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Abstract
White Island, New Zealand, is an active andesitic-dacitic volcano that is located near the southern end

of the Tonga-Kermadec-Taupo Volcanic Arc at the convergent plate boundary where the Pacific plate is
being subducted beneath the Indian-Australian plate. The plate tectonic setting, volcanic features, and
petrology of White Island are characteristic of the environment associated with formation of porphyry
copper deposits. White Island has been active for at least 10 ka and, as such, is an ideal location to study
early magmatic processes associated with formation of porphyry copper deposits. In this study, the geo-
chemistry of the magma chamber at White Island has been characterized through analyses of silicate melt
inclusions, phenocrysts, and matrix glass contained in recent ejecta (1977–1991). Most melt inclusions
in samples from the 1977, 1988, and 1989 eruptions contained only glass and occasional vapor bubbles
and/or trapped solids. The 1991 sample contained daughter minerals, suggesting a different P-T history
compared to the other samples. 

Data obtained from White Island are compared to various major, trace element, and volatile composi-
tion trends reported for both economic and noneconomic (or barren) porphyry deposits. Magmas asso-
ciated with economic porphyry copper deposits are generally peraluminous with Al2O3/(Na2O + K2O +
CaO) ratios greater than or equal to 1.3, and compositions of melt inclusions from White Island equal
or exceed this value. Glass in unhomogenized 1991 melt inclusions is corundum normative, with Si/(Si
+ Ca + Mg + Fetotal) >0.91, and K/(K + Ca + Mg + Fetotal) >0.36. Melt inclusions from White Island show
a positive Eu anomaly. All of these features are characteristic of productive systems. Trends in high field
strength elements versus Y and in Mn versus Y are more consistent with barren intrusions than with pro-
ductive plutons.

Analyses of five melt inclusions from White Island indicate Cu concentrations sufficiently high (up to
several hundred ppm) to generate an economic porphyry copper deposit, based on theoretical models.
Moreover, high Cl/H2O ratios (0.15) in melt inclusions favor the efficient extraction of copper from melt
by the magmatic aqueous phase. Mineral phases, such as pyrrhotite, biotite, or amphibole, which might
scavenge copper from the melt before it could be partitioned into the magmatic vapor phase, are absent.
Concentrations of S in the melt are low, which further inhibits pyrrhotite crystallization. The oxidation
state of the magma at depth, based on the presence of SO2 in the magmatic gas, is consistent with that
predicted for porphyry copper magmas. 

Combined geochronologic, tectonic, petrologic, and geochemical data suggest that White Island may
represent an embryonic porphyry copper system that has not yet reached the productive stages of cop-
per mineralization.
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Introduction

FOR NEARLY a century, starting with the classic work of Lind-
gren (1905) and continuing to the present (Sales, 1954;
Stringham, 1960; Titley and Beane, 1981; Lang and Titley,
1998), workers have attempted to characterize magmatic
systems associated with the formation of porphyry copper
deposits. Although much has been learned during the past
100 yr, our understanding of the earliest magmatic stage of
porphyry copper formation is still incomplete, owing to the
often wholesale destruction of early magmatic phases by
later magmatic and hydrothermal events. In this study we
have attempted to minimize the problem of later over-
printing and destruction of early magmatic phases by study-
ing an active system that may be in the embryonic stages of
porphyry copper formation.

White Island is an active andesitic-dacitic volcano located
near the southern end of the Tonga-Kermadec-Taupo Vol-
canic Arc, at the convergent plate boundary where the
Pacific plate is being subducted beneath the Indian-Aus-
tralian plate (Cole and Lewis, 1981). White Island is located
about 200 km west of the Kermadec trench, where magmas
are generated from the gently dipping subducted oceanic
plate that lies about 80 to 100 km beneath the island (Cole
and Lewis, 1981). It is now generally accepted that por-
phyry copper deposits form at convergent plate boundaries
where magmas generated from a subducting slab and/or
mantle wedge migrate upward to produce shallow silicic
plutons (Sillitoe, 1972; Sawkins, 1984). The tectonic setting
of White Island is thus similar to that associated with the
formation of porphyry copper deposits elsewhere. 

