderite and
CO2 at 250 and 350�C is small (0 to 2&; Carothers et al.
1988; Golyshev et al. 1981), and therefore a calculated
d13CCO2 value for the hydrothermal fluids is considered
to be close to �5&.

CO2 with d13C values of about �5& is consistent
with, but not unique, to fluids of magmatic/mantle ori-
gin. Potential sources for carbon in the Sams Creek
hydrothermal fluids include the Wangapeka Formation
with bulk d13C values between �19 and �24& (Ta-
ble 7), and the underlying Arthur Marble (Ordovician
marine carbonates) with d13C and d18O values of 0 and
+22& (Veizer et al. 1999), respectively (Fig. 11). The
calculated d13C value of CO2 generated by metamorphic
decomposition (c. 400�C) of graphite in the Wangapeka
Formation (about �22&) would be approximately
�12& (cf. Bottinga 1969) and, the CO2 produced by
thermal decarbonisation of Arthur Marble is expected to
have a d13C value (c. 0&) similar to that of carbonate
(Ohmoto and Goldhaber 1997). It is possible that the
carbon in the vein siderite consists of carbon released
during metamorphic volatilisation reactions, with vari-
able contributions from graphite in the Wangapeka
Formation (�40%) and carbonate in the Arthur Marble
(�60%). However, we have demonstrated on the basis
of oxygen isotope values of the quartz and siderite veins,
that neither of these formations are likely sources. In
addition, the vein siderite has a remarkably low varia-
tion in d13C values throughout the deposit, with no
indication of mixing between any of these carbon (and
oxygen) isotope reservoirs.

The geochemical composition of the Sams Creek
granite (Tulloch 1992) and calculated d18Omagma values
in this study indicate a primitive origin, such as the
mantle or mantle-derived crust. Carbon with d13C values
of about �5& has been identified as an important iso-
tope signature for the mantle (carbonatite and kimber-
lite carbonates, diamonds, and volcanic CO2

exhalations) and is also observed in mantle xenoliths
(Deines 2002, and references therein). The d13CCO2

value
of about �5& for the Sams Creek vein siderite is
therefore consistent with a magmatic, possibly mantle or
mantle-derived, source for ore-forming fluids. By itself, a
d13CCO2

value of about �5& is not unique to hydro-
thermal magmatic deposits (Ohmoto and Goldhaber
1977). However, carbonates from veins which have been
interpreted to have formed from predominantly meta-
morphic fluids in the South Island at Macraes Flat Au
deposit (Craw et al. 1995) and Benmore Dam (de Ronde
et al. 2001), have d13C values that range from �10 to
�13& and �25 to �38&, respectively, consistent with
fluids that have interacted with crustal rocks.

In summary, the Sams Creek carbon and oxygen
isotope values of carbonates in veins are consistent with
a magmatic, possibly mantle or mantle-derived crustal
source for fluids and carbon in the deposit. Potential
local source rocks outside the Sams Creek granite are
not suitable candidates for fluid sources, although a deep
crustal source cannot be ruled out.

Fig. 11 d18O versus d13C values for siderite in Sams Creek granite
and ankerite in lamprophyre. Also shown are the d13C values of
bulk carbon obtained from the Wangapeka Formation and
Ordovician marine limestones (Veizer et al. 1999). Inset photo:
Siderite veinlet in Sams Creek granite
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Sulphides

Variation of d34S values of sulphide minerals and fluids
may be caused by variation in temperature (D mineral-

fluid), redox state, pH and the isotope value of the
sources of the sulphur (Ohmoto 1972). In the case of
Sams Creek the oxidation state of the hydrothermal
fluids varied from high fO2 (magnetite) in Stage I to low
fO2 in Stage III, based on the presence of pyrrhotite and
graphite in veins, and CH4 in some fluid inclusions. The
dominant sulphur species in the Stage III fluid was
therefore most likely H2S and the following approxi-
mation may be used: d34SH2S � d34Ssulphide mineral

(Ohmoto and Goldhaber 1997).

Igneous rocks and associated ore deposits have a
relatively wide range of d34S values (�10 to +15&),
depending mostly on the d34S values of sulphides or
sulphates in country rocks (Ohmoto and Goldhaber
1997; Poulson et al. 1991; Ishihara et al. 2000). Sulphur
is a sensitive indicator of degree of interaction between
magma and any sulphur-bearing country rocks into
which the magma is intruded, because sulphur is much
more susceptible to mobilisation (due to the volatile
nature of S) than other commonly used elements (REE,
Rb/Sr, Sm/Nd and Pb; Poulson et al. 1991). The
hydrothermal mineralisation and alteration at Sams
Creek is confined to the granite and, to a lesser extent,
the precursor lamprophyre which occurs between the
granite and metapelite country rocks. This suggests that
the mineralising fluids have not scavenged from, or lost,
sulphur to the adjacent metasedimentary country rocks.

