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Geochemical Evolution at White Island, New Zealand
MariaH. Rapien
(ABSTRACT)

White Iland, New Zealand, is an active andesitic volcano that is located near the southern end of
the Tonga-Kermadec Volcanic Arc at the convergent plate boundary where the Pacific Plateis
being subducted beneath the Indian-Australian Plate. The plate tectonic setting, volcanic features
and the petrology of White Iland are thought to be characteristic of the environment associated
with formation of porphyry copper deposits. White Island has only been active for about 10 Ka
and, as such, isthought to be an ideal location to study early magmatic processes associated with
formation of porphyry copper deposits. In this study, the geochemistry of the silicate melt at
White Idand has been characterized through detailed studies of silicate melt inclusions,
phenocrysts, and matrix glass contained in recent gecta (1977-1991). Most melt inclusions
contained only glass, however, daughter minerals present in multiphase melt inclusionsin the 1991
sample indicate a different P-T history compared to the other samples.

Samples studied are vesicular porphyritic andesitic dacites containing phenocrysts of plagioclase,
orthopyroxene, and clinopyroxene. A glassy matrix containing crystallites surrounds the
phenocrysts. Both mineral and silicate melt inclusions occur in al three phenocryst phases.
Inclusions of plagioclase occur in pyroxenes and inclusions of orthopyroxene and clinopyroxene
occur in plagioclase. Compositions of minerals are independent of mode of occurrence - that is,
plagioclase (and orthopyroxene and clinopyroxene) compositions are the same regardl ess of
whether they occur as phenocrysts or asinclusions in another mineral. Moreover, compositions of
mineral inclusions and phenocrysts show no systematic variation within individual samplesor in
samples representing different eruptive events, indicating that the magma chamber is chemically
homogenous over the time-space scale being sampled.

Various mgjor, trace element and volatile compositiona features of economic and non-economic
(or barren) porphyry copper systems were compared to the White Iland data. The
Al,O3/(NapO+K»,0+Ca0) ratio observed in economic porphyry copper deposits is always greater
than or equal to 1.3, and glass in one phase melt inclusions, as well as glass in unhomogenized
(2991) inclusions from White Island equal or exceed thisvalue. The glassin the unhomogenized
1991 melt inclusions is corundum normative, with Si/(S+CatMg+Feg)>0.91, and
K/(K+Cat+Mg+Fe)>0.36, al of which are characteristic of productive systems. Mélt inclusions
from White Island also show a positive Eu anomaly similar to that found in productive porphyry
deposits, whereas non-productive systems show a negative Eu anomaly.

Copper concentrations (170-230 ppm) in melt inclusions from White Iland are sufficiently high to
generate an economic porphyry copper deposit based on theoretical models. High CI/H,O ratios
(0.15) in melt inclusions furthermore indicate that copper will be efficiently partitioned from the
melt into the magmatic aqueous phase. Theinferred pressure in the magma chamber at depth (1
kbar) isideal for extracting copper from the melt, and minera phases (pyrrhotite, biotite or
amphibole) which could scavenge copper before it could be partitioned into the magmatic vapor
phase are absent. Concentrations of Sin the melt are also low, which would prevent pyrrhotite
from crystallizing.

The tectonic setting and geochemical characteristics of the magmabody at White Idand are similar
to features observed in economic porphyry systems elsewhere. These data suggest that
development of economic porphyry copper mineralization at White Iand islikely.
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Introduction

Porphyry copper deposits are magmatic-hydrothermal ore deposits that form at convergent
plate boundaries where magmas generated from a subducting slab migrate upwards to produce
shallow silicic plutons (Sawkins, 1984). It isthought that most, if not all, of the magmatic
systems associated with formation of porphyry copper mineralization were continuously or
intermittently open to the surface through an overlying stratovolcano or other surface manifestation
of the deeper magmatic-hydrothermal system. White Island, located off the North Island of New
Zedand (Figure 1), is an active andesitic-dacitic volcano that occurs at a convergent plate boundary
and thus represents an appropriate environment for formation of porphyry copper mineralization.
Copper is currently being released into the atmosphere at White Island at an estimated rate of 300
kg/day during continuous degassing of the volcano (Rose et al., 1986; Tedesco and Toutain, 1991;
LeCloarec et al., 1992).

The presence of an active hydrotherma system at White Idand isindicated by surface
features including high temperature fumaroles and acid springs (Giggenbach, 1987; Giggenbach
and Sheppard, 1989). Furthermore, Hedenquist et al. (1993) and Hedenquist and Lowenstern
(1994) noted that the near-surface geochemical environment at White Iand issimilar to that
associated with the formation of high-sulfidation Cu - Au mineralization elsewhere. More recently,
Arribas et d. (1995) documented a clear genetic link between near-surface, high-sulfidation Cu-Au
mineralization and deeper porphyry-type mineralization in the Lapanto-Far Southeast mineralized
system in the Philippines. Based on these observations, it islogical to suggest that White Island
might represent a modern ore-forming system in which shallow high-sulfidation Cu-Au
mineralization overlies deeper porphyry copper-type mineralization.

Although there have been numerous geochemical and fluid inclusion studies of porphyry
copper deposits, conditions during the early magmatic stage have been difficult to characterize
because magmatic assemblages are commonly overprinted by later magmatic and hydrothermal
events (Beane and Titley, 1981; Beane, 1982; Beane and Bodnar, 1995). White Island, however,
isdtill initsinfancy relative to the productive stage for porphyry copper mineralization and thus
offers a unique opportunity to document the early history of a potential porphyry copper-forming
magmatic system. In this study, phenocrysts, silicate melt inclusions, and matrix glass contained
in gectafrom White Iand were analyzed. Magjor, trace element, and volatile concentrations were
determined to characterize the early magmatic system associated with a porphyry copper type
deposit. Mdlt inclusionswithin gecta are especially valuable for this purpose because they provide
asample of melt that was trapped in the magma chamber at some depth beneath White Idand. As
such, the melt inclusions record the volatile and metal concentrations of the silicic melt at depth, at
atime before the major episodes of copper mineralization occurred.
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Geologic Setting

The North Island of New Zealand islocated above an active plate boundary where the
Pacific plate is being subducted beneath the eastern margin of the Australian plate (Isacks et al.,
1968). This produces an active zone of intermediate to deep earthquakes and associated volcanism
(Hamilton and Gale, 1968; Dickinson and Hatherton, 1967). The North Island has four
compositionally distinct zones of volcanic activity, which are; the Bay of Idands, Auckland,
Egmont and the Taupo Volcanic Zone (TVZ). TheTVZ is200 - 270 km west of the White Idand
Trench and extends 250 km from the central North Island north-east to White Island (Figure 1).
Volcanoesinthe TVZ arerhyalitic to basaltic in composition; White Idand is andesitic-dacitic in
composition (Cole and Nairn, 1975).

White Idand is the summit of alarge submarine volcanic massif that is 16 km by 18 km at
its base, which rests on the sea floor at 300 to 400 m water depth. The volcano isa 700 m high
composite volcano consisting of two overlapping cones, of which the western part is older and the
central and eastern parts are younger (Black, 1970). The island reaches approximately 320 m
above sealevel 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 quiescence interrupted cone building episodes at White Island (Cole and Nairn, 1975).

One of the most notable characteristics of White Island is the breached main crater that
collapsed in 1914 on the southeast side. The collapse occurred along afault in the southwestern
and western rim of the crater (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 (Figure 1). Recent volcanic
activity has occurred in the western subcrater and in the western part of the central subcrater
(Houghton and Nairn, 1991).

Recent Volcanic Activity

Volcanic activity at White Idand wasfirst recorded by Europeans exploiting the areafor
sulfur in 1826. The historic activity, recorded as continuous fumarolic and solfataric emissions
with brief episodes of tephra eruptions (Cole and Nairn, 1975), is similar to recent eruption
patterns with crater-forming eruptions occurring in 1933, 1947, 1965-1966, 1968, 1971, 1976-
1982, and 1986-1992 (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 years. (Giggenbach and Glasby, 1977).

In mid-1973 alarge (approximately 106m3) body of basaltic andesite magma began to rise
to a shallow emplacement depth (0.5 km) at White Island and continued to rise until eruptive



activity started in 1976 (Clark and Cole, 1989). This magma and its associated hydrothermal
system led to intense volcanic activity that continued over the next several years, consisting of
alternating strombolian and phreatomagmatic eruptions. The volcano continuously erupted for
about 16 years, alowing effective release of magmatic gases. Exsolved gases interacted with the
surrounding hydrothermal system, acidifying the hydrothermal fluids. The acidified fluids
saturated the crater floors and conduit system, weakening substructures and making them
susceptible to alteration and collapse during earthquake activity (Houghton and Nairn, 1989a;
1991). The condition of the crater floors and conduit system, in turn, influenced the eruptive style
at White Idand. For example, continuous phreatomagmatic events erupting mainly ash occurred
when conduit walls were stable. Discrete explosions, producing 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 consisted of
continuous gas emissions, interrupted by frequent alternating strombolian and phreatomagmatic
type eruptions. This activity continued until May 1992 (Wood and Browne, 1996).

Representative samples of gectafrom seven eruptions that occurred between 1977 and
1992 were used in this study. The samples were collected by Dr. C. Peter Wood of the Institute of
Geological and Nuclear Sciences, Wairakei, New Zealand. After preliminary examination of all
samples, those from the 1977, 1988, 1989, and 1991 eruptions were chosen for detailed study
owing to their abundance of silicate melt inclusions.

Analytical Techniques

Samples were examined both in hand sample and in doubly polished thin sections using
transmitted and reflected light microscopy. Plagioclase phenocrysts were etched with fluoboric
acid and examined using differential interference microscopy (Anderson, 1983) to observe
chemical zoning that might not be obvious during usual petrographic observations. Phenocrysts,
silicate melt and mineral inclusionsin phenocrysts, and matrix glass were analyzed for mgjor
elements by electron microprobe. Melt inclusions and phenocrysts contained in the 1977 sample
were analyzed for copper content by electron microprobe. Melt inclusions and matrix glasses from
the 1988 and 1989 samples were further analyzed for trace element and volatile content by ion
microprobe. Multiphase silicate melt inclusions hosted in orthopyroxene from the 1991 sample
were selected and doubly polished for homogenization. These homogenized inclusions were then
analyzed for major element content by e ectron microprobe.

Major element and copper concentrations were determined using a Cameca SX50 electron
microprobe, equipped with both wave and energy dispersive spectrometers (WDS and EDS,



respectively) at Virginia Tech. Quantitative analyses were conducted using the WDS. Back
scattered electron imaging was used to determine whether an inclusion was silicate melt or mineral,
aswell asto determineif the areafor analysisin amatrix glass was crystallite free. Natural and
synthetic silicate and oxide standards were used as appropriate, and data were corrected using PAP
methodol ogy according to Pouchou and Pichoir (1985). Analyses were performed at 15 kV, and
the beam current was 10 nA with a5 pm beam size.

lon microprobe analyses were performed on a Cameca | M S-6F ion microprobe equipped
with both oxygen and cesium guns at the Department of Terrestrial Magnetism at the Carnegie
Institution of Washington. Trace elementswere analyzed in situusing a12.7 kV primary beam of
O ionswith acurrent of 0.5-2 nA focused to adiameter of 10-20 um. Positively charged
secondary ions were analyzed at anominal accelerating voltage of +10 kV. The secondary ion
beam was energy-filtered using an energy offset of -70 eV and an energy window of £25eV.
Secondary ions were counted by an ETP electron multiplier feeding into an ECL counting system
with adeadtime of 13 ns. Secondary ion counts were referenced to counts for g (e.g. 071 s,
%N b/3°Si) and absol ute abundances of trace elements were calculated from calibration curves for
silicates. The scatter of standards about the calibration curves was generally less than 10%, similar
to the reproducibility of individual analyses on homogeneous standards. Thus, analytical
uncertainty on individual analysesistypicaly £10% except where low numbers of ions indicate a
larger standard deviation.

