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altered andesites of Mid to Late Miocene age host
mineralization in the epithermal Au-Ag deposit at Waihi.

quartz veins form a complcx braided system within an
extensionalfracturezone. Several vein-fillingeventsoccurred, the
main ore stage is seen ascombtocryptocrystallinegrey with a
minor sulphideassemblage of sphalerite, galena, and
chalcopyrite. Hydrothermal alteration is dominated by quartz +
adularia + illite +chlorite + pyrite enveloping the veins and grades
outwards into a chlorite+calcite+ +pyrite assemblage. A
distinct zoning of clay minerals is observed around quartz veins
which correlates with increasing temperaturestowards fluid conduits
(veins). Steep thermal gradientsare indicated by the observed clay
mineralogy; such gradients infer alteration at shallow levels.
Adulariapresent in the silicified zone and as a indicates high
permeability around veining intervals. The abundance of adularia
declines sharply into the host andesite, suggesting the
paleohydrology was controlled and enhanced by structures such as
faults and joints. The Occurrenceof lattice-texturedcalcite and vein
adularia indicates that boiling conditions existed. Geochemical
results show that with increasing intensity of alteration, silica and
potassium were added, while sodium,calcium, and magnesium were
lost. Arsenic and antimony increases towards veins suggests these
elements may be used as pathfinders to further mineralization at
Waihi. The alterationassemblageand geochemical apparentat
Waihi are similar to those in active geothermal systems. This is
characteristicof low-sulphidation,adularia-sencitetypedeposits.

The Waihi vein system (Fig. 1) is a world-classepithermal Au-Ag
deposit. It was the principalproducer of gold and silverbullion in the
Hauraki Goldfield, a majormetallogeniczonewithin theNorth Island
ofNew Zealand.

Past production from Waihi vielded 1100tonnes of
Ag bullion ratio from 10.9 tonnes of ore,mostly
recoveredfrom workings. Renewed explorationin the
early 1980s led to reopening of the mine in 1988 as an opencut
mining operation with an estimated resource of 10million at
2.6 Au equivalent (Waihi Gold Co., 1985)

Detailed accounts of the geology and early mining history are
outlined in N.Z.Geological Survey Bulletins (Bell andFraser,1912;
Morgan, a history of the Hauraki gold mines by Downey

and in an excellent accountof the history of mining at Waihi
by (1978). More work documents the renewed interest
in the Coromandel Skinner, 1986; Brathwaite, 1980;
Brathwaite et al, 1989)and includes a series of theses and related
papers (see Clarke et al, and exploration reports.

The area covered by this study ,currently being explored by Cyprus
Gold Ltd.,is ground directly east and north of the opencut
mine. This study preliminary results of thin-section,X-ray
powder diffraction and geochemicalanalysisof than 50
core samples obtained from 8 diamond drillholes, and forms the
basis of an research project by the senior author.

The containsabout 50 distinctgold-silver deposits
within a km long zone extendingfrom Island in the
north to Te Puke in the south (Fig. These are associated with
Miocene to Pliocene volcanic rocks which cover much of the
Commandel Peninsula.

Black-faultedJurassic greywackesand argillites Hill Group)
form the basement rocks to the Coromandel, but are exposed only in
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Figure Map showing the dismbution of rock types and principal
structural features of Coromandel Volcanic Zone (CVZ).
Coromandel Grouprocks are mid to late Miocene, and the basement
is (after Skinner, 1986).

the northern part of the peninsula. Unwnformablyoverlying these
rocks are a thick sequence of volcanic and locally units
formingthe coromandel Group (Skinner, 1976). The compositionof
the Coromandel Group volcanics ranges from basaltic andesite to

hypersthene and andesite lava flows,
breccias, and tuffs are the dominantrock types. The andesites
act as the host toveining in the Waihi area (Fig. 2). Overlying,and in
part overlapping with Coromandel Group andesites, are rhyolitic
rocks of the Whitianga Group, formed as effusive domes and
fragmental silicicrocks associated with the formationof calderas.