Sulphur isotope values of Sams Creek sulphide min-
erals range from +5 to +10& and, similar to the d18O
values of the vein quartz, have a bimodal distribution
(+6& and +9&) associated with Stage II pyrite and
Stage III sulphides, respectively (Fig. 12). Assuming a
temperature of 350�C, based on the oxygen isotope re-
sults, calculated d34SH2S values for Stage II and III are
approximately 5 and 8&, respectively (using fraction-
ation factors of Ohmoto and Goldhaber 1997). There-
fore, the composition of the source of sulphur may have
varied between the two stages. Another explanation is
that the fluids had the same d34SH2S value, but that the
pH of the fluid increased during the formation of Stage
III sulphides. A pH increase from about 6 to 7.5 for a
reduced fluid would increase the d34S value of sulphides
by about 4& (Ohmoto 1972). However, there is no
evidence from the mineralogy to verify an increase in pH
from Stage II to Stage III veins. An increase in fO2 of the
hydrothermal fluid from stage II to III would also result
in an increase in d34S of sulphides. Decreasing fO2, as
suggested by the mineralogy, would change the SO2/H2S
ratio of the fluid towards H2S dominance, so that the
d34S of sulphides would increase to approximate the
bulk S value. This would seem to be a simple and more
likely explanation. In sample SC15-21.7 sphalerite (d34S
value = +5&) and pyrite (d34S value = +9.2&) occur
together in a vein and appear to be in textural equilib-
rium (Table 8). However, the D py-sph = 4.2& equates to
a temperature of �6�C, assuming isotopic equilibrium
(Ohmoto and Goldhaber 1997), so sphalerite and pyrite
in this sample are clearly not in isotopic equilibrium.
Where they occur in the same sample, pyrite and arse-
nopyrite have similar values in most cases, suggesting
that they are in isotopic equilibrium. No primary igne-
ous sulphides were found in the Sams Creek granite or
the lamprophyre to compare values to those obtained
from sulphides associated with postmagmatic alteration/
mineralisation.

A possible source of sulphur is the Wangapeka For-
mation metapelite which commonly contains pyrite
blebs and bedded stringers. The d34S values of pyrite
from the Wangapeka Formation range from �3.5 to

Table 8 Sulphur isotopes results (&, CDT) of sulphide minerals
from Sams Creek veins, Wangapeka Formationa, the Arthur
Marbleb and the volcanic Devil River Groupc

Stage d34S py d34S sl d34S apy d34S cp

SC1 8.0 III 9.1
SC15 18.1 III 9.2
SC15 21.7 III 9.2 5.0
SC16 4.7 III 9.7 9.8
SC16 9.9 III 9.5 9.7
SC16A 15.0 III 9.9
SC16A 20.9 III 9.8
SC16A 26.2 III 9.3
SC17A 10.2 III 9.5
SC18 13.6 III 9.3
SC22-6.0 III 8.2
SC25 160 III 7.8
SC25 174.8 III 9.1
SC25 177.7 III 8.8
SC29 46.1 II 5.5
SC29 29.8 II 6.0 8.2
SC36 10.7 II 9.0
SC37 94.4 II 5.0
SC37 95.5 II 6.7
SC39 29.6 II 4.9
SC39 31.1 II 5.1
SC39 47.0 II 5.0
SC40 117.0 III 9.5 8.6
SC40 121.6 III 8.9
SC42 195.0 III 8.5
SC42 256.4 II 5.6
SC43 12.0 a �3.5; �2.6
SC43 114.0 a 1.1; 2.1
SC43 115.0 a 0.3; 1.1
SC43 115.3 a 1.0; 0.7
SC43 139.0 III 8.6
SC44 136.5 a 3.4; 1.3
SC44 251.6 III 8.1 8.4
SC44 327.0 a II 6.4
SC45 92.0 III 8.4
SC45 118.1 a 9.3
SC48 206.8 III 7.7 8.4
SC48 221.3 III 8.2 9.9 8.2
SC48 240.2 a 2.6
CN652 b 6.7
CN632 b 13.1
CN1078 b 4.1
CN 1079 b 3.6
DevRivGrpc 0.1

Abbreviations: py pyrite; sl sphalerite; apy arsenopyrite; cp chalco-
pyrite; DevRivGrp Devil River Group
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+9.5&, with most values less than +4& (Fig. 12). The
d34S values of pyrite in the Wangapeka Formation are
similar to those obtained from metasediments that host
orogenic Au deposits in the Otago goldfields of New
Zealand (range from �6 to +2&; Craw et al. 1995).
These values are in contrast to the d34S values from
Sams Creek veins which have a relatively narrow range
(5&) and are generally higher.

