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Figure 26. Enlargement of melt-inclusion core of sodian diopside (sd) from
Figure 19a. From rock sample 310.

(a) Euhedral intergrowths of Ti-phlogopite (p), magnetite and calcite (c)
within an inclusion-rich alkaline aluminosilicate glass matrix. Phlogopite
grain is 130 um long. Plane-polarized light.

{b) Cross-polarized microphotograph. Calcite is hexagonal. Leucite (I} has
crystallized from the alkaline glass (ag).






Figure 27, Back-scattered electron (BSE) image showing the compositional
complexity of melt inclusions in sodian diopside {sd) from rock sample 310
of the Botsor Hill intrusion. Light coloured regions in the metasomatic
sodian diopside host correspond to the highest Na and Fe®** concentrations
{aegirine component).

{a} BSE image of Figure 26. Euhedral Ti-phlogopite (p}, calcite {c) and
magnetite (m) and apatite {a) are daughter minerals within unmixed Na-Ca
glasses (Na; dark regions) and K-rich glasses {l; medium gray regions).

{b} BSE image of lamellae of anhydrite {gn), magnetite {m) and calcite {c;
Table 3, col. 4) microphenocrysts within a region of alkaline glass unmixed
to anaicimic (dark regions; Table 3, col. 1) and leucitic (light regions; Table
3. col. 3) compaosition. Strontium is partitioned into the leucitic glass,
calcite, apatite and anhydrite within the meit inclusions.

The compasition of the alkaline melt prior to unmixing was estimated using a
Cambridge Instruments Quantimet 970 image analyzer. The relative
proportions of analcimic and leucitic glass within six circular areas of 30 ym
diameter were measured using a difference in grey levels to discriminate
between the phases. Five areas gave consistent ratios of analcimic/leucitic
glass of 1.02 = 0.12, while the sixth gave a ratio of 0.45. The first five
measurements have been used to estimate the composition of the combined
alkaline melts as K, 3gNag 5,AISi,06*nH,0, with a range of Kig31.0.42N80 ge.
0.5aAIS1,04*nH,0.
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Figure 28. Melt-inclusions within sodian diopside (sd) megacryst from rock
sample 310.

(a} Melt inclusion containing Ti-phlogopite (ph), alkaline aluminosilicate glass
{gl} and calcite (c). Note the increase in fluid inclusion density towards the
interior of the melt inclusion. The rectangular opague mineral within the
phlogopite grain at left is ilmenite, interpreted as a subsolidus exsolution
product of Ti-phlogopite. All other opaques are titanomagnetite. Field of
view is 0.35 mm.

{b) Cross-polarized light.
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melt. The high TiO, content of xenocryst phiogopites formed in the presence of an
alkaline melt highly deficient in TiO,, suggests that k' phlogopite-alkaline melt» 1 and
that phlogopite metasomatism occurred under high fo, conditions. This is
supported by the presence of anhydrite in the melt inclusions, where anhydrite +
magnetite assemblages are stable in magmas only at FMQ +4 (4 log units above

the fayalite-magnetite-quartz buffer; Carroll and Rutherford, 1987).

Also conspicuous is the presence of large {2 mm) xenocrystic amphibole
pseudomorphs (Figure 29), which now consist of a fibrous, radiating assemblage of
olivine {Table 4, col. 2), AIl-Ti diopside (Table 4, col. 3), labradorite (Table 4, col.
4), titanomagnetite and rhonite (Table 4, col. 5). A simitar occurrence of rhénite in
Figure 29 was described by Tomita (1934} as an alteration product of kaersutite in

analcime-bearing teschenites from the Oki Islands, Japan.

Rhénite (ferric-rich member of the aenigmatite series) is a relatively rare
mineral typically found in oxidized, undersaturated, alkaline mafic rocks {Cameron,
1970; Johnston and Stout, 1984; Johnston et a/. 1985). Johnston and Stout
{(1984) reported rhonite with Fe**/Fe?* ratios of 8.9, in an oxidized alkali gabbro
and contained mantle xenoliths from Kauai, Hawaii. Clinopyroxene overgrowths of

pseudomorphed amphibole are common (Figure 30).

Globular structures of microlite-poor Na-rich glass surrounded by mafic,
microlite-rich groundmass glass are also present (Figure 20c). These high silica
glasses (52-62 wt.% SiO,) contain microlites of clinopyroxene and apatite. The

similarity in composition between the melt inclusion glasses and the globular



Table 4. Microprobe analyses of mineral phases in amphibole pseudomorphs

1 2 3 4 5
Si0, 41.63 | 40.54 48.03 | 52.44 | 23.14
TiO, 1.20 0.03 1.04 0.09 6.95

ALO, | 14.12 | 0.09 6.95 | 2936 |19.29
FeQ |9.90 |[1280 |s640 |o061 |23.14
MnO | 0.10 | 0.41 032 | 000 |o0.28

MgO | 14.87 |46.47 | 1463 [0.01 |13.14
Ca0 | 12.02 ] 0.28 21.05 | 11.77 | 11.69

Na,0 | 2.35 0.03 0.74 4.26 1.19
K,0 1.51 0.03 0.02 0.33 0.02
F 0.0 nd nd nd nd
cl 0.0 nd nd nd nd
NiO nd 0.04 0.00 nd nd
Cr,0, | nd 0.00 0.00 nd nd

Total 97.60 {100.72 | 99.18 | 98.87 | 98.59

1. 22¢: magnesio-hastingsite amphibole, average of 5 analyses
2. 310.8: olivine

3. 310.8: Ti-rich clinopyroxene

4. 310.8: piagioclase

5. 310.8: rhénite



Figure 29. Xenocrystic amphibole pseudomorph in Simberi hawaiite (sample
22). The pristine central core is magnesio-hastingsite. The rim is composed
of a fibrous, radiating assemblage of olivine, Al-Ti augite, titanomagnetite,
labradorite and rhonite. Pseudomorphed amphibole is 2 mm long. Plane-
polarized light,
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Figure 30. Clinopyroxene overgrowth of completely pseudmorphed
amphibole in rock sample 337. Clinopyroxene is 1.5 mm long. Plane-
polarized light.
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gl.sses indicates a common lineage in the source region of the basanite, preserved

by immiscibility between the alkaline melt globules and the host mafic melt.