Volatile elements (H, C, F, S, and Cl) were analyzed in situ using a 10 kV primary beam
of Cs" ionswith acurrent of 3-8 nA focused to a diameter of 20-30 um. Negatively charged
secondary ions were analyzed at anomina accelerating voltage of +5kV. Theion probe was
tuned to a mass resolving power of 2200, sufficient to separate interferences of OH on °F and
%0, on **S. No energy filtering was used and the energy dlit was kept open wide (+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 um of the sputtered crater. This hasthe effect of filtering out ions
from the edge of the crater and the sample surface, resulting in avery low detection limit for H,O
(<30 ppm). Secondary ions (*H, *C, *°F, *si, S, and *Cl) were counted by an ETP electron
multiplier feeding into an ECL counting system with a deadtime of 13 ns. Secondary ion counts
were referenced to counts for *Si (e.g. HA %, 12C/3°Si). Analytical uncertainty onindividual
analysesistypically £10% except where low numbers of ionsindicate alarger standard deviation.

Homogenization of multiphase silicate melt inclusions was performed onaLinkam TS
1500 stage (linked to a TM S 92 programmer) mounted on an Olympus petrographic microscope at
VirginiaTech. All experiments were conducted in flowing nitrogen to minimize oxidation of the
sample at high temperature. Samples were heated to 900°C at arate of 30°C/minute, the rate was
then lowered to 3°C/minute until homogenization at 1209°C. After homogenization, samples were



cooled to 300°C at 200°C/minute, which is the fastest cooling rate possible with this stage. This
was done in an attempt to produce homogenous glass which could be analyzed by electron
microprobe to determine the bulk composition of the melt.

Results

Petrography

Samples are vesicular porphyritic andesites, which are representative of juvenile gecta
during eruptions. Hand samplesrange in color from light to dark gray with some alteration
evident. Phenocrysts of plagioclase, clinopyroxene, and orthopyroxene, and matrix glass are
visiblein hand samples. In thin section, phenocrysts are euhedral to anhedral and range in size
from 0.5 - 3 um (Figure 2). The order of abundance of phenocrystsis orthopyroxene >
plagioclase > clinopyroxene. Minor phasesinclude Ti-magnetite and acicular apatite. All
phenocrysts appear homogeneous in cross-polarized transmitted light, however, plagioclase
phenocrysts exhibit chemical zoning (Figure 3) when viewed with differentia interference contrast
microscopy after etching in fluoboric acid (Anderson, 1983). Phenocrysts comprise from 50 to
70% by volume of most samples. Phenocrysts are surrounded by matrix glass that contains
crystallites of pyroxene, plagioclase, and Ti-magnetite.

Phenocrysts contain both mineral and silicate melt inclusions, with a notabl e absence of
fluid inclusions containing liquid and/or vapor water, CO, or other volatile phase. Silicate melt
inclusions generaly range in size from 5 to 50 pum, with the maority ranging between 10 and 25
pm. Shapes of melt inclusions range from spherical to negative crystal shape. The melt inclusions
were subdivided into four sub-types based on the phase assemblage at room temperature. Type |
inclusions contain only glass; type Il inclusions contain glass plus a vapor bubble; type I11
inclusions contain glass plus one or more solids; type IV inclusions contain glass, a vapor bubble,
and one or more solids. All four types of inclusions have been observed along growth zonesin
phenaocrysts (Figure 4) and as isolated, randomly distributed occurrences throughout crystals. The
inclusion assemblagesin the 1977, 1988, and 1989 samples appear to be similar, whereas the
assemblage in the 1991 sampleis noticeably different. Inthe 1977-89 group of samples, typel all-
glassinclusions and type Il glass plus vapor inclusions occur in all three phenocryst minerals
(plagioclase, ortho- and clinopyroxene). Thetypel inclusions are very small (1-5 um) and
abundant in some portions of plagioclase phenocrysts. The vapor bubble in the type Il inclusions
shows consistent phase behavior in al inclusions and occupies about 10 volume % of the
inclusion. Type Il melt inclusions containing glass and a plagioclase crystal were observed in



Figure 2. Photomicrograph of an orthopyroxene phenocryst that is cut by
plagioclase. Other pieces of anhedral phenocrysts are visible throughout the
photo. Dark brown material is matrix glass. Large vesiclesare present in
the lower left corner and on the right edge of the photo (marked by "V").
Field of view is5 mm.



Figure 3. Photomicrograph of plagioclase phenocryst viewed with differential
interference contrast after etching in fluoboric acid. Chemical zoning can be seen
throughout the phenocryst as dark and light bands. Melt inclusions occur along

those zones. Field of view is1 mm.



Figure 4. Photomicrograph of orthopyroxene phenocryst. Bands of primary
inclusions can be seen in the crystal, trapped along a growing crystal face. Both
melt inclusions and plagioclase inclusions occur within these bands. Field of view
is2 mm.



ortho- and clinopyroxenes in the 1977-89 group of samples, and the glass/crystal ratio was highly
variable suggesting that the plagioclase crystals represent trapped solids.

Phenocrysts from the 1991 eruption contain amost exclusively type IV melt inclusions.
Among the crystalsidentified in these inclusions are plagioclase, pyroxene, and Ti-magnetite.
Unlike the type IV inclusionsin the 1977-89 group of samples, thetype IV inclusionsin the 1991
samples showed uniform phase ratios within a group of presumably contemporaneous inclusions,
suggesting that the solidsin the 1991 samples are daughter minerals that precipitated from the melt
during cooling. Thisinterpretation is supported by the fact that the solids dissolved when the
inclusions were heated. When the homogenized inclusions were subsequently quenched, they
were similar to the all-glasstype | inclusions seen in the 1977-89 samples (Figure 5).

Mineral inclusions are common in phenocrysts from al eruptions. The mineral inclusions
aretypically larger than melt inclusions, ranging in size from 30 to 150 um, and in cross section
they appear rounded. Inclusions of plagioclase occur in pyroxenes, and both ortho- and
clinopyroxeneinclusions occur in plagioclase. Silicate melt and mineral inclusions commonly
occur within the same phenocryst, as well as in the same growth zone (Figure 4).

Major element chemistry

Electron microprobe data described bel ow includes some preliminary data that were
previoudly collected by Dr. Stuart Simmons of The Geothermal Institute, University of Auckland,
from samples from the 1977, 1986, 1988 and 1991 eruptions. These analyses are indicated in
Appendix A, and the data have been incorporated into the summaries given below.

Pyroxenes Phenocrysts of orthopyroxene and clinopyroxene plot in the enstatite and augite fields,
respectively (Figure 6a). Analysesfrom al samplesyield anarrow range of compositions. Engg.
72, FSp3.06, WO3.5, With mg# [100Mg/(Mg+Fe)] = 72-76 and Enys 46, FS14.16, WO03g.49, With mg# =
74-76. Pyroxeneinclusionsin plagioclase have compositions that are similar to compositions of
pyroxene phenocrysts: En;, 73, FSy3.04, W04, With mg# = 72-73 and ENngz.49, FS13.15, W037.39, With
mg# = 76-79 (Figure 6a). Average compositions of phenocrysts and mineral inclusions are listed
in Table 1.

Plagioclase Plagioclase phenocrysts range in composition from Ang, to Angg, and plot in the
labradorite field (Figure 6b). Although phenocrysts exhibit chemical zoning in Figure 3, the zones

are too narrow to be reflected in any single electron microprobe analysis. The compositions of
plagioclase inclusions in orthopyroxene (Ang, to Any,) and clinopyroxene (Ang, to Angg) include

the range of compositions for plagioclase phenocrysts, but extend to higher anorthite contents, into

10



Figure 5. Mélt inclusions from the 1991 eruption shown prior to homogenization (@)
and after homogenization (b). Melt inclusions prior to homogenization were type 1V
multiphase melt inclusions containing a pyroxene needle and a vapor bubble.

After homogenization melt inclusions are type | single phase. Field of view isrotated
in the lower picture; Roman numerals are provided to indicate corresponding melt
inclusions in the two photos.

11
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Table 1. Electron microprobe analysesin weight percent oxide of pyroxene phenocrysts and

mineral inclusions. Numbersin italics are the range for that analysis.

Weight  Clinopyroxene  Clinopyroxene Orthopyroxene  Orthopyroxene
Percent Phenocryst Inclusionsin Phenocryst Inclusionsin
Oxide Plagioclase Plagioclase
n=22 n=15 n=40 n=5
SO, 52.71 52.15 53.81 51.66
50.93 - 54.87 50.97 - 53.26 51.73 - 55.72 48.75 - 54.2
TiO, 0.49 0.44 0.23* 0.28
0.39 - 0.63 0.30 - 0.60 0.09 - 0.34 0.20 - 0.30
Al,O, 1.85 1.93 1.14 1.13
1.58 - 2.08 1.79 - 2.00 0.82 - 1.52 1.07-1.24
MgO 16.15 17.19 26.13 26.74
15.53 - 16.60 16.51 - 17.80 25.3-27.14 25.86 - 27.77
CaOo 18.94 18.98 2.10 2.02
18.25 - 19.72 18.16 - 19.44 1.7-26 1.86-2.14
MnO 0.37 na 0.41 na
0.27 - 0.46 0.17 - 0.67
FeO 9.72 8.78 16.44 15.12
9.08 - 10.35 8.07 - 9.63 15.11 - 18.38 14.90 - 15.35
Na,0 0.22 0.27 0.04 0.06
0.14 - 0.33 0.16 - 0.35 bd - 0.11 0.10- 0.07
K,O bd 0.04 bd 0.04
bd - 0.09 bd - 0.06
F 0.14 na 0.10* na
bd - 0.34 bd - 0.32
Cl bd na bd na
Total 100.62 99.78 100.42 97.05
97.46 - 103.25 97.58 - 100.71 97.46 - 103.25 93.52 - 100.68

bd = below detection limits
na = not analyzed for those samples
* = number analyzed islessfor this value

13



the field of bytownite. Thereis no correlation between the rangein An content and the year in
which the sample was gected from the magma chamber (Figure 7). Also, there is no systematic
correlation between the An content of plagioclase inclusions and the location of the inclusion within
the phenocryst (i.e., thereis no apparent zoning in plagioclase composition from the core to the rim
of phenocrysts) (Figure 8). Average compositions of phenocrysts and mineral inclusions are listed
in Table 2.

Melt inclusions Compositions of melt inclusions hosted in all three phenocryst minerals
(plagioclase, ortho- and clinopyroxene) were determined. Composition ranges and averages, and
CIPW norms are listed by year in Table 3 and by host in Table 4. Compositions of melt inclusions
trapped in samples from the 1977, 1986, 1988, and 1989 eruptions (77/89) are similar and
independent of host phase (Figure 9) or year in which they were erupted (Figure 10). No
correlation was found between the location of the inclusion in the host mineral and the composition
of the melt (Figures 11 and 12). Glass in unhomogenized multiphase melt inclusions from 1991
has a composition that differs from compositions and CIPW norms of glass in samples from the
other four years. However, compositions of homogenized melt inclusions hosted by a
clinopyroxene from 1991 are similar to the 77/89 compositions with the exception of the alkalis.
(Table 3 and Figure 13). Analytical totals for the glasses range from 93-99%, which is interpreted
to indicate the presence of unanalyzed volatilesin the melts.

Matrix glass Matrix glass has a composition similar to that of glassin melt inclusions from the
77/89 samples, and similar to glass in homogenized 1991 melt inclusions (Figure 9 and 10).
Crystallitesin matrix glass have compositions that are similar to compositions of phenocrystsin the
same samples (Figure 6).