Another possible source of sulphur is the Arthur
Marble, which locally contains minor pyrite (0–3 wt%),
with values ranging predominantly from +3 to +7&
(one value at +13&) that overlap with values obtained
for Stage II veins (Fig. 12). Thus, the relatively high d34S
values of Sams Creek sulphides are consistent with an
enriched 34S marine sulphur contribution. However, the
d13C and particularly the d18O values of siderite and
quartz in the Sams Creek veins are not consistent with
this source (see above). In addition, the only samples
from Arthur Marble that have trace amounts of pyrite
are those that have been metamorphosed/altered (Roger
Cooper, GNS Science personal communication 2005)
and the d34S values of the pyrite may therefore reflect the
alteration process, i.e. be derived from, not a source of,
hydrothermal sulphur.

It is possible, but unlikely, that the Devil River Vol-
canic Group may be a source of sulphur for the Sams
Creek sulphides. One sample analysed from a pyritic
greenschist in this unit has a d34S value of 0&. However,
the spatial relationship between the Devil River Volca-
nic Group and the Wangapeka Formation/Sams Creek
granite dyke at the time of mineralisation is uncertain,
because of allocthonous contacts between the units (see
Regional Setting).

Another possible source of the sulphur is from the
mantle, or mantle-derived rocks. Analyses of sulphides

in mantle-derived basalts and gabbros as well as from
xenoliths in alkali basalts, kimberlites and diamonds
yield d34S values ranging from �11 to +14& (Schnei-
der 1970; Chaussidon et al. 1987; Harmon et al. 1987;
Eldridge et al. 1991; Ionov et al. 1992). Ionov et al.
(1992) concluded that sulphides with largely positive
d34S values predominate in the lithospheric mantle
globally. Melts with positive d34S values can be gener-
ated from mantle peridotites with larger degrees of
depletion and/or from rocks metasomatised by subduc-
tion-related fluids (Harmon and Hoefs 1986; Harmon
et al. 1987; Chaussidon et al. 1987). In a study of mag-
matic-hydrothermal gold deposits related to granitoids,
Ishihara and Sasaki (2002) and Ishihara and Murakami
(2004) observed that sulphides in back-arc granitoids
had relatively high d34S values (0 to +10&). They
proposed that the ore sulphur from these deposits had a
deep, possibly upper mantle source, as a consequence of
addition of seawater sulphate through subduction pro-
cesses.

Overall, other than a continental mantle source, the
only other likely source of sulphur for the sulphides in
the Sams Creek mineralisation is the marine carbonates
of Arthur Marble formation. However, we suggest that
the latter possibility is unlikely, because oxygen and
carbon isotope data of quartz and siderite in the veins
are incompatible with a marine carbonate source. In
addition, the source of the sulphur in the Arthur Marble
carbonates may be hydrothermal. A mantle source for
the sulphur from the Sams Creek Au deposit is consis-
tent with other isotope evidence that some of the com-
ponents associated with the granite and the
hydrothermal fluids had a mantle or mantle-derived
crustal source.

Comparison of Sams Creek with orogenic
and intrusion-related Au-deposits

Similarities of Sams Creek with orogenic lode gold
deposits include the low sulphidation state of the ore
mineral assemblage (arsenopyrite and pyrite), carbonate
alteration and carbonic fluid inclusions. However, there
are also significant differences such as the high-sulphide
content, significant amounts of galena, sphalerite and
chalcopyrite, lack of scheelite or stibnite, early magne-
tite-siderite±biotite alteration, and the relatively saline
(up to 7.6 wt% NaCl equiv) fluid composition at Sams
Creek. Additional differences from orogenic gold
deposits are the stockwork-type veining and absence of
mineralisation in the metapelite country rocks. Windle
and Craw (1991) proposed that the Sams Creek deposit
was of the ‘‘slate belt’’ (orogenic gold type) and con-
tended that the mineralisation was confined to the
granite because of its distinctive Fe3+-rich composition.
It is conceivable that the mineralisation could be syn-
tectonic, but the lack of any through-going structural
control on the veins and the gross relationship of the
mineralisation and alteration to the granite host rock are

Fig. 12 Stacked histogram of d34S values obtained from sulphides
in veins within the Sams Creek granite and values of pyrite sampled
from the Wangapeka Formation, Arthur Marble and Devil River
Volcanics Group (bin size 0.5&)
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inconsistent with a syntectonic origin. The only known
orogenic gold–quartz lodes in the region (Golden
Blocks) are hosted in Ordovician metagreywackes and
slates of the Buller Terrane Fig. 1.