Regional fault patterns in the Coromandel Volcanic Zone (CVZ) are
dominated by NNW and NE trending block faults inherited from,
and controlled by pre-existing faults in the underlying Jurassic
greywackes (Skinner, 1986). The peninsula is bounded to the west
by the Hauraki Rift, by a thick pile of Pleistocene to Recent
sediments(Hochstein, 1986).
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Basement greywackesdo not crop out in nor are they exposed
in the deepestmine workings m below present ground surface).
Thus theMid to Late MioceneCoromandelGroup andesites the
oldest rocks in the area and occur as prominent inliers (Fig. 2)
hosting vein systems of Martha,Union, and GladstoneHills.

Theseandesites uniformly textured porphyritic flows intercalated
with tuffs, laminated carbonaceousmudstones, and siltstoneswhich
dip about to the southeast. Such sediments are interpreted as
being the deposits from ephemeral lakes present during periods of
volcanicquiescence.

Black Hill dacite (Fig. 2) overliesaltered
Group pyroxene andesite; the underlying contact is a

fossil weathering surface marked by alluvial clays (Brathwaiteand
McKay, 1989).

OverlyingBlackHillDacite and blanketing Grouprocks
are PliocenetoEarly Quaternaryrhyolitic ignimbrites
Ignimbrite; Fig. 2) which form two distinct units; a lower
(pumiceous) lenticulite and an overlying fine-grained welded

Late Quaternary rhyolitic ashes locally underlain by alluvial and
andesiteboulder gravels blanket the region to depth of 1-2m

et al, 1986).

Primary structures at Waihi are limited to bedding. The andesites
hosting the hydrothermal veins are mostly massive, with
only a few tuffand carbonaceous siltstone beds, dipping variably to
the southeast. (1915) reports the occurrence of

surfaces)between successive flows but these are rather
rare. Thesebeds appear to have little influencein the vein

Joints observed in the CoromandelGroup andesitesof
the Waihi district. (1915) describedjoint sets ranging from
10 cm to 1 thickness, with the intensity of jointing increasing
towards veins and faults, subparallel sheeted zones. The
Orientation of thesejoints is consistent with veining, indicatingthey
acted as channels along which hydrothermal fluids flowed, resulting
in veinsfillingjoint sets.
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Faults which bound the area trend NNE and 2), and
conform to regional trends. A number of faults are reported in
underground workings (Morgan, although these appear to
predate mineralization as no significant vein offset was noted.
Abundant slickenside surfaces were seen in drillcore, in
the hanging wall of the Martha Lode. These resultfrom the
strong contrast in shear strengthbetween the clay-altered
rocks and the silicified and intensely veined units. As a last event,
thin carbonateveins transect the striae and Winter, 1989).

Veining at Waihi occurs as an extensivebraided system (Fig. 2) over
a maximum strike length of 1600 m (Martha Lode) and an overall
width of 500 m. Four major lodesare recognized,the Martha Lode to
the north which dipping to the southeast,and the
Welcome, Empire, and RoyalLodes to the south smke subparallel,
but dip into, the Martha Lode. Outcropof the veining is confined to
the immediatepit area while the vein system as a whole plunges to
the east beneath a thick ignimbrite cover (Fig. 2).

Sibson (1987) interpreted the relationship of the vein and fault
orientations in proposing an extensional fault jog model

slipfaultscaused extensionalruptureand openingof an
en echelon linkage. However, it has been shown (Gadsby et al,
1990) that vein orientations are controlled by strain patterns,
resulting in both horizontal and steeply plungingvein

Vein material was examined in order to determine a paragenetic
sequence of mineralization. Local complexities and the lack of
continuous detailed exposure precludes a definitive sequence;
however, a generalized succession (cf. Bell and Fraser, 1912;
Christie, 1982) consists of wallrock chloritisation and
silicification. ii) bulk by quartz, locally with calcite
accompanied by small scale clay veinlets. comb quartz fine

grey quartz locally with coarsesulphidedeposition.
iv) clear hairline quartz, amethystine with milky
calcite.

Vein textures are numerous, rangingfrom simpledilational veining
resulting in to and of pre-
existing vein material or wallrock. Lattice-texturedcalcite, locally

by quartz or with delicate euhedral quartz crystals
coatingsare within the system.