Copper concentrations

Copper concentrations were determined for matrix glass and for two melt inclusions hosted
by an orthopyroxene erupted in 1977. Background concentrations of copper in the orthopyroxene
range from 10-30 ppm. The copper concentration in silicate melt inclusionsis significantly higher,
ranging from 160 - 280 ppm with an average of 23010 ppm. Maitrix glass was dightly lower
with arange of 170 - 220 ppm and an average of 188 ppm. The average copper concentration in
andesites is reported to be 60 ppm, with arange from 10 to 150 ppm (Gill, 1981). An electron
microprobe traverse for copper through amelt inclusion and enclosing pyroxene host phaseis
shown in Figure 14. Asshown, the copper concentration in the melt inclusion is clearly elevated
relative to the copper concentration in the host phase.
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Table 2. Electron microprobe analyses in weight percent oxide of plagioclase phenocrysts and
mineral inclusions. Numbersin italics are the range for that analysis.

Weight Plagioclase Plagioclase Plagioclase
Percent Phenocryst Inclusionsin Inclusionsin
Oxide Clinopyroxene  Orthopyroxene
n=14 n=14 n=74
SO, 51.65 51.85 51.41
48.53 - 53.14  49.72-55.19 48.67 - 55.96
TiO, 0.05 0.09 0.11*
bd - 0.10 0.04 - 0.26 bd - 0.37
AlLO, 29.09 28.92 29.10
28.75 - 29.50 24.34 - 31.58 24,99 - 31.11
MgO 0.16 0.65 0.36
0.10- 0.23 0.16 - 3.08 0.08 - 1.90
Cao 13.35 13.86 13.41
12.68 - 14.15 12.31-15.32 10.97 - 14.81
MnO 0.06* 0.09 0.10
bd - 0.13 bd - 0.15 bd - 0.36
FeO 0.71 1.36 1.58
0.59 - 0.89 0.81-2.79 0.86 - 3.08
Na,0 3.76 3.34 3.48
3.54-4.13 2.61-3.74 2.75-4.44
K,O 0.25 0.26 0.24*
0.11-0.33 0.15-0.61 0.05-0.85
F 0.14* 0.03 0.13*
bd - 0.46 bd - 0.14 bd - 0.30
Cl bd bd bd
Tota 99.19 100.44 99.71
95.83-100.81 98.15-101.82 96.79 - 101.98

bd = below detection limits
na = not analyzed for those samples
* = number analyzed islessfor thisvalue
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Table 3. Major element compositions microprobe in weight percent oxide of melt inclusions as
determined by electron microprobe. Numbersinitalics are the range for the melt inclusion
compositions for that year. CIPW-norms were calculated for the averages given in thistable.

Weight 1977 average 1986 average 1988 average 1989 average 1991 average 1991 average
Percent unhomogenized homogenized
Oxide n=14 n=16 n=25 n=20 n=19 n=9
SiO2 64.25 63.75 63.88 64.23 68.28 64.88
61.07 -66.12 62.87-64.59 59.99-65.87 61.28-67.25 63.24-71.39 63.11-66.54
TiO2 1.18 1.08 0.96 1.08* 1.00 133
0.68- 1.6 0.95-1.20 0.70-1.30 0.90-140 0.65-1.49 1.04 - 1.50
Al203 12.68 13.81 14.39 13.67 14.68 13.41
11.3-13.80 13.36-14.27 13.35-15.83 13.17-1458 1257-16.2 12.48-14.94
MgOo 1.93 2.16 2.07 1.96 09 181
0.98 - 2.43 1.96 - 2.31 1.43-2.63 0.81-256 0.14- 4.06 1.62-2.01
Ca0 4.70 514 5.13 4.85 3.05 5.44
4.08 - 5.60 455 -5.55 4.43-5.97 3.73-6.15 2.1-455 5.06 - 5.89
MnO 0.15 0.09 0.17 0.14* 0.07 0.20
0.05-0.29 0.02-0.21 0.12-0.26 0.12-0.30 bd-0.17 0.09 - 0.28
FeO 7.05 6.19 6.42 6.31 215 8.08
6.27 - 7.84 5.45-6.88 5.22-7.94 5.25-7.68 1.29-3.79 7.35-8.53
NapO 2.45 2.87 2.60 2.24 2.06 0.87
1.75-3.13 2.50 - 3.08 1.79-3.18 1.54-2.99 1.24-3.27 0.54-1.24
K20 2.87 2.49 2.66 2.58 2.77 171
254-311 2.30-2.68 1.86-3.24 1.74-284 1.91-3.53 150- 1.97
F 0.07 0.13 0.05 na 0.11 0.04
bd - 0.20 bd - 0.30 bd - 0.17 bd - 0.29 bd - 0.17
Cl 0.14 0.12 0.13 na 0.27 0.14
0.14-0.08 0.09-0.18 0.09 - 0.17 0.10- 0.82 0.11-0.18
Total 97.45 97.83 98.46 96.72 95.34 97.90
97.45-99.11 96.72-98.59 94.62-99.95 93.41-99.01 91.94-97.78 94.60 - 99.47
Q 27.49 24.96 2531 28.84 40.05 38.70
Cc 0.00 0.00 0.00 0.00 3.87 0.92
Or 16.94 14.70 15.70 15.23 16.35 10.09
Ab 19.68 23.38 21.02 17.91 15.42 6.32
An 15.65 17.89 20.22 20.14 13.11 25.64
Di 4.99 4.46 3.13 1.64 0.00 0.00
Hy 4.75 5.16 5.90 6.03 223 6.99
[l 2.24 2.05 1.83 2.05 1.90 253
Mt 4.60 4.05 4.19 4.12 1.09 5.28
Hm 0.00 0.00 0.00 0.00 0.22 0.00
Ap 0.44 0.44 0.44 0.44 0.44 0.44
HI 0.23 0.2 0.21 0.23 0.44 0.23
Fl 0.10 0.18 0.07 0.14 0.15 0.06

bd = below detection limits
na = not analyzed for those samples
* = number analyzed islessfor this value
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Table4. Major element compositions in weight percent oxide of melt inclusions grouped by
phenocryst host. Numbersin italics are the range for the melt inclusion compositions for that host.

CIPW-norms were calculated for the averages given in this table.

Weight Melt inclusions Melt inclusionsin Melt inclusionsin
Percent in clinopyroxene orthopyroxene plagioclase
Oxide n=22 n=17 n=33
SO, 63.44 64.34 64.19
59.99 - 65.44 61.97 - 65.87 31.07 - 67.25
TiO, 1.02 0.96 1.13
0.70-1.30 0.68-1.14 0.90-1.60
Al,O, 14.05 14.03 13.31
13.35-15.83 13.22-15.21 11.30 - 14.27
MgO 212 1.65 2.16
1.75-2.63 0.81-2.36 1.30- 2.56
CaOo 5.20 5.29 4.65
4.43-5.97 4.53-6.15 3.73-5.42
MnO 0.14 0.17* 0.11*
0.002 - 0.23 bd - 0.30 0.05-0.19
FeO 6.44 6.79 6.32
522-7.94 5.74 - 7.68 5.25-7.84
NaO 2.75 251 2.42
1.79 - 3.09 1.75-3.18 154 -242
K,O 2.57 2.60 2.70
1.86-3.24 1.74-284 237-311
F 0.07 0.07* 0.10*
bd - 0.30 bd - 0.20 bd - 0.30
Cl 0.12 0.13* 0.13*
0.09-0.16 0.08-0.18 0.09 - 0.22
Total 97.93 98.53 97.08
94.62 - 99.34 95.87 - 99.95 93.41 - 99.11
Q 2454 27.00 27.68
Or 15.17 15.35 15.94
Ab 22.37 20.26 19.50
An 18.84 19.82 17.96
Di 4.40 3.96 2.63
Hy 5.36 4.67 6.01
I 194 183 2.15
Mt 4.21 4.44 4.12
Ap 0.44 0.44 0.44
HI 0.20 0.21 0.21
Fl 0.10 0.10 0.14

bd = below detection limits
na = not analyzed for those samples
* = number analyzed islessfor this value
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Trace e ements

Mélt inclusion glass and matrix glass from the 1988 and 1989 samples were analyzed for
trace elements. The melt inclusions were hosted by orthopyroxene and plagioclase. Phenocrysts
adjacent to melt inclusions were analyzed for background trace element content in order to compare
melt inclusions trapped in different host minerals (Table 5). Trace element concentrations for the
inclusions show no variation as a function of host phase (Figure 15). Trace element concentrations
of matrix glass are similar to melt inclusion glass except that matrix glass lacks a positive Eu
anomaly. Flynn and Burnham (1978) showed that trivalent rare earth elements, especialy Eu, are
fractionated into chlorine rich vapors relative to melt. Thisis consistent with the interpretation that
the matrix glassis degassed, as discussed below.

Volatiles

Volatile-component concentrations were determined in the same melt inclusions and matrix
glass that were analyzed for trace elements. The n/Si ratios are listed in Table 6, with n being the
negative ion of interest. Calculated volatile concentrations are also listed in Table 6, aong with the
equations used to obtain those values. All values were calculated using equations appropriate for
mafic magmas, except those for water. Water concentrations were calculated for amelt containing
50 wt% SiO,, and these values were extrapolated to the silica concentration corresponding to the
glasses analyzed.

H,0 contents (Figure 16) are consistently higher in the melt inclusions (0.27 - 0.89 wt%)
than in the matrix glass (0.07 - 0.20 wt%), suggesting that the matrix glass lost water during
eruption. In contrast, CO, concentrations for melt inclusion glass (0.01 - 0.31 wt%) and matrix
glass (0.06 - 0.27 wt%) overlap, suggesting that CO, was lost from the melt at depth, before the
melt was trapped as inclusions and before it was erupted onto the surface. The ClI" and F contents
of matrix glass are highly variable, with some higher and some lower than melt inclusion
concentrations. Matrix glass generally hasalower S concentration (0.3 - 58 ppm) compared to
melt inclusions (31 - 88 ppm), suggesting near-surface loss of sulfur from the melt (matrix glass)
during eruption. Méelt inclusion values are within the range of sulfur reported for blocks and
bombs erupted in 1977 from White Island, which were generated from degassed magma and
contain between 30 and 250 ppm (as reported in Houghton and Nairn, 1989b). Most matrix glass
values are below the reported range for degassed blocks and bombs. The expected value for
andesitesis 200 - 2000 ppm (Gill, 1981) which suggests that both melt inclusion glass and matrix
glass represent melt which has been degassed, although to different degrees, and thusyield low
and differing values of sulfur. However, if melt inclusion glassis degassed with respect to sulfur,
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Table 5. Trace element concentrationsin parts per million of melt inclusions and matrix glass as

determined by ion microprobe.

ppm Médtinclusonin  Medtinclusonin  Métinclusonin Matrix glass
orthopyroxene clinopyroxene plagioclase

n=2 n=1 n=1 n=1
Ba 808 734 594 750
Rb 58 56 29 47
Nb 7 6 5 6
La 14 14 12 14
Ce 30 31 25 30
Sr 135 115 172 144
Be 1 2 2 1
Nd 15 16 13 14
Hf 6 6 3 6
Zr 177 155 142 178
Sm 3 5 6 4
Eu 3 5 2 1
Gd 4 5 3 3
Ti 5377 4825 4463 5121
Dy 4 8 5 5
Er 2 2 3 3
Y 21 28 22 22
Yb 18 4 5 3
Li 17 17 15 16
Sc 30 33 17 15
Cr 85 292 25 33
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Figure 15. Chondrite normalized REE profiles for melt inclusions and matrix glass,
using values from Anders and Grevasse (1989). Patterns are similar for each glass
independent of host. Matrix glass shows asimilar pattern except alack of a positive
Eu anomaly as discussed in text.
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Table 6. Volatile concentrations of melt inclusions and matrix glass determined by the ion microprobe. Values in the upper portion of the
table are reported numbers from the probe. Valuesin the lower portion of the table are calculated weight percents according to listed
equations. Reported water value is an interpolation between the listed mafic and silicic equations.