The modern magmatic-hydrothermal system at White
Island is evidenced by surface features that include high-
temperature fumaroles and acid springs. For over two
decades since 1970, these features were the sites of detailed
monitoring and fluid sampling by Werner Giggenbach,
making it one of the best studied, if not best understood,
systems in the world (Giggenbach, 1987; Giggenbach and
Sheppard, 1989; Giggenbach et al., 2003). Hedenquist et
al. (1993) and Hedenquist and Lowenstern (1994) noted
that the near-surface geochemical environment at White
Island is similar to that envisioned for the formation of
high-sulfidation Cu-Au mineralization at other locations.
Furthermore, Sillitoe (1983, 1995) reported compelling
evidence for a direct genetic link between high-sulfidation
epithermal deposits and porphyry copper mineralization in
many systems in the circum-Pacific and Alpine-Himalayan
belts, and Bodnar and Beane (1980) described enargite-
type mineralization underlain by subeconomic porphyry
copper-type mineralization at Red Mountain, Arizona.
More recently, Arribas et al. (1995) and Hedenquist et al.
(1998) documented a clear genetic link between near-sur-
face, high-sulfidation Cu-Au mineralization and deeper
porphyry-type mineralization in the Lepanto-Far Southeast
Cu-Au deposit in the Philippines. There is thus a well-
defined worldwide link between shallow epithermal enar-
gite-type mineralization and deeper porphyry copper-type
mineralization.  

At White Island, copper is currently being released into
the atmosphere at an estimated rate of 300 kg/d during
continuous degassing of the volcano (Rose et al., 1986;
Tedesco and Toutain, 1991; Le Cloarec et al., 1992). Near-
surface acid brines, produced when acid gases mix with
ground water, are depleted in copper. Giggenbach (1987)
suggested that the low copper values may be explained by
deposition of a Cu-rich mineral, such as enargite, in the
subsurface. Based on these observations, it is logical to sug-
gest that White Island represents a modern ore-forming sys-
tem in which epithermal high-sulfidation Cu-Au mineral-
ization is forming in the near-subsurface and overlies an
environment conducive to the formation of deeper por-
phyry copper-type mineralization.

Although there have been numerous geochemical and
fluid inclusion studies of porphyry copper deposits (Roed-
der and Bodnar, 1997), conditions during the early mag-
matic stage have been difficult to characterize because early
magmatic assemblages are commonly overprinted by later
magmatic and hydrothermal events (Beane and Titley,
1981; Beane, 1982; Beane and Bodnar, 1995; Student,
2002). The magmatic-hydrothermal system at White Island,
however, is still in its infancy relative to the porphyry copper
mineralization stage and thus provides an opportunity to
document the early history of a potential porphyry copper-
forming system. Moreover, melt inclusions within ejecta
provide a sample of melt that was trapped in the magma
chamber at some depth beneath White Island. As such, the
melt inclusions record the volatile and metal concentra-
tions of the silicic melt at depth, at a time (presumably)
before the major episodes of copper mineralization have
occurred. In this study, phenocrysts, silicate melt inclusions,
and matrix glass contained in ejecta from White Island
were examined. Major, trace element, and volatile concen-
trations of melt inclusions and matrix glass were deter-
mined to characterize the early magmatic system at White
Island, and these data have been compared to results from
other economic as well as barren porphyry systems.

Geologic Setting

The North Island of New Zealand (Fig. 1) is located
above an active plate boundary where the Pacific plate is
being subducted beneath the eastern margin of the Indian-
Australian plate (Isacks et al., 1968; Cole and Lewis, 1981),
producing an active zone of intermediate to deep earth-
quakes and associated volcanism (Dickinson and Hather-
ton, 1967; Hamilton and Gale, 1968). The North Island has
four compositionally distinct zones of volcanic activity,
including the Bay of Islands, Auckland, Egmont, and the
Taupo Volcanic Zone (Fig. 1). The Taupo Volcanic Zone is
located 200 to 270 km west of the Kermadec-Hikurangi
trench and extends 250 km from the central North Island
northeast to White Island (Fig. 1). Volcanoes in the Taupo
Volcanic Zone range from basaltic to rhyolitic in composi-
tion, with White Island being andesitic to dacitic in compo-
sition (Cole and Nairn, 1975).

White Island is the summit of a large submarine volcanic
massif that measures 16 by 18 km at its base, which rests on
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the sea floor at 300- to 400-m water depth. The volcano is a
700-m-high composite volcano consisting of two overlap-
ping cones, with the western part being older than the cen-
tral and eastern parts (Black, 1970). The island reaches a
height of approximately 320 m above sea level and extends
2.4 km in the east-west direction and 2 km in the north-
south direction. Erosion on wave-cut cliffs and gullies on
the outer part of the cone indicate that long periods of qui-
escence interrupted cone building episodes at White Island
(Cole and Nairn, 1975).