FIGURE 2: Map showing distribution of surface rock types and structural features

in the Waihi area. projected to the surface (after Brathwaite et 1986).
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The major gangue minerals infilling veins are quartz, adularia, and
calcite. The main sulphide mineral present is ubiquitous pyrite.
Lesser amounts of sphalerite (Fe content 2.7 3.2%by microprobe
analysis), galena, and chalcopyrite, with trace amounts of marcasite
and arsenopyritealso occur. Gold is present (Brathwaite and McKay,

1989) as electrum, typically fine-grained (1-80 as free in
quartz veins and as inclusions in pyrite, sphalerite, and galena. In
this study gold has also been detected by microprobe analysis as
submicroscopic inclusions in pyrite. Acanthite is associated with
pyrite and galena and is selenium bearing (Christie, 1932).

In wallrock, veining becomes increasingly common with increased
intensity of alteration. Outside major vein intervals (defined as those
intervals veining),veins are most abundant within the quartz-
adularia zone (see below), with stringersoff the principal veins up to
5 cm aperture. Vein fill is dominated by quartz lesser pyrite,
adularia, calcite, and rare chlorite. In the interlayered clay zone the
degree of veining is proportional to the rank of alteration. The
rank smectitesubzone is generally only weakly veined in contrast to
the strong presence of veins in the illitic style of alteration. Wider
veins (up to 3 aperture) within thisalteration zone aredominated
by vuggy quartzand later carbonate, with or withoutchlorite.Within
the least altered chloritic zone veining is only weakly developedand
consists predominantly of discontinous hairline chlorite veins. In

wider veins (up to 2.5 mm aperture) there is a filling
sequenceof chlorite - opaques - calcite - quartz.

The primary mineralogy consists of plagioclase, quartz,hypersthene,
and augite. Plagioclase (labradorite-andesine) is the dominant
mineral, occurring as euhedral phenocrysts 2-3 mm in size, and
commonly displayingoscillatory and primary melt inclusion zoning.
Rare quartzphenocrystsup to4mm in size occur and are everywhere
embayed. Pyroxenes (hyperstheneand augite) occur as euhedral to
subhedral phenocrysts up to 2 mm in size and show

textures. Accessory minerals include apatite and
magnetite.

The groundmass is hyalopilitic, with flow-banded microlaths of
plagioclaseand of mafic mineralspresent.

Alteration Mineral-

Four distinct types of alteration are identified at Waihi based on
observed mineralogy; (1) chloritic, (2) interlayered clay, (3) quartz-
adularia, and (4) kaolinitic. The downholedismbutionof alteration
minerals observed in thin section and through interpretationof X-ray
powder diffraction traces are shown in Figs. 3 and 4.The
hydrothermalminerals that replace primary phases are summarized
Table

Chloritic('Least Altered)

Chloritic-alteredrocks are the least altered in the Waihi vein system.
They occur as isolated pods and at stratigraphically higher levels

the drillcore sequences (Figs. 3 and 4); their mineralogy
approaches that of fresh rock (Table 1). The groundmass is mostly
altered to a brown smectitic clay, with crystallites of magnetite
altering to pyrite and rarely titanite. Hypersthene is moderately to
intensely altered to chlorite + opaques (most commonly pyrite).
augite is everywhere less intensely altered than hypersthene, its
alteration generally limited to chlorite and opaques along rims and
fractures.

InterlaveredClavType

This type of alteration is extensive in drillcores (Figs. 3 and
forming a wide belt surroundingmore intense alterationand
outwards into chloritic-alteredrock.Three are recognised
on the basis of their being dominated by smectite, chlorite, or illite
respectively(largelydetermined by X-ray diffractiontechniques). In
detail, the extent of interlayering (based on criteria outlined in
Brindley and Brown, 1980)and the compositionof the claysdisplay
a distinct zonation around veining intervals, with the general
succession (with increasing intensityof alteration) being smectite to

to interstratified illite (with smectiteor chlorite) to
illite. This is clearly seen in Figs. 3 and 4. The degree of
interlayering is variableand is directlyproportional to the intensity of
alteration. In the interstratified illite subzone, interlayering between
smectiteand illitevaries from illite to above illite moving
towards more intensely altered intervals. Chlorite is ubiquitous
throughout.