0N T Miin Miin1988 Miin1988 MIin1988 MI in 1989 1988 1988 1989 1989 1989
E’WE 1988 CPX CPX OPX OPX Plag Matrix Matrix Matrix Matrix Matrix
U L
Cl 0.59 0.48 1.03 1.04 0.75 102 114E-03 1.02E-03 0.91 0.80
F 0.55 0.49 0.83 0.87 0.42 0.92 0.02 0.02 0.84 0.74
S 0.08 0.09 0.07 0.14 0.05 0.09 4.15E-04 4.80E-04 0.02 0.02
C 4.33E-03 0.05 0.19 0.09 0.03 0.09 0.06 0.04 0.16 0.11
H 0.45 0.44 1.04 0.57 0.32 0.18 0.01 4.79E-03 0.21 0.14
Weight Miin Miin1988 Miin 1988 Miin MIin 1989 1988 1988 1989 1989 1989
Percent 1988 CPX CPX OPX 1988 OPX Plag Matrix Matrix Matrix Matrix Matrix
Cl 0.06 0.05 0.10 0.10 0.07 0.09 0.08 0.10 1.0/E-04 9.63E-05
F 0.05 0.04 0.07 0.08 0.04 0.08 0.07 0.08 1.72E-03 1.50E-03
S 0.01 0.01 0.01 0.01 3.96E-03 1.31E-03 1.30E-03 0.01 3.35E-05 3.87E-05
COy 0.01 0.08 0.31 0.15 0.05 0.27 0.19 0.14 0.11 0.06
H20 0.42 0.36 0.89 0.46 0.27 0.20 0.15 0.18 0.07 0.07
182g M2c- 0

[(B5c- O (M9 O
Cl(ppm) = 736%1#— 0 F(ppm) =700 %ﬁ -
SR SR

Oy O mp
Silicic glassH ,0 (wt%)= 0.103+0.332 — 0 +0.0544 —
S & S

Oly- Do'
Mafic glass H,0 (Wt%) :0.039+o.55667§,WD + 0.17787§WD
SR SR

o, 80 0y C
Where %ﬁm :Ego —L x
S = S g 9

Oly- O

S valuein sample
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0
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0 (Si value for mafic magma )
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Figure 16. Concentrations of volatiles for melt inclusion glass and matrix glass.
Concentrations were determined using equations listed in Table 5.
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there should be an accompanying depletion of Eu as seen with matrix glass, but thereisnot. This
suggests that the White Island magma may be anomalously low in sulfur. Elevated values of
sulfur in the blocks and bombs could be attributed to surface contamination if alteration was
present. Hedenquist et al.(1993) found that sulfur contents of altered rocks were an order of
magnitude higher than in fresh samples.

Temperature

Temperature was estimated graphically from the compositions of coexisting pyroxenes
(Lindsley, 1983). This method yielded a temperature of ~1100°C, which iswithin reasonable
agreement with homogeni zation temperatures of melt inclusions from the 1991 sample (1210°C).
According to Gill (1981) the temperature range for andesitic eruptionsis 1050° to 1150°C, and the
experimentally determined temperature for the andesite liquidusis 1180° - 1250°C at atmospheric
pressure.

Pressure estimates from the graphical Lindsey method were not attained however, asthe
compositions of the pyroxenesin this study are not on the pressure sensitive side (Fs-Hd) of the
pyroxene quadrangle.

Discussion
Conditions in the magma chamber

Although the years in which the samples were erupted from the magma chamber are
known, it was not possible to determine when the individual phenocrystsin each sample formed,
or when the solid and melt inclusions were trapped in the phenocrysts. Each phenocryst and its
contained melt and mineral inclusionsis therefore considered to represent arandom sampling of the
phases that were present in the magma chamber at some unknown location and time in the past.
Petrographic and el ectron microprobe dataindicate that plagioclase, orthopyroxene and
clinopyroxene were the only three phases crystallizing during the unknown magmarresidence time
represented by the g ecta. Each of the three phenocryst minerals occurs as solid (mineral)
inclusionsin at least one other type of phenocryst, and the mineral inclusions have compositions
that are similar to the compositions of phenocrysts of that mineral in the same sample. The
compositions of plagioclase, orthopyroxene, and clinopyroxene are independent of their mode of
occurrence. That is, phenocrysts of a given phase have the same composition as solid inclusions
of that same phase. Thisisinterpreted to indicate that all three minerals werein equilibrium and
precipitating from the melt at the same time. Moreover, since the phenocrysts and their contained
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mineral and melt inclusions presumably represent trapping over some extended range of time and
location within the magma chamber, the data suggest that the magma chamber isrelatively well
mixed and that crystallization has not significantly changed the composition of the melt over the
time period represented by the melt inclusions.

The relative chronology of trapping of melt or solid inclusions within a crystal can be
estimated based on the position within the crystal, with melt inclusions towards the core
presumably trapped earlier than those found near the edge. Thisinterpretation obviously only
applies to primary inclusions trapped during growth of the crystal, and does not include any
secondary inclusionsin the crystals. However, no significant change in melt chemistry asa
function of position with the crystal was observed for primary inclusions along growth zones.
Plagioclase inclusions, which show variable chemistry (Figure 6a), show no systematic changein
composition from cores to rims of phenocrysts (Figure 8).

As noted above, melt inclusionsin the 1991 eruption sample are petrographically different
from theinclusionsin earlier eruption samples. Specifically, the 1991 inclusions contain daughter
minerals, suggesting that the 1991 samples experienced a different P-T history than the other
samples. Possible scenariosthat could result in adifferent P-T history might be alonger residence
time in the magma following entrapment, and/or a slower cooling history after entrapment (either in
the magma chamber or after eruption to the surface), and/or eruption from a different location
within the magma chamber. An alternative explanation for the presence of daughter mineralsin the
1991 samples, and their absence from the other samples, is that the 1991 samples trapped a melt of
different composition. However, the composition of glass within homogenized melt inclusions
from the 1991 samplesis similar to that of glass (melt) in the 1977-89 group of samples.
Calculationsindicate that glass in unhomogenized multiphase melt inclusions from 1991 represents
the composition that the 1977-89 melt would have after 20% crystallization. In order to attain the
composition of the 1991 glass in unhomogenized inclusions through fractional crystallization
requires a crystal assemblage comprised of 42% plagioclase (Any), 31% clinopyroxene (Enye,
Fs15, W03g), 17% iron oxide, and 9% orthopyroxene (Enyy, FSys5, Wo,) (Table 7). These
proportions are different from modal relations estimated optically in thin section, which were 41%
orthopyroxene, 41% plagioclase, 15% clinopyroxene, and 2% iron oxides. However, modal
proportions of minerals observed in thin section may not be representative of modal proportions of
these phases in the entire magma chamber, but instead only the portion from which samples were
gjected.
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Table 7. Caculation of fractionating assemblage to account for variation in magjor element
chemistry in melt inclusion compositions.

SO, TiO, ALO, Mg0O CaO MnO FeO NaO KO
1977, 1986, 1988 and 65.64 1.10 13.98 2.08 5.08 0.14 6.66 260 272
1989 average melt
composition*
Average composition of 53.64 0.23 1.14 26.05 2.09 041 16.39 0.04 0.01
OPX
Average composition of 52.14 0.04 29.37 0.16 13.48 0.04 0.72 3.80 0.25
plagioclase
Average composition of 52.41 0.49 1.84 16.11 1890 0.36 9.67 0.22 0.01
CPX
Average compositionof 0.60 5.21 394 331 0.34 0.71 8580 0.00 0.09
iron oxides
Composition of melt 7115 1.11 14.05 054 340 0.10 344 284 3.36
after phenocrystsJr were
subtracted
Average melt 7190 1.05 1546 095 321 0.07 226 217 292

composition of 1991

*All compositions in this table have been normalized to 100 wt%.

Tcalculation was with 20% phenocrysts crystallizing out of the combination melt.

Of that 20%, the relative proportions of the phenocrysts subtracted to reach
the 1991 average composition is:

Plagioclase
CPX
Iron-oxide
OPX

42%
31%
17%
10%
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Isthere a porphyry copper deposit in White Idland's future?

The generally accepted model for the formation of porphyry copper-type mineralization
involves the emplacement and crystallization of a hydrous silicic magma at shallow levelsin the
earth's crust (Burnham, 1979, 1998). During crystallization, the water concentration of the melt
increases, eventually reaching saturation and resulting in the exsolution of a magmatic agueous
phase. Chlorine, copper, and other metals would be partitioned into the magmatic aqueous phase
(Burnham, 1979; Candela, 1989; Bodnar, 1995). Asaresult of numerous theoretical,
experimenta and field studies of the porphyry copper environment, we now have afairly
comprehensive database of those features that are required, or are favorable, for the formation of
economic mineraization (c.f., Candela, 1989; Cline and Bodnar, 1991).

Although there appear to be genetic links between shallow high-sulfidation Cu-Au deposits
and deeper porphyry-style mineralization at places such as Red Mountain, Arizona (Bodnar and
Beane, 1980) and L apanto-Far Southeast in the Philippines (Arribas et al., 1995), the timing of
formation of these two types of mineralization isnot clear. Thus, athough it has been suggested
that high-sulfidation Cu-Au mineralization may presently be forming in the shallow subsurface at
White Island (Hedenquist et al., 1993), it isalso likely that the White Iland system has not yet
reached the productive stages of porphyry copper formation. White Island has been an active
magmatic-hydrothermal system for only about 10,000 years (Giggenbach and Glasby, 1977). The
temperature of the magma derived from homogenization of silicate melt inclusionsis estimated to
be about 1200°C and the magma chamber beneath White Iland is probably still dominantly molten
(Houghton and Nairn, 1989b). Based on numerous field studies, as well asfluid inclusion and
stable isotope studies of porphyry copper deposits, it appears that the main stage of copper
mineralization occurs late in the magmatic history when most or al of the melt has crystallized.
Numerical models by Norton (1982) suggest that for a single emplacement of melt, it takes from
20,000 - 30,000 yearsfor a4 km tall pluton, with a diameter of 2 km, to cool below its solidus.
This, combined with observations form melt inclusions, suggests that at the present time the deeper
levels at White Island are not yet within the porphyry copper formation window.

If porphyry copper mineralization is not currently forming at depth at White Island, what is
the likelihood that such mineralization will develop in the future? 1f we assume that the melt found
in melt inclusionsin this study is the same melt that will continue to evolve and eventually
crystallize to form an intrusive body at depth beneath White Idland, we can compare the chemical
characteristics of the melt inclusions with observations from known porphyry copper deposits, as
well aswith similar but barren intrusive rocks. Certainly the copper concentration of the melt is
sufficiently high to generate ore-forming fluids. Burnham (1998) has approximated the copper
concentration of porphyry copper parent magmas by showing that 32% melting of a normal
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tholeite containing 75 ppm copper will produce a melt with about 230 ppm copper, smilar to the
values of 160 - 280 ppm found in melt inclusions from White Iland, and much higher than the 50
ppm required to form economic concentrations of copper in various models for porphyry copper
formation (c.f., Candela, 1989; Cline and Bodnar, 1991). Moreover, simple melt-agueous fluid
partition calculations (c.f., Bodnar, 1982; Burnham, 1998) show that copper concentrationsin
magmatic fluids exsolved from such melts can have copper concentrations of thousands of ppm.