Interpretation of the origin of the Botsor Hill Intrusion

The mineralogical and chemical characteristics of Botsor Hill rocks are
indicative of a mantle origin. Deformed olivine megacrysts, combined with the
presence of carbonate-bearing aikaline melt inclusions in both olivine and
clinopyroxene megacrysts, provide textural arguments for a xenocrystic origin.
Magnesiochromite grains contained within clinopyroxene megacrysts also support a
mantle origin for this unit (Bailey, 1989). The highly hrecciated nature of the
xenocrystic minerals, and particularly olivine, within the unit may be similar to
disaggregation textures described by Boyd and Gurney (1982) from garnet-bearing
xenoliths in South African kimberlites. Wyllie et a/. (1983) postulated that these
textures were the result of rapid compression-decompression of silicate minerals
occurring within a carbonate-rich groundmass, due to net volume increase during
dissociation of the carbonate, at the moment of kimberlite eruption. Although
experimental evidence for the formation of these textures is lacking (Canil, 1990),
the circular fractures in olivine hosting carbonate-rich melt inclusions from Botsor

Hill favours the hypothesis of Wyllie et a/. (1983).

The chemistry of the melt inclusion minerals and the textures of the
xenocrysts may be evidence that the Botsor Hill basanite outcrop is the mafic,
hypabyssal portion of a diatreme complex. A lack of outcrop surrounding the hill
prevented a characterization of the shape of this unit and its relationship with the

surrounding rocks, but the preservation of calcite- and titanian phlogopite-bearing
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melt inclusions {an assemblage stable at P> 30 kbar: Wendlandt and Eggler, 1980;
Green and Wallace, 1988) within the xenocrysts support the hypothesis that this
basanite unit is a mantle-derived melt brought to the surface in a high-speed liquid

eruption (Bailey, 1987).

A carbonate nodule from a mafic dyke associated with the Raban Diatreme Complex
Outcrops of hornblende-phyric mafic dykes occur in and around the Raban
Diatreme Complex. To the west of the South Samat Au deposit {grid location
9B525E, 7135N), a fresh mafic dyke of hawaiite composition was sampled for
petrographic and geochemical work. Within this dyke was discovered the first

reported occurrence of a carbonate nodule of mantle origin.

Microprobe analyses of representative mineral phases within the xenolith are
provided in Table 5. The nodule (2x3x4 cm; Figure 31} is subdivided into two
portions: (1) a massive, microcrystalline calcite portion which contains megacrysts
of magnesiochromite and fine blebs (< 10 ym) of Cu-Fe-Ni, Fe-Cu-Ni and Co-rich
Cu-Fe-Ni sulphides, and (2) a silicate portion of coarse-grained (8 mm) amphibole

surrounding Al-rich diopside grains, and hosted within a vesicular alkaline glass

matrix.

Description of the massive calcite portion of the nodule

Massive, low Sr calcite (<300 ppm; Table 5, column 1) encloses euhedral
Mg-Al-chromite (Figure 31a, 31c, 32a; Table 5, col. 6), magnesio-hastingsitic
amphibole and aluminous diopside. Fluid inclusions within the calcite contain CO,

vapour {determined by microthermometry), and when decrepitated by the electron
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beam of the microprobe, registered K and Cl peaks. Experimental studies by Wyllie
and Huang (1976) and Olaffson and Eggler {1978} have demonstrated the stability
of carbonate in the mantle at P> 17 kbar, whereas at lower pressure carbonate
dissociates to CO, vapour and CaQ. Dissociation of calcite leads to supersaturation
of Ca0, which, in a mafic melt at high pressure, would cause crystallization of

calcic pyroxene.

The massive calcite portion of the xenolith is rounded where it is in contact
with the surrounding glassy lava {Figure 21a and 32a), indicating it has undergone
partial resorption by the host basaltic magma. Complete decarbonation was
prevented by the development of an insulating armour of clinopyroxene crystallites
between the magma and the massive carbonate (Figure 31a, 31c, and 32).
Evidence for this is the coarse grained Al-rich diopside (Table 5, col.7) in Figure 32b
and Figure 33, interpreted to represent dissociation under mantle conditions, and
the fine-grained rim of diopside crystallites, (Table 5, column 8; Figures 32 and 33},

which may have occurred during emplacement at the surface.

Four euhedral aluminous magnesiochromite grains are enclosed within the
massive calcite portion of the xenolith, and one is in contact with magnesio-
hastingsitic amphibole replacing aluminous diopside. Magnesiochromite
compaositions (Table 5, col. 6) from core to rim are essentially identical, except for
iron enrichment in the outermost rim. They have Cr/Cr + Al ratios of 0.65 to 0.72
and 100Mg/Mg +Fe" of 42 to 58, values similar to magnesiochromite inclusions in
pyroxene from the Botsor Hill intrusion. Their high Al and Cr content distinguish

them from melt opaques in the glassy groundmass of the xenolith and in the



Figure 31. Carbonate nodule from a hawaiite dyke (rock sample 22} near the
Raban Diatreme Complex.

(a) Photomicrograph of the nodule {long dimension is 2.2 cm) surrounded by
the hawaiite groundmass. The round shape of the nodule and the
development of a diopside + magnetite rim adjacent to the calcite indicates
the calcite has undergone dissociation. The nodule consists of two portions:
(1} an upper portion consisting of massive, microcrystalling calcite and
euhedral megacrystic magnesiochromite (black crystals), and (2) a silicate
portion of coarse-grained {8 mm) amphibole surrounding Al-rich diopside
grains, and hosted within a vesicular alkaline glass matrix. Much of the
calcite was lost from the section during polishing. Plane-polarized light.

(b) A BSE image of a remarkably well preserved calcite dissociation texture
within the silicate portion of the nodule, Destabilization of the central Sr-rich
calcite grain (Table 5, col. 2) containing a fluorapatite inclusion (Tabie 5, col.
3), produced CO, vapour, which caused the film of Na-rich aluminosilicate
glass to "balloon”. Dictyaxitic texture is present between the amphibole
(am) megacrysts.

{c} A BSE image of the massive calcite portion of the noduile, with a
euhedral grain of magnesiochromite grain (white; Table 5, col. 6). An
insulating armour of fibrous diopside grains has grown hetween the calcite
and the hawaiite magma (upper right).

(d) A BSE image of showing complex late stage resorption of analcime (a) by
alkaline glass {ag; Table 5, col. 10) with concomitant formation of augite {p}.
Vesicles {v) are common and occasionally contain botryoidali

Cu-sulphides {cu-s). Magnetite (Table 5, col. 9) and laths of labradorite
{Table 8, col. 11) have crystallized from alkaline glass. Calcite is present at
lower right.
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Figure 32. Massive calcite portion of the carbonate nodule from rock sample
22,

(a) Enlargement of the rounded portion of the carbonate nodule. Contained
within the massive microcrystalline calcite is euhedral magnesiochromite
{mgc). The massive calcite is rimmed by a radiating assemblage of pure
diopside (cp) crystallites, and titanomagnetite (dark region between cp and
basalt groundmass). The magnetite is interpreted to have formed during a
localized increase in fo, during decarbonation. Plane-polarized light. Field of
view is 5 mm.