One of the most notable topographic features of White
Island is the breached main crater. In 1914, a collapse
occurred along a fault in the southwestern rim of the
breached crater, killing several sulfur mine workers (Cole
and Nairn, 1975). The main crater is 1.25 km long and 0.5
km wide, and consists of three subcraters: eastern, central,
and western (Fig. 1). Recent volcanic activity has occurred
in the western subcrater and in the western part of the cen-
tral subcrater (Houghton and Nairn, 1991).

Recent Volcanic Activity

White Island has been in a state of continuous fumarolic
activity, with intermittent steam and tephra eruptions, since
the first Europeans landed on the island in 1826 (Cole and
Nairn, 1975). White Island was discovered and named by
James Cook over 50 yr earlier (1769), but Cook made no
mention of volcanic activity (Clark and Cole, 1989). How-

ever, volcanic activity previous to Cook’s discovery is evi-
denced by the frequent mention of White Island in Maori
legends (Cole and Nairn, 1975). The historic activity is sim-
ilar to recent eruption patterns with crater-forming erup-
tions occurring in 1933, 1947, 1965 to 1966, 1968, 1971,
1976 to 1982, and 1986 to 1992 (Houghton and Nairn,
1991; Wood and Browne, 1996). Estimates from trace metal
enrichment of marine sediments suggest that the volcano
and its associated hydrothermal system have been active for
the past 10,000 yr (Giggenbach and Glasby, 1977).

In mid-1973 a large (approximately 106 m3) body of
basaltic andesite magma began to rise to a shallow emplace-
ment depth (0.5 km) at White Island and continued to rise
until eruptive activity started in 1976 (Clark and Cole,
1989). Intense volcanic activity continued over the next sev-
eral years, consisting of alternating strombolian and
phreatomagmatic eruptions. The volcano continuously
erupted for about 16 yr, allowing effective release of mag-
matic gases. Exsolved gases interacted with the surrounding
hydrothermal system, acidifying the hydrothermal
fluids.The acidified fluids permeated the crater floors and
altered the rocks, weakening substructures and making
them susceptible to collapse during later earthquake activ-
ity (Houghton and Nairn, 1989a, 1991). The condition of
the crater floors and conduit system, in turn, influenced
the eruptive style at White Island. That is, continuous
phreatomagmatic events erupting mainly ash occurred
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FIG. 1.  Location map of White Island showing the main topographic features. W, C, and E show locations of the west-
ern, central, and eastern subcraters, respectively.



when conduit walls were stable. Discrete explosions, pro-
ducing juvenile block aprons, occurred when conduit walls
were weakened and/or clogged (Houghton and Nairn,
1989a, 1991).

A second sequence of eruptive activity at White Island
began in February, 1986, with a discrete phreatomagmatic
eruption. Volcanic activity during this eruption period con-
sisted of continuous gas emissions, interrupted by frequent
alternating strombolian and phreatomagmatic eruptions.
This eruptive activity continued until May 1992 (Wood and
Browne, 1996).

Representative samples of ejecta from seven eruptions that
occurred between 1977 and 1991 were used in this study.
After preliminary examination of all samples, those from the
1977, 1988, 1989, and 1991 eruptions were chosen for study,
owing to their abundance of silicate melt inclusions.

Analytical Techniques

Samples were examined both in hand specimen and in
doubly polished thin sections, using transmitted and
reflected light microscopy. Plagioclase phenocrysts were
etched with fluoboric acid and examined using differential
interference contrast microscopy (Anderson, 1983) to
highlight chemical zoning that might not be obvious with
standard petrographic techniques. Major element compo-
sitions of phenocrysts, silicate melt, and mineral inclusions
in phenocrysts, and matrix glass were determined by elec-
tron microprobe. In addition, copper and zinc concentra-
tions of five melt inclusions, as well as matrix glass and phe-
nocrysts contained in the 1977 sample, were determined by
electron microprobe and synchrotron XRF analyses. Trace
element and volatile contents of melt inclusions and matrix
glasses from the 1988 and 1989 samples were measured by
ion microprobe. Multiphase silicate melt inclusions (con-
taining daughter minerals) hosted in orthopyroxene from
the 1991 sample were heated to homogenize the inclu-
sions. The major element chemistry of glass in the homog-
enized inclusions was determined by electron microprobe.