Feiss (1978) and Mason and Feiss (1979) have measured the Al,O,/(Na,O+K,0+Ca0)
ratios of rocks from a number of productive and barren intrusives, including many from the
southwest Pacific region. They found that intrusive rocks associated with productive porphyry
systems have higher ratios than those associated with barren systems. More specifically, most
mineralized systems have ratios above about 1.3, whereas ratios lower than this are characteristic
of barren systems. Using the average concentrations of Al,O,, Na,O, K,O and CaO listed in Table
3, dl of the melt inclusions have ratios >1.3, and the glass in the unhomogenized melt inclusions
from 1991 hasavaue of 1.9. If we consider this glass composition to represent the composition
that the melt will evolve towards with continued crystallization, the Al,O,/(Na,O+K,0+Ca0) ratio
of the magma beneath White Iland is characteristic of rocks associated with economic porphyry
copper mineralization elsewhere. Similarly, Urabe (1985) showed that the partitioning of metals
into the magmatic aqueous phase was higher for aluminous (corundum normative) melts than for
alkaline melts. The residual melt (glass) in the 1991 samples contains 3.9% normative corundum.
Based on Urabe's data, this melt has good potential to generate magmatic agueous fluids with high
concentrations of metals.

Creasey (1984) compared the geochemistry of mineralized (Schultze Granite) to barren
(Tea Cup Granodiorite and Granite Basin Porphyry) Laramide stocks. Ratios of major element
cations showed a distinct division between mineralized and unmineralized stocks. Specificaly,
stocks with a Si/(Si+Cat+Mg+Fe) ratio higher than 0.91 and a K/(K+Cat+Mg+Fe) higher than
0.36 were associated with mineralization, whereas all barren stocks had lower ratios. Melt
inclusions from the 1977-1989 samples have ratios that fall into the barren category. However, the
cation ratios of the unhomogenized fractionated melt inclusions from the 1991 sample have ratios
that arein the mineralized range. Assuming that the 1991 glass represents the composition to
which the melt in the magma chamber will evolve, White Iand will fall in the productive intrusion
category.

Lang and Titley (1998) studied the geochemical and isotopic characteristics of alarge
number of Laramide magmatic systemsin the southwestern U.S. These workers noted that
productive intrusions show positive europium anomalies, whereas barren intrusions show negative
Eu anomalies. The melt inclusions from White Island (Figure 15) all show positive Eu anomalies,
again suggesting that the magma beneath White Island shows strong potential for forming
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porphyry copper mineralization in the future. Fields of alkalinity of Laramide intrusions for barren
and productive intrusions overlapped, however data from this study plot within their field of
productive intrusions. It should be noted, however, that the Y-Mn systematics of the melt
inclusions at White Iland are more characteristic of barren intrusions, according to the results of
Lang and Titley (1998, their Figure 8).

Candela (1989) and Cline and Bodnar (1991) have documented the importance of the initial
ClI/H, QO ratio of the melt in terms of the ability of the magmatic agueous fluid to extract metal from
the melt. The CI/H,O ratio for melt inclusions at White Island is about 0.15, which is beyond the
range of datain either of the studies listed above. However, both papers note that the higher the
ClI/H, 0O, the more efficient the agueous phase is in removing copper from the melt. Stated
differently, using data extrapolated from Figure 6 in Cline and Bodnar (1991), only about 5 km? of
melt would be needed to produce a copper deposit containing 250 million tons of 0.75% copper
ore. For comparison, the size of the causative intrusive at the Y erington porphyry copper deposit
isabout 65 k. Thus, it appears that the CI/H,O ratio of White ISand meltswill lead to very
efficient extraction of copper from the melt into the magmatic aqueous phase, and its subsequent
deposition in veins within and above theintrusion. It should also be noted that at the present time
pyrrhotite, amphibole, bictite or other phases that might serve as sinks for copper (Candela, 1989)
do not appear to be crystallizing at depth. In fact, the presence of magnetite in samples indicates an
fo, value higher than the pyrrhotite stability field (Whitney, 1980). Also, melt inclusions from this
study indicate that the sulfur content in the melt islower than in atypical andesitic melt. Thelow
sulfur content coupled with the apparent high fo, conditions, resultsin iron being removed from
the melt as an oxide phase rather than a sulfide phase. This suggests that the copper concentration
in the melt will increase with crystallization history as non-copper-bearing phases are removed
from the melt.

Houghton and Nairn (1989b) have constructed a cross section of White Island based on
seismic, chemical and structural data, and estimate that the main portion of the magma chamber
occurs at a depth of ~3-4 km beneath White ISland. With an average density of 2.4 to 2.8 g/lcm®
for andesitic liquids and 2.4 to 2.9 g/cm? for crust adjacent to andesitic volcanoes (Gill, 1981) the
pressure at that depth would be 720 - 1160. Candelaand Piccoli (1995) report that the maximum
efficiency for partitioning copper into the agueous phase occurs at 1 kbar. The efficiency decreases
at pressures above and below thisvalue. Thus, the magma chamber at White ISland islocated at a
depth (pressure) ideal for maximum extraction of copper from the melt.
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Recommendations

The ultimate goa of most minerals exploration companiesisto be thefirst to discover an
ore district or amineral occurrence with economic potential. White Island offers an extraordinary
opportunity for an adventurous mining company to secure future leases on amodern ore-forming
system that islikely to contain economic copper mineralization after magmatic hydrothermal
activity ceasesin 20,000 - 30,000 years. The tectonic environment, near-surface gas and water
chemistry, and deep melt chemistry (as evidenced by melt inclusions) all show featuresthat are
characteristic of metal-rich hydrothermal systems and economic porphyry copper deposits. So,
explorationists, grab your claim stakes and head on out to White Island!
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Appendix A
Major element electron microprobe data

1977 ejecta
Sample WI008
Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
Plag Host 50.26 0.03 29.44 0.12 1415 0.04 059 358 0.21 0.38 0.02 98.82
Host 48.53 0.04 29.04 0.16 13.30 0.09 0.78 364 0.19 0.04 0.02 095.83
Host 50.24 0.03 28.75 0.20 13.13 0.13 068 380 0.26 0.04 0.03 97.29
Host 51.69 0.01 28.82 0.10 1341 0.05 0.69 356 011 0.00 0.02 98.46
MI 1 62.09 0.96 13.14 235 508 0.11 6.27 250 259 0.00 0.22 9531
Ml 2 63.87 1.04 13.67 2.09 454 017 659 175 271 0.00 0.12 96.55
MI 3 61.07 134 1196 243 425 0.17 784 177 297 0.12 0.13 94.05
OPX Host 53.86 0.22 1.10 2597 214 0.33 16.27 0.05 0.06 0.00 0.01 100.01
Host 53.71 0.33 1.02 2559 213 0.34 1655 0.09 0.00 0.04 0.02 99.82
Host 53.88 0.34 1.13 2596 2.06 048 1588 0.04 0.00 0.07 0.00 99.84
Host 53.08 0.25 147 2584 223 051 16.38 0.06 0.03 0.21 0.02 100.08
MI 1 61.97 1.17 1380 098 560 0.15 752 196 254 0.00 0.18 95.87
Plag inclusion-1 51.06 0.00 29.36 0.22 13.87 0.03 1.38 354 0.13 0.13 0.00 99.72
Plag inclusion-2 50.29 0.00 29.10 0.39 14.10 0.11 153 3.03 0.27 0.00 0.00 98.82
Plag inclusion-3 54.08 0.29 25.16 0.29 10.97 0.03 230 322 085 0.09 0.11 97.39
Plag inclusion-4 50.82 0.03 29.96 0.17 1353 0.01 130 352 0.20 0.21 0.04 99.79
Plag inclusion-5 51.36 0.24 28.03 0.20 12.33 0.07 175 293 0.63 0.00 0.00 97.54
Plag inclusion-6 52.70 0.16 27.71 0.30 1257 0.00 166 3.29 047 0.00 0.01 098.87
Plag inclusion-7 51.24 0.11 27.96 0.44 1327 0.06 126 3.68 0.28 0.00 0.04 98.34
Plag inclusion-8 51.11 0.08 29.67 0.21 13.74 0.12 124 349 0.20 0.25 0.01 100.12
OPX Host 53.81 0.13 1.17 2576 206 0.31 16.60 0.06 0.00 0.21 0.02 100.13
Host 53.43 0.33 098 26.05 226 048 1589 0.00 0.00 0.14 0.00 99.56
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
Host 54.02 0.25 1.12 2578 2.07 045 15.76 0.02 0.00 0.18 0.00 99.65

Plag inclusion-1 52.32 0.09 27.82 0.20 12.11 0.03 194 387 0.39 0.17 0.05 98.99

Plag inclusion-2 50.87 0.05 29.16 0.18 13.78 0.03 147 330 0.20 0.04 0.05 99.13

Plag inclusion-3 51.35 0.12 28.71 0.49 1336 0.12 159 319 0.20 0.13 0.02 99.28

Plag inclusion-4 53.39 0.15 26.59 0.24 12,77 0.05 185 297 048 0.25 0.03 098.77

Plag inclusion-5 50.63 0.09 27.04 1.69 1299 0.06 2.02 320 0.29 0.00 0.04 98.05

Plag inclusion-6 51.91 0.01 28.13 0.25 13.86 0.05 130 341 0.30 0.30 0.02 99.54

Plag inclusion-7 48.67 0.05 29.45 0.13 13.89 0.00 151 351 0.20 0.09 0.00 97.50

Plag inclusion-8 50.53 0.04 29.37 0.19 1390 0.00 148 330 0.19 0.17 0.01 99.18

Plag inclusion-9 50.66 0.12 28.89 0.73 13.61 0.01 143 3.04 0.34 0.00 0.00 98.83

Plag inclusion-10 51.74 0.03 28.88 0.16 12.69 0.00 137 393 0.22 0.00 0.00 99.02

Plag inclusion-11 50.87 0.00 29.63 0.24 14.12 0.00 1.16 3.27 0.12 0.00 0.02 99.43

OPX Host 5356 0.09 094 26.22 186 0.48 16.97 0.02 0.00 0.07 0.00 100.21
Host 51.73 0.15 1.19 26.09 190 0.35 1584 0.04 0.01 0.14 0.02 97.46

Host 53.82 0.14 1.08 2581 201 0.39 1548 0.04 0.00 0.07 0.00 98.84

MI 1 64.77 0.68 13.47 181 512 0.13 6.72 3.05 276 0.00 0.11 98.62

Ml 2 65.28 1.14 1322 131 508 017 694 175 274 0.20 0.08 97.91

MI 3 64.27 0.90 1345 130 505 029 694 182 284 020 0.14 97.20

Ml 4 64.01 102 13.71 137 494 016 7.42 215 279 0.00 0.10 97.67

Plag inclusion-1 50.34 0.00 29.05 0.23 13.06 0.05 1.28 3.74 0.15 0.00 0.03 97.93

Plag inclusion-2 54.71 0.14 26.09 0.85 11.30 0.14 235 353 056 0.04 0.00 99.71

OPX* Host 5433 033 123 2645 187 0.38 16.43 0.00 0.03 0.12 0.01 101.18
Plag* Host 52.58 0.03 28.92 0.15 1345 0.02 0.66 3.78 0.23 0.07 0.00 99.89
Host 52.34 0.03 29.38 0.17 13.81 0.00 0.85 393 0.26 0.04 0.00 100.81