(b) Another fragment of the nodule found elsewhere in rock sample 22.
Two generations of clinopyroxene are associated with this fragment; an
early medium-grained aluminous diopside (al cp; Table 5, col. 7) at top, and
a late-stage, fine-grained pure diopside (similar to {a); Table 5, col. 8)
rimming the xenolith at the lower left and right. Plane-polarized light.

Field of view is 3 mm.






Figure 33. Xenolith fragment (from Figure 33) under cross-polarized light.
Field of view is 3 mm.
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Simberi lavas, which are predominantly Ti-magnetite.

The magnesiochromites are compositionally similar to those in uitramafic
rocks of mantle origin (Irvine, 1967; Smith and Dawson, 1975; Haggerty, 1979).
Bailey (1989) has also reported magnesiochromites in carbonate lapillae from the
Rufunsa carbonatite volcanoes. The high Cr and tow Al content of the Simberi
spinels are similar to early-crystallizing spinels from kimberlites and lamproitaes
(Mitchell, 1991; Mitchell and Bergman, 1991), characteristics argued by Bailey to

indicate a deep mantle origin.

An amphibole megacryst intergrown with one Mg-Al-chromite grain contains
abundant Co-Cu-Fe-Ni sulphide minerals. Similar sulphide minerals are contained

within the massive calcite.

Description of the silicate portion of the nodule

Three types of clinopyroxene occur within the silicate portion of the xenolith:
(1) a coarse grained euhedral chromian to aluminous diopside, which is replaced and
overgrown by magnesio-hastingsitic amphibole (Figure 34, Table 5, col. 4}, (2)
microlitic diopside occurring within the vesicular alkaline glass matrix, and {3)
fibrous grains of Al-Ti augite occurring within magnesio-hastingsitic amphibole
pseudomorphs, inferred to have formed by the high temperature, low pressure

destabilization of amphibole {Huckenholz et a/. 1988).

The aluminous diopside in the nodule has the highest octahedrally co-

ordinated Al content {Al" =0.10 to 0.11) of all the Simberi lavas. High Al,O, (6.6



Figure 34. Overgrowth and replacement textures from the silicate portion of
the nodule from rock sample 22,

(a} Multiple generations of magnesio-hastingsite {am) overgrowing a central
core of aluminous diopside {al dp). Microlites of labradorite and diopside are
present within a vesicular {v} glassy groundmass. Glass at bottom has been
converted to palagonite, whereas the glass »t the top right is anhydrous.
Flane-polarized light, Field of view is 3 mm.

(b} Magnesio-hastingsite (am; Table 5, col. §) overgrowth of aluminous
diopside (al dp; Tabie 5, col. 4). The interior of the aluminous diopside
contains amphibole inclusions. Plane-polarized light. Field of view is 1.5
mm.
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to 8.8 wt.%), Al"/AI" and Al+ Crtatomic}/Na + Kiatomic) content of pyroxenes in the
xenolith and the Botsor Hill intrusion indicates formation under high pressure

conditions (Kushiro, 1960; Le Bas, 1962), similar to those from spinel peridotite

xenoliths (Aoki and Shiba, 1973).

The euhedrai aluminous diopside (Table 5, col. 4) is overgrown and partially
replaced by euhedral magnesio-hastingsite {Table 5, col. 5) (Figure 34). Muitiple
generations of amphibole growth are observed (Figure 34a). Phlogopite is present,
but is rare compared to amphibole in the nodule. Amphibole is in contact with a
mesostasis of alkaline glass similar to those described within the xenocrysts.
Where xenolith amphibole is in contact with the mafic lava, it has undergone
transformation to an anhydrous assemblage of Al-Ti augite, olivine, labradorite,
titanomagnetite and rhanite. Experimental determinations on the stability of these
assemblages (Huckenholz et a/. 1988}, allow an estimation of eruption

temperatures of the mafic intrusions of the Raban Diatreme Complex and Botsor Hill

of between 1050-1140° C.

Vesicular alkaline glass (Table 5, col. 10) forms the matrix between the
coarse amphibole grains. Vesicularity is so well developed that dictyaxitic texture
(Philpotts, 1989, p. 127), where vesicles are bounded by crystal faces, is often
displayed. The matrix glass is predominantly Na-rich glass approaching analcimic to
jadeitic to albitic composition, apart from the presence of minor Mg, Fe and Ca
(Table 5, col. 10). The glass analysis indicates that it is hydrous, which may be a
primary feature. Although palagonite occurs in some areas of the xenolith, the

palagonite contains high Cl contents due to the Cl-rich nature of the Simberi



Figure 35. Amygdaloidal analcime (an) and calcite (cc) surrounded by
amphibole {am) and vesicular (v} alkaline aluminosilicate glass. Microlites of
labradorite have crystallized from the glass. From rock sample 22. Plane-
polarized light. Field of view is 1.5 mm.
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groundwaters, while the analysis in column 10 of Table 5 shows low Cl content.
The glass differs from the Botsor Hill melt inclusion glasses (Table 3), in the relative
absence of i-rich glass, as well as the high ferromagnesian content. Minerals
present within the glass include titanomagnetite (Table 5, col. 9) and microlitic

diopside and labradaorite (Table 5, col. 11).

Evidence for carbonate dissociation as a mechanism for gas exsolution and
vasicularity is provided in Figure 31b, where a grain of high Sr calcite (Table 5, col.
2) with a fluorapatite inclusion (Table 5, col. 3), is surrounded by a thin layer of Na-
rich aluminosilicate glass. The preservation of this carbonate dissociation texture is
remarkable, considering the fragility of the glass rim. It is an important observation
because the presence of high Sr calcite with apatite in the xenolith, indicates a
potential relationship between the calcite in this xenolith and the calcite contained

within meit inclusions in the Botsor Hill outcrop.

There are two separate occurrences of anaicime. An early euhedral, massive
analcime (Figure 31d) which undergoes resorption by alkaline glass, and an
amygdaloidal occurrence of euhedral analcime (Table 5, col. 13), intergrown with
calcite (Figure 35} and Ba-rich phillipsite (Table 5, col. 12; identified by G.N.

Robinson, Canadian Museum of Nature), within vesicles in the alkaline glass.

Similar to the calcite portion of the nodule, sulphate-bearing fluorapatite is
intergrown with Cu-Fe-sulphide minerals occurring as inclusions within megacrystic
amphibole. A distinct occurrence of giobular Cu-only sulphides occurs within vugs

created by decarbonation reactions (c.f. Lowenstern et a/. 1981), and within
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feldspar crystallites in the glassy groundmass (c.f. Heming, 1979).