The lack of definitive ages for the host granite por-
phyry and the mineralisation means that a conclusive
genetic relationship between the granite and the alter-
ation/mineralisation remains to be determined. Never-
theless, the Sams Creek gold deposit shows similarities
with granite-related gold deposits of both the gold-rich
porphyry-type deposits (Sillitoe 2000) and those related
to ‘‘reduced’’ granitic intrusions (e.g. Thompson and
Newberry 2000; Rowins 2000; Lang and Baker 2001).
The stockwork-style sulphide–quartz veins and the
presence of an early magnetite-bearing hydrothermal
alteration assemblage are a feature of many gold-rich
porphyry deposits. However, the high-SiO2 and peral-
kaline composition of the Sams Creek granite, and the
absence of molybdenite and paucity of chalcopyrite, are
major points of difference. The presence of sericite–
carbonate alteration and CO2-rich fluid inclusions are
typical of many of the ‘‘reduced’’ granitic intrusions
types. However, some notable differences between the
Sams Creek granite and the ‘‘reduced’’ granitic intru-
sions type are: (a) the Sams Creek granite is peralkaline
whereas the reduced type are generally metaluminous
and calc-alkaline and rarely alkaline; and (b) the Sams
Creek deposit has high As only, and lacks the elevated
Bi, W, Mo, Te, and/or Sb of the ‘‘reduced’’ type.

An association of gold-rich deposits with alkaline
magmatism has also been recognised (e.g. Müller and
Groves 1993; Richards 1995; Jensen and Barton 2000).
The Sams Creek deposit shows some affinities with this
group, although within this group granites with high
SiO2 are typically associated with Mo–Au mineralisation
rather than the As–Au±Pb–Zn mineralisation found at
Sams Creek. No direct link can be made between the
mineralisation and the lamprophyre at Sams Creek,
except that it is a host rock. However, the close spatial
relationship of the granite and lamprophyre dykes may
be a manifestation of a similar geological setting, asso-
ciated with an influx of mantle-derived magma, or heat
that resulted in partial melts which were intruded into
the Takaka Terrane (cf. Windle 1989;Wyman and Ker-
rich 1988, 1989).

As noted in many reviews, gold deposits associated
with granitoids are a diverse group and the Sams Creek
deposit, while showing some features of the various
groups, appears to be a variant within this spectrum, as
an As–Au deposit associated with a peralkaline granite
(Brathwaite and Faure 2004).

Summary and conclusions

The Sams Creek granite, a peralkaline porphyry dyke
�40 m thick and about 7 km in length, intrudes Ordo-
vician-Silurian metapelites, quartzites and marble. The
granite also intrudes a lamprophyre (camptonite) which

occurs as xenoliths in the granite and as thin dykes (0.2–
3 m thick) between the granite and the metasedimentary
rocks. Sulphide-gold-quartz-siderite veins and associ-
ated hydrothermal alteration are confined to the Sams
Creek granite and to a lesser extent the lamprophyre.
The metasedimentary rocks have undergone three pha-
ses of folding and the granite and lamprophyre dykes
have been deformed and disrupted by the last two stages
of folding. The age of the first phase of folding is middle
Devonian, but the timing of the second phase (F2) is
uncertain. The third phase (F3) is probably Early Cre-
taceous in age. The granite, lamprophyre, and sulphide–
gold–quartz–siderite veins have been deformed and
partially recrystallised.

d18Omagma values (+5 to +8&) for the granite, cal-
culated from quartz and amphibole phenocrysts, indi-
cate a mantle, or reworked mantle-derived crustal
source, which is consistent with the A-type granite
classification of Tulloch (1992) based on major and trace
element whole-rock geochemistry. Feldspar phenocrysts
in the Sams Creek granite are generally not in oxygen
isotope equilibrium with the quartz and reflect alteration
by relatively 18O-enriched fluids, such as deuteric fluids
or fluids that have equilibrated with isotopically heavy
country rocks at elevated temperatures (>500�C), or
more likely, due to isotope exchange with isotopically
light meteoric water at temperatures lower than 300�C.