Plagioclasephenocrysts areweakly to completelyalteratedto adularia
calcite + illite + quartz, while mafic minerals are completely

replaced by chlorite+calcite+opaques +quartz,or are destroyed.

reflectance measurementson carbonaceoussamples the
smectite subzone (pers. comm. P 1990) range from
0.5 indicating maximum temperaturesof 140-160°Cassuming
no significant burial took place (Teichmuller, 1987).

Adularia

This intense alteration envelopes veins and extends to a maximum
distance of 30-40 m from veins. quartz, and accessory
apatite, where present, are the only survivingprimary phases (Table

Plagioclase is completely altered to adularia + illite + quartz,
calcite, while ferromagnesian minerals are destroyed. Adularia is a
common groundmass and vein-fill phase in this alteration type.
Within the groundmass it is seen as small rhombs (usually

mm in size) which show variations in optical characteristics
within a single grain sector twinning). Vein adularia tends be
larger, with grains of up to 2 mm diameter. Intense silicification,
seen as mosaic quartz within the groundmass, and pyrite are
ubiquitous featuresof this alterationtype.
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Figure 3. Spindle diagram for drillhole showing the
downhole distribution of hydrothermal rninerlas present in cores.
Veining intervalsare considered those where veining exceeds 25%.

Kaolinite is noted within the hanging wall shear zone of the Martha
Lode and at structurally higher levels in drillcores. Mineralogical
characterisation is difficult due to their broken, puggy character.
Generally they appear to be dominated by a clay-rich, subopaque
groundmasswith abundant, fine-grainedpyrite and lesser secondary
quartz.

Oxidation is a common feature in the upper levels at Waihi. Lodes
and shear zones provided channels for the descent of oxygenated
meteoric waters, resulting in limoniticand manganese oxide staining
of faces to depthsof 400 m below present ground surface.

Preliminary geochemicalresults from X-ray fluorescenceand neutron
activation analysesare presented in Appendix 1.Chloritic alteration
shows little variation from the fresh rock compositionsreported by
de Ronde (1985) from Golden Cross, indicating that this style of
alteration is essentiallyisochemical.

As alteration intensifies silica and potassium increase whereas
calcium, sodium, and magnesiumdecrease.

Trace element analyses indicate that arsenic, antimony,and gold are
enriched with increasingintensity of alteration. Arsenic in particular,
becomes at low to moderate levels of alteration. Base metals
show little enrichment in wallrocks (Pb, Zn) or else are apparently
depleted Rubidium and strontium follow potassium and
calcium respectively, enrichment of rubidium and depletion of
strontium occurs with increasing alteration intensity.

Hydrothermal alteration occurs as a response to fluid-rock
interaction. The presence of some hydrothermal minerals is used in
estimating the past conditions of the hydrothermal fluid (Browne,

Temperature and the pattern of fluid circulation appear to
control the and intensity of alteration ashas been documented
a number oi active geothermal systems (Browne, 1978; Cole and
Ravinsky, 1983).

metres

I
Figure 4. Spindle diagram for drillhole See figure 3 for
legend.

occursat as a discretephase and where interlayered
with chlorite indicates temperatures of (Kristmannsdottir,
1977). interlayeringinfer temperaturesof formation on
the order of while illite indicates temperatures
(Browne, 1989). Thus estimated temperatures of formation of clay
minerals present at Waihi indicate a steep increase in temperatures
towards conduits (veins). Changes in clay species at Waihi can
occurovervemcal intervalsof 50 m, suggestingthermal gradientsof

Such steep gradientsindicate shallow levels ofalteration
and are in agreementwith shallow-levelthermal gradientsofactive
geothermal systems 400 m level, Broadlands; Simmons and
Browne, this volume). reflectance measurements (see
above) are alsoconsistent with this observed temperature zonation.