Interpretation of the origin of the nodule

A paragenesis of the nodule mineralogy is complicated by a polybaric mineral
assemblage where minerals stable under high pressure conditions of the mantle,
became unstable during isothermal eruption to the surface. The nodule is
interpreted to be of mantle origin based on the presence of Mg-Al-chromite,
aluminous diopside and calcite. The replacement of Al-diopside by an assemblage
of megacrystic magnesio-hastingsite intergrown with fluorapatite and Cu-Fe
sulphides, and the precipitation of phlogapite and possibly analcime indicates that
Na, K, P, 8. F, and H,0 were introduced during mantle metasomatism. The
occurrence of calcite and alkaline glass, similar to that found in olivine and
clinopyroxene xenocrysts from Botsor Hill, infers that the metasomatizing agent

was a sulphate-, carbonate-, H,0-, and alkali-rich aluminosilicate melt (SCHARM).

Nodules with the mineralogy described above have not been reported
previously, although various authors {McGetchin and Benanscon, 1973; Berg,
19886; Bailey, 1989; Rovetta and Mathez, 1982; Bulanova, 1986} have provided
natural evidence of mantle carbonate {calcite to dolomite compositions) hosted

within mineral inclusions in mantie nodutes.

Wallace and Green (1988} and Green and Wallace (1988) have
demonstrated the stability of carbonated silicate melts at pressures greater than 21
kbar. Green and Wallace (1988) hypothesized that these melts will react with

mantle harzburgite or lherzolite to produce a metasomatic assemblage of pargasitic
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amphibole-carbonate clinopyroxenite at 21 kbar <P < 30 kbar and
930<T<1080°C. Natural evidence of metasomatism by carbonated, silicate
melts, cited by Wallace and Green {1988), is found in spinel-apatite-bearing wehrlite
xenoliths within basanites from Victoria, Australia (Frey and Green, 1974; Kleeman,
Green and Lovering, 1969), where they argued that enrichment in apatite and Na-
rich pyroxenes could only be produced during mantle metasomatism by an

ephemeral, carbonated alkaline melt.

The metasomatic textures identified within the Botsor Hill xenocrysts and
the Raban Diatreme Complex xenolith provides strong evidence that carbonated
melts do exist in the mantle. The difference between the results of this work and
the experimental work of Wallace and Green (1988) and Green and Wallace (1388}
is that the carbonate melt described in this work is only a minor phase associated
with a hydrous, undersaturated aluminosilicate melt (SCHARM), whereas they
experimented on carbonatite melts. SCHARM reacts with mantle minerals to
produce metasomatic apatite-phiogopite-calcite clinopyroxenite at high P (> 30
kbar), and apatite-amphibole-calcite clinopyroxenite at 21 kbar <P < 30 kbar (Figure
36). Canil (1990) argued that the absence of nodules with this mineralogy was
explained by experimental evidence which indicated that even at the high eruption
velocity of kimberlites, a carbonate nodule would completely dissociate before
reaching the surface. The carbonate nodule reported ahove appears to have been
unaware of these results. That these delicate assemblages were preserved is likely
a combination of two factors: (1) development of an insulating armour of diopside
between the massive calcite and the mafic melt, and (2) eruption at high velocity

(1-5 m/s; Spera, 1384; 1987).



Figure 36. Pressure-temperature diagram indicating the possible depth of
origin of the Simberi xenclith and xenocryst metasomatic mineral
assemblages. Experimental solidi have not been determined for these bulk
assemblages. Experimental stability fields are known for phlogopite-
carbonate-lherzolite (Wendlandt and Eggler, 1980) and amphibole-carbonate-
pyrolite (Wallace and Green, 1988).

Pressure estimates: The apatite-phlogopite-SCHARM-clinopyroxenite
assemblage is stable at P> 30 kbar, whereas the apatite-magnesio-
hastingsite-calcite nodule may have formed between 21 and 30 kbar. At
temperatures above 980°C, the carbonate destabilization boundary is at 21
kbar. Carbonate-rich melts ascending above this boundary will become CO,-
saturated, causing encapsulation of CQ,-rich melt inclusions during
clinopyroxene crystallization.

Temperature estimates: Although SCHARM is always above its liquidus in
oceanic peridotite, its reaction with peridotite minerals causes metasomatic
crystallization of phlogopite at high P, and of amphibcie at low P. Eruption
temperatures for the Botsor Hill basanites and the basaitic dykes of the
Raban Diatreme Complex can ve estimated from experimental work on
amphibole destabilization (Huckenholz et a/. 1988). Assuming direct ascent
to the surface, minimum erupticn temperatures are 1050°C. If the
basanites and Basaits were derived during adiabatic decompression melting
of SCHARM-muodified peridotite, mantle metasomatism by SCHARM was
occurring at 1050°<T<*Q80°C.
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A carbonated mafic melt, derived during extensionally related adiabatic
decompression melting of carbonated mantle regions, would rapidly exsclve large
amounts of high pressure, low density CO, gas into the melt. Carbonate
dissociation would create a propellant for high speed eruption of mafic melts to the
surface, called mafic melt diatresis by Bailey {1987), and would provide an effective

mechanism for the formation of the Raban diatreme complex.

Following eruption at the surface at about 1100°C from a depth greater
than 70 km (Green and Wallace, 1988), a low temperature suite of minerals formed
until quenching occurred. Amphibole destabilization, decarbonation resulting in
vesicularity in the altkaline glass, and the crystallization of titanomagdnetite,
tabradorite and diopside occurred during cooling of the basalt magma. The alkaline
glass resorbed coarse-grained analcime with concomitant crystallization of augite.
Dissociation of calcite at low pressure led to the high temperature remobilization of
volatile elements and subsequent reprecipitation of analcime, calcite, Ba-phillipsite

and Cu-sulphides in vesicles.

A working hypothesis on the origin of sulphate-, carbonate-, H,0-, alkali-rich
aluminosilicate magmas (SCHARM)

The negligible Mg and Fe content and low Mg# of the melt inclusion glasses
indicates that the sulphate-, carbonate-, H,0-, alkali-rich aluminosilicate magmas
(SCHARM) were not derived from partial melting of mantle mineral assemblages.
The replacement of mantle minerals by phlogopite and amphibole indicates that
SCHARM is in disequilibrium with the depleted mantle wedge underlying the TLTF

arc. The ensimatic setting of the isiand arc, combined with the sub-crustal origin of the
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xenolith and xenocryst assemblages, limits the possible source regions of SCHARM
1o a subducting slab. Although westward subduction along the Manus-Kiiinailau

trench ended approximately 10 Ma, a portion of an oceanic slab nevertheless

remains.