MI 1 65.75 1.28 1254 213 444 011 6.27 3.10 3.07 0.17 0.10 98.96

Ml 2 65.21 1.27 1153 231 408 0.05 6.76 285 3.07 0.00 0.13 97.26

MI 3 66.12 1.32 1151 219 425 013 7.20 3.13 295 0.17 0.14 99.11



Host type Analysistype  SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl Total
Ml 4 65.65 1.60 11.30 222 425 019 756 270 3.11 0.00 0.19 98.77
MI 5 64.52 1.35 1227 226 459 014 742 299 298 0.07 0.17 098.76
Ml 6 6491 141 1195 221 447 014 721 273 3.04 0.07 0.15 98.29
OPX* Host 53.25 0.19 107 2659 182 031 16.76 0.00 0.00 0.09 0.00 100.08
Host 5458 0.17 115 26.22 170 0.34 17.10 0.00 0.00 0.18 0.02 101.46
Matrix* Matrix glass  66.30 1.27 1289 129 3.78 0.09 6.39 3.09 326 0.03 0.10 98.49
Matrix glass  66.74 1.25 1287 138 3.73 0.15 6.29 267 3.20 0.07 0.10 98.45
Matrix glass  66.90 1.22 13.19 1.02 341 0.07 6.26 246 333 0.00 0.12 97.98
Iron oxide 024 936 315 303 0.16 067 76.34 0.00 0.08 0.11 0.01 93.15
Iron oxide 955 858 446 211 052 042 6833 0.38 043 0.23 0.04 95.05
1986 ejecta
Sample - 86 0210
Plag* Host 5234 0.05 2899 0.19 13.16 0.00 0.60 356 0.28 0.18 0.01 99.36
Host 51.58 0.02 29.50 0.12 13.81 0.00 065 354 0.26 0.00 0.00 99.48
Host 53.14 0.00 28.92 0.16 12.88 0.00 0.73 4.03 0.25 0.14 0.02 100.27
Ml 1 63.51 1.01 14.16 231 502 0.13 579 289 251 024 0.11 97.68
MI 2 62.87 1.08 14.02 229 523 005 645 250 259 030 0.13 9751
MI 3 63.23 1.19 14.07 222 523 0.08 6.06 253 253 014 0.12 97.40
Ml 4 63.99 1.00 14.27 216 482 0.08 6.22 278 258 030 0.09 98.29
MI 5 64.10 1.00 1399 214 481 0.06 588 278 253 0.07 0.18 97.54
MI 6 63.34 1.01 1386 2.18 527 0.05 589 300 257 0.03 0.12 97.32
MI 7 63.98 098 1424 209 502 018 591 287 262 0.07 0.10 98.06
MI 8 63.62 1.16 14.17 196 455 0.08 545 296 268 0.00 0.09 96.72
CPX* Host 5297 052 167 16.23 1955 0.39 9.68 0.23 0.01 0.03 0.00 101.28
Host 52.71 048 1.77 16.40 1946 030 9.08 0.22 0.01 0.10 0.00 100.53
Ml 1la 64.20 1.14 1357 201 534 0.06 6.12 295 248 0.17 0.11 098.15
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
MI 1b 6459 1.16 13.36 2.11 514 0.08 6.15 284 252 0.14 0.13 9822
Ml 2 63.80 1.04 1352 218 538 005 640 301 231 010 0.12 9791
MI 3 63.60 1.12 1347 226 555 011 6.80 277 232 030 0.12 9842
Ml 2 63.35 1.07 13.48 218 520 0.14 688 3.08 230 0.07 0.12 97.87
Ml 4 63.42 1.13 1352 210 531 0.12 6.31 3.02 250 0.03 0.11 9757
MI 5 64.29 120 13.49 213 516 0.02 6.17 287 245 0.14 0.13 98.05
OPX* Host 54.44 0.20 097 2654 200 0.38 16.45 0.00 0.00 0.03 0.00 101.01
MI 1 64.05 0.95 13.76 231 521 021 655 302 239 0.03 0.11 9859
Matrix* Matrix glass 61.69 1.05 14.08 267 581 0.18 6.22 337 237 0.00 0.08 9752
Matrix glass 63.57 1.01 1398 254 586 0.06 6.11 318 234 0.03 0.11 98.79
Matrix glass  63.25 0.98 1438 223 535 0.10 568 3.13 256 0.20 0.10 97.96
Matrix glass  62.77 1.00 14.03 239 572 0.08 6.02 298 233 0.00 0.12 97.44
Matrix glass  62.67 1.05 14.17 250 556 0.13 6.21 321 234 0.17 0.11 98.12
Matrix glass  62.37 1.10 14.27 250 557 0.04 6.49 328 241 0.20 0.13 98.36
1988 ejecta
Sample 880325
CPX Host 51.33 0.43 201 16.35 1899 035 984 0.22 0.02 0.05 0.01 99.60
Host 52.03 053 198 16.10 19.66 0.33 10.08 0.24 0.05 0.07 0.00 101.07
Host 5266 0.45 205 16.25 19.03 041 956 0.26 0.02 0.10 0.00 100.79
Mlla 64.63 0.83 13.71 2.04 506 0.14 664 295 266 014 0.10 98.90
Milb 64.10 1.03 1431 2.04 511 0.17 651 29 288 0.12 0.11 99.34
Mllc 61.34 0.96 14.16 2.12 507 0.16 649 296 279 0.02 0.11 96.18
Ml 2 62.84 1.15 1335 236 536 019 7.12 286 237 0.05 0.12 97.77
MI 3 62.97 120 1374 199 519 020 773 292 229 0.00 0.14 98.37
Ml 4 64.11 096 1397 176 443 014 6.15 298 291 0.00 0.10 9751
MI 5 63.23 0.88 1352 222 508 0.15 631 279 268 000 0.11 96.97
MI 6 65.44 087 1391 1.75 467 012 6.02 1.79 293 0.00 0.09 97.59

46



Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
MI 7 61.02 130 13.89 263 597 021 794 291 186 0.00 0.11 97.84

Plag inclusion 1a 51.23 0.17 24.34 3.08 14.79 0.15 279 323 0.17 0.02 0.00 99.97

Plag inclusion 1b 52.71 0.15 26.08 2.07 14.27 0.10 192 3.39 0.16 0.11 0.00 100.96

Plag inclusion2 55.19 0.26 27.32 056 1231 0.10 239 3.02 061 0.04 0.02 101.82

OPX Host 54.67 0.34 1.16 2599 214 048 1735 0.06 0.01 0.09 0.01 102.30
Host 54.16 0.28 1.18 26.05 2.16 054 1745 0.03 0.03 0.13 0.00 102.01

MI 1 63.63 0.85 1454 222 551 0.12 654 3.02 261 005 0.17 99.26

MI 2 65.65 0.76 1498 184 512 0.18 6.07 228 277 014 0.16 99.95

MI 3 65.87 1.04 1416 143 492 0.15 6.37 246 271 017 0.13 9941

Ml 4 65.10 1.07 13.86 2.02 470 0.16 6.92 313 262 0.00 0.13 99.71

MI 5 64.60 1.01 1349 236 453 0.16 6.24 318 259 0.07 0.11 98.34

MI 6 65.01 0.76 1521 183 578 0.12 6.00 1.79 276 0.09 0.15 99.50

MI 7 65.59 1.14 1424 195 498 026 6.92 210 262 0.00 0.11 99.91

Plag inclusion1 55.96 0.37 25.36 0.79 11.30 0.07 3.08 337 0.70 0.05 0.03 101.08

Plag inclusion2 55.48 0.30 2499 1.17 1133 0.08 271 333 059 0.00 0.02 100.00

CPX Host 5227 049 192 17.33 1951 032 792 024 0.00 0.02 0.00 100.02
Ml la 59,99 1.11 1391 237 531 020 7.14 200 236 0.12 0.11 94.62

Ml 1b 62.09 0.89 1583 2.03 594 023 6.23 3.09 233 0.00 0.12 98.78

Ml 2 63.45 0.70 1535 233 530 0.16 527 228 3.00 0.00 0.13 97.97

MI 3 64.53 0.89 15.37 201 517 0.16 573 234 281 0.00 0.14 99.15

Ml 4 64.92 0.89 1560 237 503 0.13 578 218 278 0.00 0.15 99.83

MI 5 65.35 0.86 1557 186 455 0.18 522 230 324 0.02 0.16 99.31

Plag inclusion 1a 52.09 0.05 29.31 0.32 1353 0.07 098 373 031 0.00 0.00 100.39

Plag inclusion 1b 52.21 0.05 29.86 0.20 13.08 0.08 0.99 3.74 0.25 0.00 0.00 100.46

Plag inclusion 1¢ 51.13 0.09 28.92 0.17 13.03 0.07 081 360 0.28 0.05 0.00 098.15

Plag inclusion 2a 49.98 0.07 30.36 0.19 1455 0.09 1.00 3.00 0.16 0.14 0.00 99.54

Plag inclusion 2b 49.72 0.07 3158 0.18 15.32 0.10 091 261 0.18 0.02 0.00 100.69

Plag inclusion 3a 52.35 0.10 28.89 0.84 13.71 0.05 131 322 0.37 0.00 0.01 100.85
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
Plag inclusion 3b 52.02 0.04 30.37 0.19 1390 0.13 101 3.47 0.28 0.00 0.00 101.41
Plag inclusion 4a 51.49 0.09 28.69 0.81 1396 0.15 135 349 0.28 0.00 0.00 100.31
Plag inclusion 4b 52.48 0.05 29.94 0.18 13.35 0.06 0.97 370 0.28 0.00 0.00 101.01
Matrix Matrix glass  64.18 1.00 14.11 242 564 020 6.17 325 255 0.07 0.11 99.70
Matrix glass  64.38 1.09 14.13 250 573 0.19 644 3.05 240 0.14 0.12 100.17
Matrix glass  64.86 0.97 1457 235 547 022 6.18 3.13 254 0.00 0.06 100.35
Matrix glass  64.53 1.09 1434 245 536 022 6.38 320 256 0.00 0.07 100.20
Matrix glass  65.06 1.15 1448 239 504 0.16 6.04 324 245 0.05 0.08 100.14
Plag 52.36 0.07 29.93 0.17 13.63 0.02 086 3.75 0.31 0.07 0.00 101.17
Plag 53.58 0.08 29.48 0.19 13.20 0.08 0.71 387 0.31 0.00 0.00 101.50
1989 ejecta
Sample 891129
OPX Host 55,09 na 1.15 2592 1.8 0.67 16.83 0.08 0.00 na na 101.60
Host 53.76 na 123 27.14 2.06 055 1838 0.08 0.00 na na 103.20
Host 54.44 na 1.12 2584 237 035 1740 0.00 0.00 na na 101.52
Host 53.19 na 082 2642 204 0.64 16.06 0.00 0.00 na na 99.17
Host 53.07 na 129 2697 242 0.38 17.67 0.08 0.05 na na 101.93
Host 5352 na 128 2681 2.00 0.20 16.80 0.11 0.05 na na 100.77
Host 55.72 na 122 26.24 2.60 0.17 17.27 0.00 0.03 na na 103.26
Host 5441 na 110 26.29 224 0.64 16.41 0.11 0.00 na na 101.20
Host 5499 na 133 26.32 2.38 0.44 17.09 0.02 0.00 na na 102.57
Host 5480 na 110 26.32 229 0.38 16.49 0.08 0.00 na na 101.45
MI 1 63.47 na 1431 185 6.15 015 749 249 174 na na 97.64
MI 2 64.22 na 1382 1.07 591 030 574 299 268 na na 96.72
MI 3 62.85 na 1390 158 544 000 7.68 287 255 na na 96.86
Ml 4 63.48 na 1458 081 582 012 732 255 245 na na 97.13
Plaginclusion1 4991 na 27.06 0.13 1356 0.00 129 243 0.21 na na 94.60
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Host type Analysistype  SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl Total
Plaginclusion2 51.25 na 3040 0.12 1451 0.00 158 3.69 0.23 na na 101.78
Plag inclusion3 50.93 na 31.02 0.18 1428 0.00 143 336 0.11 na na 101.32
Plaginclusion4 51.21 na 2890 0.20 1290 0.00 1.33 3.65 0.19 na na 98.39
Plag inclusion5 51.26 na 30.01 0.13 1460 0.00 158 3.44 0.17 na na 101.20
Plaginclusion6 51.69 na 29.65 0.46 1350 0.12 173 3.79 0.37 na na 101.30
Plaginclusion 7 5155 na 29.64 0.22 13.76 0.24 173 348 0.23 na na 100.86
Plaginclusion8 51.09 na 30.79 0.29 1341 0.06 133 388 0.17 na na 101.02
Plag inclusion9 5228 na 30.85 0.24 1420 0.33 162 443 0.21 na na 104.15
Plag inclusion 10 52.63 na 29.27 056 14.13 0.18 180 3.71 041 na na 102.69
Plag inclusion 11 5253 na 30.04 0.15 13.74 0.03 162 3.62 0.25 na na 101.98
Plag inclusion 12 50.95 na 2891 0.67 1481 0.30 1.73 3.28 0.07 na na 100.72
Plag inclusion 13 51.76 na 30.77 0.20 1248 0.03 1.88 3.89 0.39 na na 101.40
Plag inclusion 14 52.32 na 30.64 0.24 1386 0.00 159 3.72 0.19 na na 102.56
Plag inclusion 15 51.50 na 3048 0.25 13.00 0.03 1.88 392 0.17 na na 101.23
Plag inclusion 16 52.65 na 2756 1.90 1253 0.03 199 3.09 041 na na 100.16
Plag inclusion 17 50.95 na 29.60 0.18 1329 0.00 1.62 3.44 0.07 na na 99.15
Plag inclusion 18 52.38 na 2858 0.17 13.61 0.27 162 393 0.33 na na 100.89
Plag inclusion 19 50.77 na 30.69 0.29 14.47 0.00 195 351 0.15 na na 101.83
Plag inclusion 20 51.37 na 28.75 0.12 1399 0.03 136 3.89 0.29 na na 99.80
Plag inclusion 30 52.67 na 30.39 0.18 1323 0.03 136 3.88 0.21 na na 101.95
Plag inclusion 31 50.96 na 29.42 0.41 13.28 0.03 155 3.19 0.29 na na 99.13
Plag inclusion 32 5450 na 27.69 091 1125 0.12 221 347 0.38 na na 100.53
Plag inclusion 33 51.49 na 30.37 0.13 1458 0.00 1.18 366 0.11 na na 101.52
Plag inclusion 34 50.97 na 30.26 0.25 13.37 0.00 217 394 0.21 na na 101.17
Plag inclusion 35 51.27 na 30.61 0.22 1264 0.12 133 3.80 0.05 na na 100.04
Plag inclusion 36 50.60 na 29.29 0.08 13.00 0.27 1.22 354 0.19 na na 98.19
Plag inclusion 37 51.59 na 30.14 0.17 1254 0.12 2.02 347 0.17 na na 100.22
Plag inclusion 38 52.76 na 31.04 0.15 1266 0.00 1.80 3.89 0.13 na na 102.43
Plag inclusion 39 49.99 na 31.11 0.38 1342 0.36 133 444 0.11 na na 101.14
Plag inclusion 40 50.96 na 29.70 0.39 1468 0.06 1.69 348 0.15 na na 101.11
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
Plag inclusion 41 50.72 na 2825 0.94 1264 0.09 169 357 0.19 na na 98.09
Plag inclusion 42 51.50 na 29.74 0.31 13.29 0.09 163 3.69 0.19 na na 100.45