. .
Permeability

The marked zoning of these hydrothermal minerals around fluid
channels also reflects the permeability of the host rock. The
Occurrence of adularia, Iimited to intensely altered zones, closely
parallels permeable fissure channels at Broadlands, which are

characterised (Browne, 1970). The marked decrease of
adularia abundance away from major vein intervals (Figs. 3, 4)
reflects a sharp decline in the permeability of the host rock. This
clearly indicates that secondarypermeability (faulting,jointing,
dominated in the flow of hydrothermal fluids at Waihi, and the
distribution of alteration types is principally controlled by their
proximity to major veining intervals. Lattice-textured calcite and
adularia observed in veins suggest that boiling occurred in veins,
possibly during periods of repeated hydraulic fracturing. Such
textures are observed in active geothermal systems where boiling is
known to occur (Browne, 1978).

It is not known whether kaolinite is the result of a late-stageoverprint
in which acid condensatesdescended down veins and fault zones, or
is a function of the deep oxidation along permeable channels and
consequent weathering of clays.

GeochemicalZonation

Systematic variations in the major element geochemistry within
altered rock at Waihi directly reflect the observed mineralogical
zonation. Depletion of sodiumand calcium with associatedincreases
in potassium content mirror the progressive alteration of plagioclase
to adularia and illite as is commonly seen in many deposits
(eg. Clarke and Govett, 1990;Simmons and Browne, 1990).

Zonation of someoreminerals, particularly arsenic and antimony, is
well developed around major veining intervals (Appendix 1). The
lack of significant base-metal enrichment (locally there may be
depletion) in the alteration suite is suprising in view of base-metal
sulphidedeposition within the veins, but is a feature
which has been documented elsewhere in the Hauraki Goldfield
(Clarkeet al,
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Arsenic appears to the most sensitiveindicator of mineralization at
Waihi given the availahle detection limits (Appendix 1). No

low-level ppb) Au anomaly is observed, and thus As
(and to a lesser extent Sb)provides the best pathfinder to delineate
further mineralisation at Waihi; this is consistent with observed trace
element in similar epithermal systems of the Hauraki
Goldfield (Clarke et. al, and elsewhere (Silberman and
Berger, and in active geothermal systems (Ewers and Keays,
1977).

CONCLUSIONS

From studying the alteration assemblages and geochemical
the chemical nature of the hydrothermal fluids responsible for the
alterationcan be discerned.. The mineral assemblagepresent at
(quartz+adularia+ illite +chlorite+calcite +pyrite) is characteristic
of near-neutral alkali-chloride fluids of the low-sulphidation,
adularia-sericite type deposits (Hayba et al, 1985; Hedenquist,
1986).

The featuresobserved at Waihi can be comparedto thoseobservedin
active geothermal systems. Further work will be aimed at refining
and testing models previouslyproposed (eg. Hedenquist, 1986)that
highlight the similarities between active geothermal systems and
extinct geothermal (epithermal)deposits. This will provide a further
understandingof the geologicaland geochemicalprocesses to
the of this type of deposit.
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16 15
53 83
118 115

57.0 120.0

410.0 430.0 
27.0
18.0
18.0
0.8

30.0
23.0
17.0
0.9

2.9 4.1
3.1 3.4
14.0 16.0
0.3 0.3

78.0 170.0
0.9

16.7 19.4
3.0
6.3
1.6

3.5
7.2
1

650
112
n.d
1 1
4

7

83
9
93
13
46
83

16.0

770.0
20.0
28.0
10.0

2.8
2.8
11.0
0.3

170.0
1.5
14.6
2.2
5.2
1.3

in

756
46
13
20
5
19
12
210

4
89
19

104

18.0
24.0
800.0
38.0
16.0
14.0
1.0
2.9
3.4
19.0
0.4

200.0
4.3
14.2
4.8
8.1
1.9

. 277
135

8 19
11

2 6 
15

349 21
3
19 55

5
151
11

628 38
n.d 98

8.0 241.0
310.0

370.0
22.0

30.0 21.0
1.7 17.0

0.7
0.3 5.3

3.0
10.0
0.3

5.5
150.0

7.5 5.9
0.2 23.5

2.5
4.9
1.4