A subducting oceanic slab consisting of basalt will undergo dehydration,
recrystallization and partial melting in response to prograde metamorphism from the
relatively cool lithospheric to hot asthenospheric regions of the upper mantle. The
chemical composition of SCHARM may represent a magma derived during partial
meiting of mineral phases in the subducted basaltic slab. The low Fe and Mg
content of SCHARM indicates that a ferromagnesian mineral is not undergoing
fusion in the slab. The alkali-rich aluminosilicate composition of SCHARM is more
compatible with melting of a feldspathic mineral, which could be plagioclase if it
was both alkali-enriched and Ca-depleted. Meiting of feldspar cannot account for
the high carbonate, sulphate, water and halogen content of SCHARM. A possible
feldspathic phase that could account for the chemicai properties of SCHARM
however, is scapolite. Seawater alteration enriches mid-ocean ridge basalts in Na,
K, {CO3)*, Cl, H,0, (SO,)*, Mg, U and Sr (Hart et a/. 1974; Staudigel et a/. 1981;
Ito et a/. 1983; Albaréde and Michard, 1986), and alkali-enriched feldspars
undergoing prograde metamorphism during subduction of altered basaitic crust
could crystallize scapolite. A simple end member equation describing the
incongruent melting of scapolite to produce SCHARM can be written:

{3 Na(K)AISi,0,}-NaCl (s) + 3 CaAl,Si,0.} - CaCo, (s)} + 2 (Mg,Fe)Si0, =>
marialite meionite alivine

{feldspar altered by seawater and converted to anorthite and scapolite during
prograde metamorphism}
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Ca(Mg,Fe),Al,Si,0,, (s) + {NaAISi,0,-2{Mg,Fe)Si0,} {s) + 2 ALSiOg (s) + 4 SiC, {s) +
grossular omphacite kyanite quartz
1 QUARTZ ECLOGITE ]

[CaCO, (i} + NaCl{l) + O, + NaAISi,0, ) + K(Na)AISi,O, (I}]

Similar equations can be written using sulphate meionite to produce a
sulphate-rich alkaline melt. The formation and stability of scapolite in conditions
similar to oceanic crust at high pressure is unknown {R.C. Newton, 1991, pers,
comm.), but the above reaction between scapolite and oceanic basalt is consistent
with the Green and Ringwood (1272) and Nicholls and Ringwood {1373} hypothesis
that melts produced during the basalt-auartz eclogite transition will be hydrous
siliceous melts. The abundant CO, contained within the oceanic crust as CaCO,,
survived prograde metamorphism (Huang et a/. 1980), perhaps as scapolite, and

produced carbonated, silica-undersaturated alkaline melts during partial melting.

The occurrence of melt inclusions consisting of Na- and K-rich glass phases
provides valuable information about the mantle source region of the TLTF arc, and
represent a "missing link" between the subduction of oceanic crust and the
extrusion of calc-alkaline rocks, and is crucial to an advancement of the

understanding of subduction zone processes.
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Chapter 5. Geochronology

Introduction

Among the recommendations of Wallace et a/. {1983) for further work was a
systematic geochronological study of the TLTF islands. A program of age dating
was undertaken to constrain the timing relationships between the initiation and
cessation of volcanic activity and to place the gold mineralization event(s) within a
volcanological context. A compilation of K-Ar age determinations for the Tabar
Islands conducted by Johnson et a/. (1976: 1 determination) and J. Rytuba (1987,
Kennecott unpublished data; 5 determinations) are presented in Table 1 along with

five *°Ar/**Ar dates obtained from this study.

K-Ar and Ar-Ar dating technigues determine the time when a given mineral
or rock was closed to Ar diffusion, and therefore age determinations are cooling
ages, which approximate intrusion ages if cooling is rapid. Hornblende has a
closure temperature of around 700°C (Berger and York, 1981). Since plagioclase
has a much lower closure temperature for Ar (= 1 75°C; Berger and York, 1981), it
is possible to evaluate the cooling history of a rock by comparing the age of

minerals with differing Ar closure temperatures.

Methodolaogy

“Ar/*°Ar dating of mineral separates was conducted at the Institute of

Human Origins (Berkeley) by R. Drake using a laser fusion, total Ar release method.
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The work was conducted during two periods, February, 1990 and June, 1991. The
samples were irradiated in two separate batches (ie., two different J-values) ina 5
megawatt reactor at Los Alamos using Fish Canyon sanidine (27.84 Ma) as an age
monitor. All accumulated mass spectrometry data for the *°Ar/*®Ar analysis are

provided in Appendix B.

Discussion of Resuits

The Sorowar Road intrusion (Sord Plut) yielded 6 reliable hornblende ages
(2.79 Ma to 3.29 Ma ) with a mean age of 2.84 + 0.25 Ma. Flagioclase separates
from this rock produced scattered (Appendix B) dates ranging from 0.6 to 4.2 Ma.
Hydrothermal minu;alization containing Au at the Sorowar deposit has been dated
at 2.8 + 0.6 Ma (K-Ar), suggesting a temporal consistency between intrusion of

mugearitic domes and Au mineralization.

In the Samat area, geological evidence indicates that mugearitic domes of
similar composition to the Sorowar Road intrusion were cut by diatremes and
related mafic dykes of hawaiite composition, culminating in hydrothermal Au
mineralization of the diatreme and the surrounding mugearite intrusion. To provide
age constraints on these events in the Samat area, a hawaiite dyke (Sample 337)
intruding the Raban Diatreme Complex at North Samat (Figure 14) and a
megacrystic, amphibole-bearing carbonate xenolith (Sample 22XEN) from a hawaiite

dyke near the South Samat deposit were dated.

The North Samat sample (337) returned 3 consistent hornblende ages with a

mean age of 3.13 + 0.06 Ma. This is interpreted as the date of the diatreme-
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forming event. The host trachyandesitic Samat intrusion is therefore temporally (as
well as compositionally) similar to the Sorowar Road intrusion (2.94 + 0.25 Ma),

within analytical error.

The South Samat sample of magnesio-hastingsitic amphibole hand-picked
from a amphibole-carbonate-magnesiochromite xenolith in a dyke of hawaiite
composition exposed near the Raban Diatreme Complex at South Samat yielded
two ages of 2.49 + 0.80 and 3.38 * 0.63, with a mean age of 2.9 + 0.6 Ma.

Considering the errors involved, this is essentially similar to the 3.13 Ma age of the

North Samat dykes.

Interpretation of the Results

The geological history of Simberi Island volcanism and hydrothermal Au
mineralization can be interpreted as follows. The combined K-Ar and Ar-Ar dating
suggest that primary mantle.liquids of alkali olivine basalt composition were
extruded on Simberi from about 3.6 Ma to 3.1 Ma (Samples 8531, 8532, 8534,
347). Fractional crystallization of this mafic reservoir led to later eruptions of
trachybasalt and trachyandesite melts from 3.1 to 2.3 Ma.