average n=17
Plag Host 52.86 0.10 28.76 0.17 12.68 na 0.67 4.13 0.31 na na 99.68
Host 52.12 0.10 29.39 0.17 13.13 na 0.74 4.05 0.25 na na 99.95
Ml 1 63.79 1.20 13.45 256 4.99 na 6.27 154 2.37 na na 96.17
Ml 2 61.28 1.20 13.27 2.55 4.47 na 6.12 191 261 na na 9341
CPXinclusion1l 52.31 0.40 197 17.30 19.09 na 8.63 0.27 0.00 na na 99.97
CPXinclusion2a 51.72 0.30 1.83 17.80 19.05 na 8.98 0.27 0.05 na na 100.00
CPXinclusion2b 51.71 050 1.84 17.05 18.62 na 857 0.28 0.05 na na 98.62
CPXinclusion3 51.63 0.40 1.89 16.72 19.44 na 8.57 0.31 0.00 na na 98.96
CPXinclusion4 50.97 0.40 199 17.32 18.83 na 8.07 0.16 0.05 na na 97.79
CPXinclusion5a 51.72 0.60 1.99 16.96 19.34 na 9.63 0.35 0.02 na na 100.61
CPXinclusion5b 5291 050 2.00 17.35 19.03 na 8.38 0.28 0.09 na na 100.54
CPXinclusion6 52.76 0.40 2.00 17.70 18.39 na 8.81 0.30 0.02 na na 100.38
CPXinclusion7 52.01 050 195 1753 19.28 na 8.79 0.20 0.02 na na 100.28
CPXinclusion8 51.69 0.40 196 17.04 19.14 na 8.66 0.34 0.04 na na 99.27
CPXinclusion9 52.29 0.40 194 16,51 19.24 na 840 0.22 0.01 na na 99.01
CPXinclusion 10 51.49 0.50 1.97 17.17 19.06 na 8.63 0.23 0.08 na na 99.13
CPXinclusion 11 53.22 040 1.79 1754 18.81 na 8.92 0.29 0.06 na na 101.03
OPXinclusion 1a 54.20 0.30 1.07 27.77 2.14 na 15.20 0.10 0.01 na na 100.79
OPXinclusion 1b 53.94 0.20 1.24 27.14 2.07 na 1490 0.07 0.05 na na 99.61
Plag Host 52,51 0.10 29.17 0.16 12.83 na 0.67 3.70 0.27 na na 99.41
MI 1 67.25 1.00 14.07 130 3.73 na 6.15 239 2.78 na na 98.67
Ml 2 65.39 090 1351 224 458 na 6.46 2.24 2.37 na na 97.69
MI 3 64.99 090 13.39 1.89 4.15 na 525 199 2.79 na na 95.35
Ml 4 63.73 1.30 13.44 2.40 4.46 na 6.42 172 2.47 na na 95.94
MI 5 65.35 1.10 13.75 2.28 4.24 na 592 1.84 2.68 na na 97.16
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
MI 6 64.54 1.00 13.71 212 464 na 530 216 2.60 na na 96.07
MI 7 65.69 1.00 13.94 2.00 4.49 na 635 212 284 na na 98.43
MI 8 64.76 1.00 13.29 187 444 na 552 241 284 na na 96.13
CPXinclusion1 5255 050 195 17.04 1816 na 944 025 004 na na 99.93
Plag Host 51.82 0.00 29.15 0.17 1341 na 089 3.68 0.33 na na 99.45
MI 1 64.52 1.00 13.54 2.03 4.73 na 586 250 284 na na 97.02
MI 2 65.62 0.90 13.67 186 4.68 na 6.24 247 276 na na 98.20
MI 3 63.21 1.20 13.31 2.13 5.09 na 655 198 277 na na 96.24
Ml 4 63.22 1.10 13.17 2.15 4.86 na 661 242 255 na na 96.08
MI 5 64.88 140 13.70 2.36 5.42 na 685 202 238 na na 99.01
MI 6 62.35 1.00 13.51 2.06 4.62 na 6.08 228 249 na na 94.39
CPXinclusion1 53.26 040 1.82 16.85 19.22 na 9.16 0.33 0.02 na na 101.06
OPXinclusion 2a 48.75 0.30 1.12 26.17 1.99 na 15.19 0.02 0.04 na na 93.58
OPX inclusion 2b 49.67 0.30 1.13 25.86 1.86 na 1494 0.05 0.06 na na 93.87
OPXinclusion3 51.76 0.30 1.11 26.77 2.05 na 15.35 0.04 0.03 na na 9741
Matrix OPX 50.53 0.30 1.10 24.73 2.02 na 1461 0.02 0.04 na na 93.35
Matrix glass  63.51 1.10 1281 1.79 4.67 na 652 232 271 na na 9543
1991 ejecta
Sample 911206A - unhomogenized
OPX Host 53.24 0.17 114 2566 205 0.38 1558 0.02 0.01 0.00 0.01 98.26
Host 5248 0.26 101 2570 211 034 16.74 0.01 0.01 0.14 0.01 9881
Host 5345 0.26 1.13 2530 220 042 1576 0.04 0.00 0.00 0.02 98.58
Host 5333 0.18 1.00 26.21 212 0.31 15.11 0.00 0.01 0.21 0.00 98.48
Host 5243 0.23 125 26.10 2.08 0.32 1581 0.03 0.00 0.25 0.00 98.50
MI 1 69.18 1.32 15.03 0.19 310 0.08 193 162 273 0.00 045 9563
MI 2a 66.34 142 1492 020 347 0.16 282 327 255 0.00 0.82 9597
MI 2b 68.64 149 16.20 0.21 364 011 242 148 211 0.04 0.76 97.10
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Hosttype  Analysistype SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl  Total
MI 3 69.01 1.19 1487 0.17 284 002 229 181 279 0.25 0.23 9547

Ml 4 66.11 0.75 1289 3.80 210 001 226 150 3.06 0.08 0.22 9278

MI 5 68.60 0.96 15.00 0.24 297 0.13 262 170 284 0.13 0.13 9532

MI 6 63.24 1.00 1257 4.06 453 017 379 124 205 0.04 0.10 92.79

MI 7 66.75 0.95 1542 064 455 016 229 169 191 0.29 0.53 9518

Ml 8 64.96 0.95 1439 259 393 0.07 297 239 209 0.21 040 9495

Plag inclusion 1a 49.97 0.04 29.23 0.16 14.03 0.03 146 321 0.09 0.00 0.02 98.24
Plag inclusion 1b 50.38 0.02 29.04 0.20 13.71 0.08 1.63 333 0.13 0.25 0.00 098.77
Plag inclusion2 51.26 0.02 29.42 0.16 1358 0.01 137 365 0.14 0.00 0.01 99.62
Plag inclusion 3 49.93 0.11 2793 0.18 1352 0.07 124 356 0.19 0.04 0.02 96.79
Plag inclusion 4 51.37 0.09 29.07 0.17 1322 0.00 1.04 390 0.20 0.13 0.00 99.19
Plag inclusion5 51.11 0.08 29.02 0.18 13.33 0.00 145 3.71 0.15 0.00 0.00 99.03
Plag inclusion6 51.39 0.14 2878 0.19 13.15 0.01 147 392 0.16 0.00 0.00 99.21
Plag inclusion7 5256 0.19 26.96 342 11.20 0.13 211 341 0.30 0.13 0.00 100.41
Plag inclusion8 51.65 0.04 2836 0.24 13.05 0.00 1.28 397 0.19 0.00 0.02 98.80
CPXw/inMI3 5535 288 11.74 3.76 1228 040 1236 1.18 1.63 0.00 0.39 101.97
Plag w/in MI3 50.64 0.05 28.68 0.23 13.60 0.10 132 347 0.15 0.17 0.01 098.42
Plag w/in Ml4  50.59 0.10 27.46 0.17 13.69 0.07 122 380 0.09 0.00 0.02 97.21
OPX Host 5393 0.17 092 26.01 188 0.34 1549 0.04 0.00 0.04 0.00 98.82
Host 53.76 0.16 1.15 25.73 216 0.42 16.01 0.07 0.05 0.04 0.01 99.56

Ml 1a 69.69 0.65 1580 0.17 284 0.08 190 208 314 0.08 0.22 96.65

MI 1b 70.40 090 1563 0.14 271 006 185 197 321 0.00 0.19 97.06

MI 2 67.32 0.67 13.29 2.01 314 0.08 248 208 257 0.04 0.13 9381

MI 3 66.78 0.71 13.87 094 312 0.02 203 179 242 0.08 0.18 91.94

Plag inclusion1 4991 0.00 30.12 0.19 1481 0.00 141 286 0.09 0.04 0.00 99.43
Plag inclusion2 50.99 0.09 28.04 0.18 13.00 0.06 1.13 360 0.12 0.00 0.00 97.21
Plag inclusion 3 51.27 0.08 2759 085 1286 0.11 136 3.70 0.20 0.00 0.00 98.02
Plaginclusion 4 52.67 0.07 26.48 3.20 11.49 0.02 157 354 0.29 0.08 0.00 9941
Plag inclusion 5a 51.04 0.00 28.46 0.17 12.68 0.00 122 354 025 0.00 0.00 97.36