Three stages of hydrothermal alteration and miner-
alisation have been identified in the granite. Stage I is
characterised by high fO2 magnetite–siderite±biotite,
Stage II by thin quartz–pyrite veinlets, and Stage III by
low fO2 sulphide, quartz and siderite veins, and perva-
sive silicification, represented by quartz–perthite–albite–
rutile±pyrite–siderite–sericite assemblages. The main
stage of ore mineralisation is Stage III sulphide veins
comprising arsenopyrite + pyrite ± galena ± sphalerite
± gold ± electrum ± chalcopyrite ± pyrrhotite ±
rutile ± graphite deposited by H2S-bearing, relatively
saline, carbonic fluids. Deformation has resulted in
partial fracturing and recrystallisation of vein quartz
and sulphide minerals. Rare early-formed fluid inclu-
sions are preserved in unrecrystallised quartz that was
shielded by arsenopyrite and comprise carbonic two- or
three-phase (liquid CO2-CH4 + liquid H2O ± CO2

vapour) inclusions, or two-phase liquid-rich aqueous
inclusions. Final homogenisation temperatures (Th) of
the carbonic inclusions indicate minimum trapping
temperatures of 320 to 355�C. Quartz-albite stable iso-
tope thermometry indicates temperatures of formation
of 340 to 380�C, which are consistent with the fluid
inclusion data. Mineralising fluids have calculated
d18Owater values (from vein quartz and siderite) of about
+8& (Stage II) and +10& (Stage III), calculated
d13CCO2

values of about �5& (from siderite) and
d34SH2S values of about +5& (Stage II) and +8&
(Stage III). A lack of definitive dating results means that
a time correlation between granite emplacement and the
alteration/mineralisation has not been definitely estab-
lished. However, the close spatial relationship of the

820



granite and lamprophyre dykes and the mineralisation
suggests that the hydrothermal fluids were sourced from
crystallisation of the granite magma or an associated
underlying magma chamber. Other potential sources for
the hydrothermal fluids, such as metamorphic devola-
tilisation of the adjacent metapelites and the underlying
Arthur Marble marine carbonates are not likely, al-
though deeper sources cannot categorically be excluded.
An overall view of the data, including the style of
veining and the sulphide mineralogy, suggests that a
magmatic source is more likely.

If this interpretation is correct, then Sams Creek ap-
pears to be a hybrid between intrusion-related gold
deposits described as reduced granite Au–Bi deposits
and alkaline Au–Mo–Cu intrusive hosted deposits.
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Sample no. Site Rock description NZMG
East

NZMG
North

RL (m) Azimuth
true N

Dip EOH
(m)

Bore hole samples
SC1 3.07 Sams Creek, Main Zone Quartz vein in granite 8973 1575 562.00 121 �45.0 84.10
SC1 3.07 Sams Creek, Main Zone Quartz vein in granite 8973 1575 562.00 121 �45.0 84.10
SC4 221.3 Sams Creek, Main Zone Arsenopyrite-pyrite

veinlets in silicified
microgranite

9030 1616 556.60 66 �45.0 19.50

SC4 228.25 Sams Creek, Main Zone Contact metapelite/
carbonate-chlorite
altered lamprophyre

9030 1616 556.60 66 �45.0 19.50

SC15 18.1 Sams Creek, Main Zone Quartz vein in granite 8986 1593 461.42 331 �45.0 27.40
SC15 21.7 Sams Creek, Main Zone Quartz vein in granite 8986 1593 461.42 331 �45.0 27.40
SC16 123.25 Sams Creek, Main Zone Sulphide vein in granite 9008 1614 245.44 331 �55.0 213.75
SC16 4.65 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 331 �55.0 213.75
SC16 9.9 Sams Creek, Main Zone Quartz-sulfide veins

in silicified microgranite
9012 1614 245.44 331 �55.0 213.75

SC16A 15.0 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 311 �45.0 32.90
SC16A 20.9 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 311 �45.0 32.90
SC16A 26.18 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 311 �45.0 32.90
SC17A 10.2 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 331 �70.0 28.90
SC18 13.55 Sams Creek, Main Zone Quartz-sulfide veins

in silicified microgranite
9004 1605 315.00 321 �60.0 62.40

SC19 226.8 Sams Creek, Main Zone Carbonate-quartz vein in granite 9009 1607 288.87 331 �45.0 230.00
SC25 137.75 Sams Creek, Main Zone Porphyry granite 8992 1598 398.00 331 �47.5 250.00
SC25 138.0 Sams Creek, Main Zone Carbonate-quartz vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 144.2 Sams Creek, Main Zone Carbonate-quartz vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 147.0 Sams Creek, Main Zone Quartz vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 151.7 Sams Creek, Main Zone Carbonate-quartz vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 159.1 Sams Creek, Main Zone Carbonate-sulphide vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 171.0 Sams Creek, Main Zone Carbonate vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 171.1 Sams Creek, Main Zone Quartz vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 174.8 Sams Creek, Main Zone Sulphide vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 176.0 Sams Creek, Main Zone Carbonate vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 176.4 Sams Creek, Main Zone Carbonate vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 177.65 Sams Creek, Main Zone Sulphide vein in granite 8992 1598 398.00 331 �47.5 250.00
SC25 203.1 Sams Creek, Main Zone Quartz-sulfide veins in silicified