Trachyandesite domes intruded the Sorowar and Samat regions from 3.3 Ma
to 2.9 Ma. Structural deformation of the mugearite intrusions in the Samat area,
perhaps initiated by regional scale pull-apart rifting and graben development
provided zones of weakness exploited by rapidly rising, volatile-rich mafic meits of
basalt to trachybasalt composition, teading to diatreme formation between 3.1 and
2.9 Ma. Geological relationships indicate that gold mineralization post-dated

diatreme formation and this is supported by the direct dating of Sorowar
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hydrothermal mineralization at 2.8 Ma. The geological similarity between the

development of structures and concomitant intrusion of mugearitic domes and
dykes at Sorowar, Pigiput, Samat and Botlu may therefore represent
consanguineous intrusive/hydrothermal activity which produced gold mineralization

on Simberi.

'f a relationship does exist between mugearite intrusion and gold
mineralization on Simberi island, it has consequences for mineral exploration in the
other islands bf the Tabar Group, and for the TLTF arc as a whole. Twao samples of
trachybasait from Tatau Island returned K-Ar ages of 1.9 and 2.0 Ma. Mugearitic
valcanism should therefore be younger, and perhaps not exposed on the surface to
the extent that Simberi mineralization is. An exploration criterion for Tatau and
Tabar island therefore, is to deveiop deep target exploration strategies with

techniques capable of penetrating uneroded, volcanic cover.

Excess Radiogenic Argon in the Botsor Hill Intrusion

An attempt was made to date the basanite outcrop because it appears to
intrude weathered trachyandesitic volcanic rocks, and based on geolagical
relationships should be a young unit. Ferromagnesium minerals were dated by Ar-
Ar and returned five improbably old dates ranging from 52 to 604 Ma. A 8th date,
(Botsor-1; Sample 1, Appendix B) returned an age of 1.92 % 0.27 Ma, but requires
confirmation. if correct, this basanitic outcrop would be the youngest yet dated on
Simberi Island. It would also indicate that volcanism was not a simple evolutionary
progression from basaltic to intermediate compositions based on fractional

crystallization in the underlying reservoir, but that continuous extension in the Tabar
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Island Group allowed several aliguots of primitive mafic melts to ascend to crustal

regions.

A high pressure origin (P> 30 kbar) for the Botsor Hill basanite has been
discussed. The most likely explanation for the old dates is that the whole rock
mineral separates contain xenocrysts which trapped radiogenic *°Ar from the source
region. This radiogenic “°Ar may be contained within SCHARM which is a
contaminant of the xenocrystic olivine and sodian diopside. The pyroxene
megacryst cores were insulated from the basaltic melt which extruded at = 1100°C
{Kennedy et a/. 1990b} and retained the radiogenic *“°Ar contaminant trapped during
pyroxene formation in the mantle source region, uniike the other minerals dated in
the study which do not retain Ar until lower temperatures were attained. The old
ages indicate that the bulk of the *“°Ar released during mineral fusion was excess
Ar. Excess Ar has also been found to occur in diamonds {Qzima et a/. 1983) and

kimberlite pipes (Faure, 1986), in accord with the observations in this study.

In order to assess the role of excess *°Ar in the Botsor Hill sample, all the
data from Appendix B were plotted on an Ar isotope correlation diagram (Figure
37). The concept and usage of Ar isotope correlation diagrams are discussed in
Faure (1986; p. 110). The data set presented in Figure 37 reveals that a straight
line relationship (r=0.98} is obtained for all samples, apart from the Botsor-1
samples that produced the 52-604 Ma ages. Determination of the slope x error of
the regression line allows calculation of the age + error of the total mineral data
set, similar to Rb-Sr dating techniques. The calculated age of 3.06 + 0.10 Ma

represents the bulk age of Simberi volcanism, determined in this study. The initial
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ratio of *°Ar/*®Ar of 273 + 42 is similar to the *“°Ar/*®Ar atmospheric ratio of 295.5

determined by Nier (1950}, and is evidence that the majority of mineral samples

have not been contaminated by excess radiogenic *°Ar.

The five anomalously old Botsor-1 samples have initial *°Ar/*®Ar ratios
between 7,000 and 48,000. These ratios confirm that excess radiogenic *“°Ar is
responsible for the old ages and preclude reliable age determination of this rock.
High “°Ar/*®Ar ratios have been found elsewhere in mantle derived basaltic rocks.
Allegre et a/. (1983) reported values as high as 25,000 from oceanic basalts. Mid-
ocean ridge basalt glasses reported by Fisher (1981) and Marty et a/. (1983) have
ratios of about 10,000. The conventional interpretation of these high ratios is that
the mantle of the Earth is strongly enriched in *°Ar produced by decay of “°K
contained in mantie minerals. The solubility of Ar in melts increases with increasing
pressure (Carroll and Stolper, 1991}. Glassy basalts quenched under high
hydrostatic pressure on the ocean floor wiil retain Ar gas with a high “°Ar/*%Ar in

glass, which is a reflection of the *°Ar/**Ar ratio in the source region (Faure, 1986).

Mantle metasomatism by SCHARM and production of high “°Ar/*°Ar ratios

The Botsor Hill basanite did not form on the ocean floor, and therefore the
high *°Ar/*®Ar ratios were inherited from the source region by retention of Ar in
pyroxene melt/fluid inclusions. Evidence presented in Chapter 4 indicates that the
melt inclusions contain a quenched sulphate-, carbonate-, H,0-, alkali-rich

alumingsilicate magma (SCHARM) in disequilibrium with mantle peridotite.
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Based on the preliminary experimental results of Carroll and Stoiper {(1991), which
show a correlation between Ar solubility and pressure, SCHARM could potentially
dissolve a large amount of Ar. This is consistent with the high total Ar yields from
the Botsor-1 pyroxene fusions compared to the other minerals (Appendix B). The
extreme incompatibility of Ar combined with high Ar solubility in melts at high
pressure would indicate that the source region for these metasomatic melts is
"old", with high *°Ar/*®Ar ratios. These features would be characteristic of melts
released during fusion of feldspathic minerals contained within seawater-altered
oceanic crust subducted in the former Manus-Kilinailau trench, prior to collision of

the Ontong Java Plateau.

Other studies indicate that metasomatic processes can transport and create
mantle reservoirs with excess *’Ar. Villa (1990} reported that excess Ar in
metasomatic amphiboles in peridotite from Zabargad Island (Red Sea) precluded
their age determination. Release spectra for Zabargad amphiboles show that the
majority of excess Ar is released at temperatures less than 800°C. Based on this
evidence he concluded that the high concentrations of excess Ar found in the
metasomatized peridotite were the result of subsolidus reactions with hydrothermal

fluids rich in excess Ar.

it is recommended that further *°Ar/**Ar work using microanalytical step-
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heating techniques be conducted to elucidate the metasomatic history of the

Simberi mineral assemblages.
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Chapter 6. Geochemistry of Simberi volcanic rocks

The Tabar-Lihir-Tanga-Feni (TLTF) rocks show chemical enrichment and
depletion trends characteristic of calc-alkaline rocks (Johnson et a/. 1976; Heming,
1979; Wallace et al. 1983; Johnson et a/. 1986) with enrichments in the large-ion
lithophile elements (LILE; K, Rb, Sr, Ba, Th, U}, light rare-earth elements (LREE: La,
Ce, Pr, Nd, Sm, Pm), and depletion in high-field strength elements (HFSE; Ta, Ti,
Nb, P, Zr, and Hf). The rarity of primitive magmas in island arcs often limits
geochemical studies to an assessment of the evolution of a magma series with

regard to fractional crystallization.