Major element and copper and zinc concentrations were
determined using a Cameca SX50 electron microprobe,
equipped with both wave and energy dispersive spectrome-
ters (WDS and EDS, respectively). Quantitative analyses
were conducted using WDS. Backscattered electron imaging
was used to distinguish between silicate melt and mineral
inclusions, as well as to test for the presence of microlites in
areas of matrix glass selected for analysis. Natural and syn-
thetic silicate and oxide standards were used as appropriate,
and data were corrected using Pouchou and Pichoir (PAP)
methodology according to Pouchou and Pichoir (1985).
Analyses were performed at 15 kV, with a beam current of
10 nA and a 5 µm beam size, except for Cu and Zn, which
used 35kV and 50 nA. Although Na was analyzed first, there
was likely some Na loss owing to the relatively high beam
currents used (Morgan and London, 1996)

Ion microprobe analyses were performed on a Cameca
IMS-6F ion microprobe equipped with both oxygen and
cesium guns at the Department of Terrestrial Magnetism at
the Carnegie Institution of Washington. Trace elements

were analyzed in situ using a 12.7 kV primary beam of O–

ions with a current of 0.5 to 2 nA focused to a diameter of
10 to 20 µm. Positively charged secondary ions were ana-
lyzed at a nominal accelerating voltage of +10 kV. The sec-
ondary ion beam was energy filtered using an energy offset
of –70 eV and an energy window of ±25eV. Secondary ions
were counted by an electron multiplier, manufactured by
ETP Ltd., that feeds into an emitter-coupled logic (ECL)
counting system with a deadtime of 13 ns. Secondary ion
counts were referenced to counts for 30Si (e.g. 90Zr/30Si,
93Nb/30Si) and absolute abundances of trace elements
were calculated from standard calibration curves developed
at the Department of Terrestrial Magnetism. The scatter of
standards about the calibration curves was generally less
than 10 percent, similar to the reproducibility of individual
analyses on homogeneous standards. Thus, analytical
uncertainty on individual analyses is typically ±10 percent
except where low numbers of ions indicate a larger stan-
dard deviation.

Volatile elements (H, S, and Cl) were analyzed in situ
using a 10 kV primary beam of Cs+ ions with a current of 3
to 8 nA focused to a diameter of 20 to 30 µm. Negatively
charged secondary ions were analyzed at a nominal accel-
erating voltage of +5 kV. The ion probe was tuned to a mass
resolving power of 2200, sufficient to separate interferences
of 18OH on 19F and 16O2 on 32S. No energy filtering was
used and the energy slit was kept wide open (±125 eV). A
small field aperture was inserted into the secondary ion
beam path in order to accept only those ions coming from
the central 8 µm of the sputtered crater. This has the effect
of filtering out ions from the edge of the crater and the
sample surface, resulting in a very low detection limit for
H2O (<30 ppm). Secondary ions (1H, 30Si, 32S, and 35Cl)
were counted by an ETP electron multiplier feeding into
an ECL counting system with a deadtime of 13 ns. Sec-
ondary ion counts were referenced to counts for 30Si (e.g.,
1H/30Si, 32S/30Si). Analytical uncertainty on individual
analyses is typically ±10 percent except where low numbers
of ions indicate a larger standard deviation. For a detailed
discussion of the calibration procedure, the reader is
referred to Hauri et al. (2002).

Homogenization of multiphase silicate melt inclusions
was performed on a Linkam TS 1500 stage (linked to a
TMS 92 programmer) mounted on an Olympus petro-
graphic microscope. All experiments were conducted
under flowing nitrogen to minimize oxidation of the sam-
ple at high temperature. Samples were heated to 900°C at a
rate of 30°C/min; the rate was then decreased to 3°C/min
until homogenization at ≈1,210°C. After homogenization,
the samples were cooled to 300°C at ≈200°C/min (the
fastest cooling rate possible with the stage) to produce a
homogeneous glass that could be analyzed by electron
microprobe. Sobolev et al. (1990) reported that slow heat-
ing rates might affect the compositions of melt inclusions
through water loss. However, the good agreement between
compositions of glass in heated and quenched inclusions
and those of glass in unheated inclusions indicates minor if
any changes as a result of heating. It should be noted that
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