microgranite
8992 1598 398.00 331 �47.5 250.00

SC25 203.5 Sams Creek, Main Zone Quartz-sulfide veins in silicified
microgranite

8992 1598 398.00 331 �47.5 250.00

SC25 218.5 Sams Creek, Main Zone Phyllite 8992 1598 398.00 331 �47.5 250.00
SC26 101.1 Sams Creek, Main Zone Sulphide vein in granite 9008 1598 231.53 - �90.0 200.20
SC26 121.8 Sams Creek, Main Zone Sulphide vein in granite 9008 1614 232.53 - �90.0 200.20
SC29 29.8 Sams Creek, Main Zone Quartz-sulfide veins in silicified

microgranite
8788 1677 811.00 241 �45.0 121.10

SC29 30.7 Sams Creek, Riordans Porphyry granite 8788 1677 811.00 241 �45.0 121.10
SC29 41.3 Sams Creek, Riordans Quartz-sulfide veins in microgranite 8788 1677 811.00 241 �45.0 121.10
SC29 45.8 Sams Creek, Riordans Quartz-sulfide veins in microgranite 8788 1677 811.00 241 �45.0 121.10
SC29 46.1 Sams Creek, Riordans Quartz-sulfide veins in microgranite 8788 1677 811.00 241 �45.0 121.10
SC29 56.5 Sams Creek, Riordans Quartz-sulfide veins in microgranite 8788 1677 811.00 241 �45.0 121.10
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Sample no. Site Rock description NZMG
East

NZMG
North

RL (m) Azimuth
true N

Dip EOH
(m)

SC29 61.8 Sams Creek, Riordans Cataclasite at metasediment/
microgranite contact

8788 1677 811.00 241 �45.0 121.10

SC29 118.3 Sams Creek, Riordans Quartz vein in metapelite 8788 1677 811.00 241 �45.0 121.10
SC29 120.5 Sams Creek, Riordans Quartz-carbonate vein in metapelite 8788 1677 811.00 241 �45.0 121.10
SC29 120.9 Sams Creek, Riordans Metapelite 8788 1677 811.00 241 �45.0 121.10
SC32 16.8 Sams Creek, SE Traverse Quartz-sulfide veins in microgranite 8947 1529 505.00 151 �45.0 91.20
SC36 10.7 Sams Creek, Main Zone Sulphide vein in granite 9012 1614 245.44 151 �45.0 203.00
SC36 26.2 Sams Creek, Main Zone Porphyry granite 9012 1614 245.44 151 �45.0 203.00
SC37 94.3 Sams Creek, Doyles Quartz-sulfide veins in sericite-altered

microgranite
8893 1564 740.00 151 �65.0 142.80

SC37 94.4 Sams Creek, Doyles Quartz-sulfide veins in sericite-altered
microgranite

8893 1564 740.00 151 �65.0 142.80

SC37 95.5 Sams Creek, Doyles Quartz-sulfide veins in sericite-altered
microgranite

8893 1564 740.00 151 �65.0 142.80

SC37 88.5 Sams Creek, Doyles Microgranite, sericite altered 8893 1564 740.00 151 �65.0 142.80
SC37 102.6 Sams Creek, Doyles Porphyry granite 8893 1564 740.00 151 �65.0 142.80
SC37 104.0 Sams Creek, Doyles Quartz-sulfide veins in sericite-altered

microgranite
8893 1564 740.00 151 �65.0 142.80

SC37 108.6 Sams Creek, Doyles Silicified microgranite 8893 1564 740.00 151 �65.0 142.80
SC38 7.3 Sams Creek, Doyles Quartz-carbonate-sulfide veins in

sericite-altered microgranite
8880 1562 735.00 201 �65.0 115.20

SC38 7.6 Sams Creek, Doyles Quartz-sulfide veins in sericite-altered
microgranite

8880 1562 735.00 201 �65.0 115.20

SC38 4.6 Sams Creek, Doyles Microgranite, sericite altered 8880 1562 735.00 201 �65.0 115.20
SC38 17.5 Sams Creek, Doyles Microgranite with disseminated carbonate 8880 1562 735.00 201 �65.0 115.20
SC39 29.6 Sams Creek, Main Zone Quartz-sulfide veins in altered microgranite 8841 1608 787.00 241 �65.0 219.00
SC39 31.1 Sams Creek, Main Zone Quartz-sulfide veins in altered microgranite 8841 1608 787.00 241 �65.0 219.00
SC39 39.2 Sams Creek, Western

Outcrops
Porphyry granite 8841 1608 787.00 241 �65.0 219.00

SC39 47.0 Sams Creek, Main Zone Quartz-sulfide veins in sericite-altered
microgranite