The identification of mantle-derived mafic units at Botsor Hill and in the
Raban Diatreme Complex allow a determination of chemical variations due to
contamination and metasomatism by a sulphate-, carbonate-, H,O- and alkali-rich
aluminosilicate magma (SCHARM). The assessment of chemical (element
enrichment and saturation} and physical (fo,, T) conditions imparted on the mantle
source region by SCHARM, facilitates a better understanding of the subsequent
path of fractional crystallization, and its control on the chemical variation of evolved

l[avas.

Which composition represents a primary magma derived from the mantle?
Three Botsor Hill basanite samples (Appendix A.8; Botsor-1, S189-310, SI89-
311) from this study and the potassic basanite sample from Johnson et a/. (1976:

#74400037) have high MgO content (10.5-13.7 wt.%), and may represent primary
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mantle-derived magmas. The high MgO basalts Botsor-1 and SI89-310 (13.5 and

13.7 wt.% MgQ) show lower Ca0 and Al,0, content than those with MgO =11
wt.% (Figure 38). The dilution of Ca0 and Al,Q, in the high MgQ basaits may

result from either olivine accumulation, or contamination by xenocrystic olivine.

The two remaining samples, SI89-311 (MgO =10.5 wt.%; Table 6) and
74400037 (MgO =11 wt.%; Table 6) are possible candidates for primary melts
extracted from partial melting of the mantle wedge. A primary origin for these two
samples is supported by their high Mg* =69 and high concentrations of the
compatible elements Cr (320 ppm), Ni (140 ppm) and Sc {27.3 ppm). If these
samples represent unfractionated partial melts derived from the metasomatized
mantle wedge below Simberi Island, it is possible to compare their elemental
compositions to those of mid-ocean ridge basaits (N-MORB) derived from partial
melting of depleted mantle regions (Table 6). This is a qualitative comparison only
and does not take into account chemical variations produced by depth and degree

of partial melting of the source region.

The major element data in Table 6 shows that the Simberi primary basalts
are enviched in Ca0, Na,0, K,0 and H,0, and depleted in SiO, and Ti0, relative to
MORB. The chemical enrichments in the Simberi primary magmas can be attributed
to contamination of the mantle source region by SCHARM, because of its
carbonate-, H,0- and alkali-rich nature. The high primary Fe,0,/FeQ is a reflection
of the high fo, conditions imparted to the mantle source region by SCHARM, which
has caused the preferential incorporation of TiO, into titanian phlogopite. The low

Si0, could be due to partial meiting under high CO,/H,0 conditions (Eggler, 1974).
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Table 6. Chemical comparison of mid-ocean ridge basalt with primary lavas from
Simberi Island

Oxide | N-type MORB' § Botsor Hill | 74400037?
(wt. %) $ig9-311 |

Si0, 48.77 46.94 | 46.6
TiO, 1.15 0.78 } 0.75
AlLO, 15.90 12.79 1 12.9
Fe,0, 1.33 4.97 i 3.95
FeO 8.62 4.36 | 5.1
MgO 9.67 10.53 | 11.0
Ca0 11.186 13.42 1 12.3
Na,O 2.43 3.17 ) 2.7
K,O 0.08 0.42 ) 1.6
PO, 0.09 ) 0.29 | 0.38
MnO 0.17 0.17 10.18
H,0 0.30 2.40 1214
Mg# 66.6 81.2 | 79.4
Mg* 63.7 68.0 1 69.4
Mg# = 100Mg/iMg + Fe?*(FeQ only))molar proportions
Mg* = 100Mg/{Mg + Fe?*{total Fe as FeO))molar
proportions

References:

1. Schilling et a/. 1983

2. Johnson et a/. 1976

Chemical variations caused by mineral fracticnation from primary lavas

Major element variations represented by Simberi Island lavas are presented in
a series of Harker diagrams (Figure 39). A comparison of trends in Figure 39 with
the high-K calc-alkaline series lavas from Rindjani volcano in the Sunda arc (Foden,

1983), shows that Simberi lavas have higher K,0 and lower CaQ, Ti0Q, and Fe,,,



Figure 38. Major element variation diagrams for Simberi volcanic rocks.
Primary magma composition (P) can be modified to MgO-rich compositions
by accumulation or contamination by olivine, and to MgQ-poor compositions
by fractionation of olivine, clinopyroxene and amphibole. Inflections in the
major element patterns coincide with the appearance of phenocrysts of
clinopyroxene and amphibole.
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Figure 39. Harker diagrams for major and minor element oxides vs. Si0, for
Simberi volcanic rocks, compared with the high-K calc-alkaline series lavas
from Rindjani volcano, Sunda arc, Indonesia (Foden, 1983).

{a) TiO,, MnO and P,0; vs. Si0,. Note the significantly lower concentration
of TiQ, in Simberi lavas compared with Rindjani.

(b) Al,0, and total iron vs. SiQ,. The depletion in iron and TiO, in Simberi
lavas compared with Rindjani may be due to the early crystallization of
magnetite at high fo, (Kennedy et a/. 1920b).

(c} MgO and Ca0 vs. SiO,.
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for similar ranges in SiQ,.

Variations in major element chemistry in Simberi lavas are due primarily to
fractional crystallization of a high temperature magma under high fo, conditions, in
a high level crustal reservoir underlying the Simberi volcano. Figure 38 is a series
of Harker diagrams depicting major element trends with respect to MgQO and Al,O,.
These trends are not strictly linear, but show multiple inflection points, which

correlate with the appearance of minerals as phenocryst phases.

Petrographir observations indicate that olivine, clinopyroxene and magnetite
are liguidus phases within the most mafic samples. Olivine fractionated rapidly to
produce ankaramitic basalts. The early saturation of clinopyroxene resuited in rapid
enrichment in Al,0,, gradual enrichment in Si0, and depletion in Ca0 and MgO
{(Figure 38a->d) in basaltic and trachybasaltic lavas (45-50 wt.% SiQ,).
Titanomagnetite fractionation led to a graduel depletion in total Fe and TiQ,
throughout the crystallization sequence from basalt to trachyandesite (Figure 39a

and b).