52



Host type Analysistype  SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl Total
Plag inclusion 5b 48.16 0.06 27.02 0.25 1245 0.01 1.10 3.67 0.22 0.04 0.00 92.98
OPX Host 5422 0.22 121 2592 203 042 16.21 0.06 0.00 0.00 0.00 100.29
Host 53.76 0.29 1.13 26.38 223 0.27 16.62 0.04 0.01 0.04 0.01 100.78

Ml 1a 70.16 091 1555 019 261 000 1.74 202 3.02 0.12 0.12 96.44

MI 1b 69.49 0.81 1538 025 266 0.06 166 223 330 0.00 0.20 96.04

Plag inclusion1 52.21 0.02 29.27 0.21 1328 0.01 121 339 0.16 0.00 0.00 99.76
OPX Host 5444 031 109 26.31 187 0.32 1587 0.03 0.00 0.07 0.05 100.36
Host 5343 0.22 152 26.14 217 041 1564 0.01 0.01 0.00 0.00 99.55

Host 53.28 0.27 123 26.16 247 0.46 15.65 0.02 0.00 0.32 0.01 99.87

CPX* Host 4742 0.40 161 1562 1863 0.23 875 0.18 0.02 0.17 0.00 93.03
Host 5224 050 1.83 16.29 19.72 0.31 934 0.24 0.00 0.31 0.00 100.78

Host 5141 048 183 16.23 19.37 037 9.21 0.19 0.00 0.24 0.00 99.33

Ml 1a 69.75 1.21 1485 023 228 004 129 284 347 0.11 0.15 96.22

MI 1b 69.18 1.03 14.83 0.22 226 0.00 139 290 353 0.28 0.14 95.76

MI 2 70.37 0.77 13.12 065 291 002 169 175 295 0.21 0.12 9456

Fe phasew/inMI: 2478 129 7.23 200 423 0.34 57.06 047 0.74 0.07 0.01 98.22
Plagw/inMI2 4935 0.05 29.35 0.19 1443 0.00 1.06 330 0.19 0.11 0.02 98.05

Fe oxidew/inMIZz 29.78 168 7.85 3.14 434 034 5943 049 0.87 0.21 0.03 108.16

CPX* Host 52.10 051 197 16.15 19.17 0.41 10.07 0.14 0.00 0.34 0.00 100.86
Host 5225 045 1.79 16.18 18.79 0.33 10.28 0.15 0.01 0.10 0.02 100.35

MI 1 71.39 124 1531 023 234 002 136 286 281 0.10 0.12 97.78

Plagw/inMI1 5355 0.05 2845 0.18 1275 0.09 091 411 0.20 0.14 0.00 100.43

Fe oxidew/inMI1 1.35 168 326 153 095 0.63 8354 0.00 0.08 0.17 0.04 93.23

Matrix Matrix glass  67.01 1.17 15.23 056 3.83 0.04 437 361 192 0.28 0.20 98.22
Matrix glass 63.33 0.83 1559 0.81 570 0.09 464 414 165 0.36 0.19 97.33

Matrix glass  66.48 0.93 14.32 0.62 351 0.27 491 446 184 0.00 0.23 97.57
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Host type Analysistype  SiO2 TiO2 AI203 MgO CaO MnO FeO Na20 K20 F Cl Total
Matrix glass* 63.47 1.24 1130 351 466 023 791 217 333 0.00 0.09 9791
Matrix glass* 67.50 1.04 1356 084 295 0.12 6.22 280 360 0.24 0.10 98.97
CPX 5098 056 194 16.25 19.73 0.36 9.08 0.25 0.00 0.16 0.03 99.34
CPX 5153 0.43 212 16.24 1943 036 881 0.26 0.00 0.16 0.04 99.38
CPX* 48.73 130 4.81 1410 18.64 0.32 10.10 0.24 0.08 0.14 0.00 98.46
Sample 911206A - homogenized
CPX Host 5269 055 1.79 1590 18.70 042 997 025 0.00 0.00 0.03 100.30
Host 5340 0.48 181 1641 1880 0.34 9.79 031 0.02 0.00 0.05 101.40
Host 5278 0.51 208 16.00 18.38 0.34 982 0.19 0.010 0.07 0.00 100.15
Host 5256 0.47 204 15.78 1854 0.38 960 0.32 0.01 0.20 0.02 99.82
Host 53.66 0.52 189 1553 19.14 0.34 957 028 0.02 0.00 0.05 100.98
Host 5298 0.49 158 1581 1825 0.38 9.16 0.14 0.01 0.20 0.02 98.93
Host 53.20 0.63 194 16.08 18.79 042 940 0.17 0.00 0.00 0.02 100.64
Host 5475 055 1.75 1592 1921 046 994 0.23 0.01 0.13 0.00 102.90
Host 5338 043 183 16.32 18.33 0.38 9.71 0.22 0.00 0.04 0.03 100.66
Host 53.48 0.47 188 16.29 1841 0.37 954 0.17 0.01 0.07 0.03 100.68
Host 5487 0.39 171 16.19 18.36 0.40 10.35 0.22 0.02 0.00 0.03 102.53
MI 1 63.90 124 1494 190 589 0.21 812 124 150 0.07 0.18 99.11
MI 2 65.62 1.04 1265 201 540 017 735 081 197 0.17 0.12 97.19
MI 3 66.54 1.08 1248 196 538 011 750 054 185 0.00 0.11 9753
Ml 4 65.36 142 1381 170 546 028 853 103 1.73 0.03 0.12 9941
MI 5 64.37 131 1363 185 559 023 841 083 1.70 0.03 0.14 98.05
MI 6 6455 146 1350 182 544 020 821 082 163 0.04 0.12 97.75
MI 7 65.27 1.39 13.29 170 5.06 024 847 081 165 0.00 0.11 97.98
MI 8 63.11 150 1269 162 513 0.09 810 066 155 0.00 0.15 9455
MI 9 65.21 150 1369 174 559 0.27 802 106 182 0.04 0.18 99.09

* Data collected by Stuart Simmons
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Appendix B
Copper concentrationsfor eectron microprobe

Traverse 1
Sample WiO08
Pyroxene - melt inclusion - pyroxene

Point# Cu (ppm) Phase Point# Cu (ppm) Phase

1 20 Pyroxene 31 250 Melt Inclusion
2 0 Pyroxene 32 280 Melt Inclusion
3 0 Pyroxene 33 240 Melt Inclusion
4 30 Pyroxene 34 260 Melt Inclusion
5 0 Pyroxene 35 240 Melt Inclusion
6 10 Pyroxene 36 210 Melt Inclusion
7 0 Pyroxene 37 270 Melt Inclusion
8 0 Pyroxene 38 230 Melt Inclusion
9 0 Pyroxene 39 270 Melt Inclusion
10 20 Pyroxene 40 270 Melt Inclusion
11 0 Pyroxene 41 170 Pyroxene-melt interface
12 10 Pyroxene 42 40 Pyroxene

13 0 Pyroxene 43 30 Pyroxene

14 0 Pyroxene 44 0 Pyroxene

15 20 Pyroxene 45 20 Pyroxene

16 10 Pyroxene 46 10 Pyroxene

17 30 Pyroxene 47 20 Pyroxene

18 30 Pyroxene 48 10 Pyroxene

19 60 Pyroxene-melt interface 49 20 Pyroxene

20 180 Pyroxene-melt interface 50 20 Pyroxene

21 260 Melt Inclusion 51 20 Pyroxene

22 220 Melt Inclusion 52 0 Pyroxene

23 280 Melt Inclusion 53 0 Pyroxene

24 230 Melt Inclusion 54 0 Pyroxene

25 220 Melt Inclusion 55 10 Pyroxene

26 210 Melt Inclusion 56 0 Pyroxene

27 220 Melt Inclusion 57 20 Pyroxene

28 280 Melt Inclusion 58 0 Pyroxene

29 250 Melt Inclusion 59 0 Pyroxene

30 240 Melt Inclusion 60 30 Pyroxene
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Traverse 2

Sample WiOO8

Pyroxene-melt inclusion-pyroxene-plagioclase

Point  Cu (ppm) Phase

1 30 Pyroxene

2 0 Pyroxene

3 10 Pyroxene

4 20 Pyroxene

5 0 Pyroxene

6 30 Pyroxene

7 90 Pyroxene-melt interface
8 170 Melt inclusion
9 160 Melt inclusion
10 170 Melt inclusion
11 160 Melt inclusion
12 190 Melt inclusion
13 130 Pyroxene-melt interface
14 20 Pyroxene
15 40 Pyroxene
16 10 Pyroxene
17 0 Pyroxene
18 50 Pyroxene
19 0 Pyroxene
20 10 Pyroxene
21 0 Pyroxene
22 0 Plagioclase
23 0 Plagioclase
24 30 Plagioclase
25 50 Plagioclase
26 0 Plagioclase
27 50 Plagioclase
28 10 Plagioclase
29 0 Plagioclase
30 0 Plagioclase

Traverse 3

Sample WiO0O8

Crystallite rich matrix - pyroxene

56

Point Cu (ppm) Phase
1 110 Crystallite/glass interface
2 60 Crystallite
3 90 Crystallite
4 130 Crystallite/glass interface
5 170 Matrix glass
6 190 Matrix glass
7 70 Crystallite
8 140 Crystallite/glass interface
9 140 Matrix glass
10 90 Crystallite
11 120 Crystallite/glass interface
12 110 Crystallite/glass interface
13 120 Crystallite/glass interface
14 140 Crystallite/glass interface
15 170 Matrix glass
16 220 Matrix glass
17 100 Crystallite/glass interface
18 130 Crystallite/glass interface
19 50 Crystallite
20 70 Crystallite
21 120 Crystallite/glass interface
22 20 Pyroxene
23 0 Pyroxene
24 20 Pyroxene
25 10 Pyroxene
26 0 Pyroxene
27 0 Pyroxene
28 0 Pyroxene
29 30 Pyroxene
30 0 Pyroxene
31 0 Pyroxene
32 0 Pyroxene
33 0 Pyroxene
34 30 Pyroxene
35 10 Pyroxene
36 0 Pyroxene
37 0 Pyroxene
38 10 Pyroxene
39 0 Pyroxene
40 0 Pyroxene



Appendix C
Trace elementsfrom I on microprobe

Sample number 880325 880325 891129
(ppm) OPX CPX Plagioclase
Li 1 3 5
Be 0 0 3
Sc 28 101 17
Ti 1413 2671 236
Cr 739 1908 4
Rb 9 6 1
Sr 1 19 410
Y 4 28 0
Zr 6 28 1
Nb 0 0 0
Ba 0 0 196
La 0 2 2
Ce 0 8 3
Nd 0 9 2
Sm 0 3 0
Eu 0 1 0
Gd 0 3 0
Dy 1 6 0
Er 1 4 0
Yb 1 4 0
Hf 0 2 0
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Sample number 880325 880325 880325 891129 891129
(ppm) MI-1in OPX MI-2in OPX  Mlin CPX Ml in plag Matrix glass
Li 17 17 17 15 16
Be 1 1 2 2 1
Sc 23 37 33 17 15
Ti 5509 5245 4825 4463 5121
Cr 30 140 292 25 33
Rb 57 59 56 29 47
Sr 135 135 115 172 144
Y 22 21 28 22 22
Zr 188 166 155 142 178
Nb 7 6 6 5 6
Ba 839 777 734 594 750
La 15 13 14 12 14
Ce 32 28 31 25 30
Nd 16 14 16 13 14
Sm 4 3 5 6 4
Eu 3 3 5 2 1
Gd 4 4 5 3 3
Dy 5 4 8 5 5
Er 2 1 2 3 3
Yb 33 3 4 5 3
Hf 7 5 6 3 6
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