8841 1608 787.00 241 �65.0 219.00

SC39 50.3 Sams Creek, Main Zone Porphyry granite 8841 1608 787.00 241 �65.0 219.00
SC39 52.5 Sams Creek, Main Zone Quartz-sulfide veins in silicified

microgranite
8841 1608 787.00 241 �65.0 219.00

SC39 54.7 Sams Creek, Main Zone Quartz-carbonate veins in silicified
microgranite

8841 1608 787.00 241 �65.0 219.00

SC40 95.9 Sams Creek, Main Zone Quartz-chlorite-carbonate vein
in metasandstone

9030 1616 327.00 241 �65.0 195.80

SC40 104.0 Sams Creek, Main Zone Quartz-carbonate vein in metasandstone 9030 1616 327.00 241 �65.0 195.80
SC40 105.5 Sams Creek, Main Zone Quartz vein in metasandstone 9030 1616 327.00 241 �65.0 195.80
SC40 108.9 Sams Creek, Main Zone Metasandstone with metapelite beds 9030 1616 327.00 241 �65.0 195.80
SC40 109.3 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 9030 1616 327.00 241 �65.0 195.80
SC40 109.6 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 9030 1616 327.00 241 �65.0 195.80
SC40 109.8 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 9030 1616 327.00 241 �65.0 195.80
SC40 111.2 Sams Creek, Main Zone Hornfels/microgranite contact 9030 1616 327.00 241 �65.0 195.80
SC40 113.55 Sams Creek, Main Zone Magnetite altered microgranite 9030 1616 327.00 241 �65.0 195.80
SC40 115.45 Sams Creek, Main Zone Porphyry granite 9030 1616 327.00 241 �65.0 195.80
SC40 117.0 Sams Creek, Main Zone Sulfide veins in silicified microgranite 9030 1616 327.00 241 �65.0 195.80
SC40 121.6 Sams Creek, Main Zone Carbonate-quartz vein in granite 9030 1616 327.00 241 �65.0 195.80
SC40 121.7 Sams Creek, Main Zone Quartz vein in granite 9030 1616 327.00 241 �65.0 195.80
SC40 122.3 Sams Creek, Main Zone Metapelite contact with carbonate

altered lamprophyre
9030 1616 327.00 241 �65.0 195.80

SC40 138.2 Sams Creek, Main Zone Quartz vein in granite 9030 1616 327.00 241 �65.0 195.80
SC40 139.0 Sams Creek, Main Zone Sulfide veins in silicified microgranite 9030 1616 327.00 241 �65.0 195.80
SC40 142.9 Sams Creek, Main Zone Porphyry granite 9030 1616 327.00 241 �65.0 195.80
SC40 151.6 Sams Creek, Main Zone Porphyry granite 9030 1616 327.00 241 �65.0 195.80
SC40 154.5 Sams Creek, Main Zone Carbonate-altered granite 9030 1616 327.00 241 �65.0 195.80
SC40 155.0 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 9030 1616 327.00 241 �65.0 195.80
SC42 195.5 Sams Creek, Anvil Silicified microgranite with sulfide

and carbonate blebs
9051 1611 220.00 310 �50.0 288.00

SC42 186.4 Sams Creek, Anvil Sulfide veins in silicified microgranite 9051 1611 220.00 310 �50.0 288.00
SC42 199.5 Sams Creek, Anvil Quartz veins in magnetite-altered

microgranite
9051 1611 220.00 310 �50.0 288.00

SC42 209.9 Sams Creek, Anvil Sulfide veins in silicified microgranite 9051 1611 220.00 310 �50.0 288.00
SC42 210.3 Sams Creek, Anvil Sulfide veins in silicified microgranite 9051 1611 220.00 310 �50.0 288.00
SC42 216.7 Sams Creek, Anvil Quartz veins in magnetite-altered

microgranite
9051 1611 220.00 310 �50.0 288.00

SC42 222.6 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00
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SC42 223.1 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00

SC42 229.2 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00

SC42 237.7 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00

SC42 246.8 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00

SC42 251.1 Sams Creek, Anvil Silicified microgranite with sulfide
and carbonate blebs

9051 1611 220.00 310 �50.0 288.00

SC42 256.4 Sams Creek, Anvil Sulfide veins in silicified microgranite 9051 1611 220.00 310 �50.0 288.00
SC42 258.4 Sams Creek, Anvil Silicified microgranite with sulfide

and carbonate blebs
9051 1611 220.00 310 �50.0 288.00

SC42 285.7 Sams Creek, Anvil Carbonate-chlorite-sericite altered
lamprophyre

9051 1611 220.00 310 �50.0 288.00

SC43 12.0 Sams Creek, Main Zone Pyritic metapelite 8982 1590 461.00 344 �57.0 129.40
SC43 61.5 Sams Creek, Main Zone Carbonate veins in silicified microgranite 8982 1590 461.00 344 �57.0 129.40
SC43 46.0 Sams Creek, Main Zone Silicified microgranite 8982 1590 461.00 344 �57.0 129.40
SC43 62.1 Sams Creek, Main Zone Magnetite altered microgranite 8982 1590 461.00 344 �57.0 129.40
SC43 73.8 Sams Creek, Main Zone Quartz-carbonate vein

in silicified microgranite
8982 1590 461.00 344 �57.0 129.40

SC43 96.0 Sams Creek, Main Zone Carbonate veins in silicified microgranite 8982 1590 461.00 344 �57.0 129.40
SC43 98.6 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 8982 1590 461.00 344 �57.0 129.40
SC43 113.3 Sams Creek, Main Zone Pyritic metapelite 8982 1590 461.00 344 �57.0 129.40
SC43 114.0 Sams Creek, Main Zone Pyritic metapelite 8982 1590 461.00 344 �57.0 129.40
SC43 115.9 Sams Creek, Main Zone Quartz vein in metapelite 8982 1590 461.00 344 �57.0 129.40
SC43 121.0 Sams Creek, Main Zone Pyritic metapelite 8982 1590 461.00 344 �57.0 129.40
SC44 136.5 Sams Creek, Main Zone Metapelite with bedded pyrite 9008 1622 230.00 331 �73.0 329.30
SC44 173.3 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre

with carbonate veinlets
9008 1622 230.00 331 �73.0 329.30

SC44 174.2 Sams Creek, Main Zone Silicified microgranite with sulphide
and carbonate veinlets

9008 1622 230.00 331 �73.0 329.30

SC44 179.3 Sams Creek, Main Zone Carbonate-chlorite altered lamprophyre 9008 1622 230.00 331 �73.0 329.30
SC44 184.6 Sams Creek, Main Zone Silicified microgranite with sulphide

and carbonate veinlets
9008 1622 230.00 331 �73.0 329.30

SC44 186.9 Sams Creek, Main Zone Silicified microgranite with sulphide
and carbonate veinlets

9008 1622 230.00 331 �73.0 329.30

SC44 195.7 Sams Creek, Main Zone Silicified microgranite with sulphide
and carbonate veinlets

9008 1622 230.00 331 �73.0 329.30

SC44 197.7 Sams Creek, Main Zone Sericite-carbonate altered microgranite
with quartz and sulphide veinlets

9008 1622 230.00 331 �73.0 329.30

SC44 226.3 Sams Creek, Main Zone Arsenopyrite vein in silicified
microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 234.0 Sams Creek, Main Zone Arsenopyrite-pyrite veinlets
in silicified microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 246.8 Sams Creek, Main Zone Arsenopyrite vein with fringe of black
?sulphide in silicified microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 251.6 Sams Creek, Main Zone Arsenopyrite-pyrite veinlets
in silicified microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 276.0 Sams Creek, Main Zone Arsenopyrite-pyrite veinlets
in silicified microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 276.2 Sams Creek, Main Zone carbonate + feldspar vein
in silicfied microgranite

9008 1622 230.00 331 �73.0 329.30

SC44 318.2 Sams Creek, Main Zone Cemented fault breccia with clasts
of lamprophyre and metapelite

9008 1622 230.00 331 �73.0 329.30

SC44 327.0 Sams Creek, Main Zone Metapelite with disseminated pyrite 9008 1622 230.00 331 �73.0 329.30
SC45 54.2 Sams Creek, Main Zone Metasandstone with carbonate

alteration
9008 1622 231.00 91 �60.0 148.85

SC45 63.8 Sams Creek, Main Zone Carbonate-chlorite-sericite
altered lamprophyre

9008 1622 231.00 91 �60.0 148.85

SC45 65.2 Sams Creek, Main Zone Carbonate-chlorite altered
lamprophyre

9008 1622 231.00 91 �60.0 148.85

SC45 67.3 Sams Creek, Main Zone Carbonate veinlets in silicified
microgranite

9008 1622 231.00 91 �60.0 148.85

SC45 69.7 Sams Creek, Main Zone Arsenopyrite vein cut by pyrite veinlets
in silicified microgranite

9008 1622 231.00 91 �60.0 148.85

SC45 72.6 Sams Creek, Main Zone Sericite-quartz alteration replacing
magnetite alteration

9008 1622 231.00 91 �60.0 148.85
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Locality indicated
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Locality indicated
on Figure 1
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