An inflection at 50 wt.% SiQO, (Figure 38c and d) is coincident with the
presence of unresorbed amphibole and plagioclase phenocrysts in thin section, and
indicate that these minerals have become liquidus phases. Amphibole
crystallization indicates saturation in H,0 and Na,0Q in undersaturated izvas
(Cawthorn and O'Hara, 1976). Fractionation of amphibole and Ca-plagioclase
(silica-undersaturated minerals cf. clinopyroxene) lead to rapid enrichment in SiO,

Na,0 and K,0, gradual enrichment in Al,0,, and a decrease in the rate of CaO and
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MgO depletion (Figure 38). The Na,0/K,0 ratio varies from the primary mantle

source value of 3/1 at 45 wt.% SiO; to =4/4 at 55 wt.% SiO, indicating that K

acts as an incompatible element throughout the fractionation sequence.

Petrographic observations and chemical variations are consistent with results
of Kennedy et al. (1990b}, who experimented with liquidus assemblages using a
primary basalt from Lihir Island. Liguidus temperatures were determined using 7o,
controlled, 1 atmosphere, anhydrous meit experiments. At fo,=FMQ, they
determined a liquidus temperature of 1175°C where olivine crystallizes, followed
by clinopyroxene at =1155°, plagioclase at =1137° and titanomagnetite at
=1110°C. They also found that at log fo,>FMQ+ 1, titanomagnetite crystallized
at =1137°C, and argued that the

"high phenocryst content of many of the Tabar-Feni lavas may reflect

crystallization in response to a sudden increase in oxygen fugacity".

(Kennedy et a/. 1990hb, p. 730}

independent evidence on sulphide/sulphate mineral stability {Part C}, combined with
evidence of clinopyroxene and magnetite formation adjacent to the calcite nodule
{Figure 32), may indicate that carbonate dissociation at P< 21 kbar is a trigger
mechanism for an increase in oxygen fugacity in mantle derived magmas. Possible

first and second order reactions representing this process are:

(1) CaCO, (s) = CaO () + CO, (v.li;

and (2) CO, b = COM + 1/20,

The liquidus mineral assemblage of the primitive Botsor Hill intrusion on
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Simberi {sland, interpreted in the context of the experiments of Kennedy et a/.
(1990b), would indicate that the magma was emplaced at the surface at a
temperature of = 1150°C. This temperature compares favourably with the inferred
temperatures of amphiboie destabilization in Botsor Hill samples of between 1050-
1140° C (Huckenholz et a/. 1988). Magnetite inclusions in clinopyroxene
xenocrysts and phenocrysts are evidence that crystallization under high fo,
conditions occurred. Kennedy et a/. (1990b) hypothesized that the high fo, of the
Linir lavas was a result of water influx into a shallow magma chamber, but the high
fo, melt inclusion assemblages in the Botsor Hill samples are evidence for

SCHARM-induced oxidation of the mantie source region.

Trace elements

The volcanic rocks of Simberi Island possess trace element characteristics of
subduction zone lavas. These include very high abundances of the large ton
lithophile elements (LILE) Sr (1400-2900 ppm), Ba (100-600 ppm} and Rb (10-110
ppm) relative to the high field strength elements (HFSE) Ta (< 0.5-2.2 ppm),
Ti0,(0.4-0.9 wt.%), Zr (40-100 ppm) and Nb (< 3-24 ppm). In addition, the
LILE/REE (eg. Sr/Nd) ratic of Simberi basalts (60-110} are high compared with

ocean island basaits {23), continental basaits {15-22) and mid-ocean ridge basaits

(15-20) (Wilson, 1989).

Spiderdiagrams
Spiderdiagrams (Figure 40) are a convenient method of demonstrating trace-
element variation. The Simberi island valeanic rock geochemical data was

normalized to an average MORB composition (Pearce, 1983), which represents the



Figure 40, Spiderdiagrams for primitive, intermediate and evolved
intermediate basalts from Simberi 1sland and for the Tabar island quartz
trachyte (TB 1/1 of Wallace et a/. 1983). The geochemical data was
normalized to an average MORB composition (Pearce, 1283).
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original trace element concentration of melts derived from depleted asthenospheric
mantle wedge, before contamination by SCHARM. According to convention
(Pearce, 1983; Wilson, 1991), the elements on left hand side of Figure 40 are the
most mobile in aqueous fluids (Sr to U), while the elements to the right are least
mobile {Ta to Yb). Twenty-one samples from the Simberi database and one sample
of the Tabar Island quartz trachyte (TB 1/1 of Wallace et a/. 1983) were subdivided
into three groups of primitive, intermediate and evolved intermediate chemical
composition based cn the abundance of potassium (an incompatible element) in the
sample. Primitive rocks are those with 1.1 to 5.3 times the MORB value,
intermediate rocks range from 5.4 to 8.6 times the MORB value and evoived
intermediate rocks are those with greater than 8.7 times the potassium

concentration of MORB.

Trace element enrichment by SCHARM metasomatism

The primitive suite includes the primary magmas from the Botsor Hill
intrusion {Botsor-1, 310, 311), the carbonate xenalith-bearing mafic dyke from the
Raban Diatreme Complex (22) and other basalts with Mg* between 43 and 74 and
Si0, less than 48 wt. % SiO,. This primitive suite is enriched in the large-ion
lithophile elements (LILE) Sr, K, Rb, Ba, Th, U and the light rare earth elements
(LREE) Ce and Sm. These enrichments are the result of metasomatism of the
mantle wedge by SCHARM, and indicate that SCHARM has a high capacity for the
solubilization of LILE and LREE. Fractional crystallization of the primitive suite to
the intermediate and evolved intermediate groups caused further enrichments in the

incompatible LILE and LREE (Figure 40).
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HFSE depletion: A link between SCHARM metasomatism and the TLTF Daly gap?

The Tabar quartz trachyte is a member of the evolved intermediate group
{Figure 40). These small volume quartz trachyte domes are one of the most
intriguing volcanic products of the TLTF arc, since they represent the high silica end
member of a pronounced Daly compositional gap between rocks with 44-55 wt %
SiQ, and those with 65 wt.% Si0,. The domes are present in all the TLTF island
groups, and represent the youngest and final volcanic event (Wallace et a/. 1983).
Their origin is a petrogenetic paradox since nephelinitic lavas cannot fractionally
crystallize to quartz-saturated compositions before they completely crystallize (a
thermal divide separates quartz-saturation from nepheline-saturation). The origin of
these basalt-trachyte "Daly gaps" has been a long standing problem in igneous
petrology (Daly, 1925, 1927). A review of the data by Chayes {1977} and Yoder
{1973) led to the conclusion that the gap was real and that it was not the result of
continuous fractional crystallization. Although the Daly gap problem remains
enigmatic for ocean island volcanoes, | propose a unique solution to the Daly gap
exhibited in the TLTF which calls upon evidence from melt inclusion glasses,

immiscibility textures, HFSE depletion and REE patterns (Chapter 7).

The similarity in the major element compositions of the melt inclusion
glasses contained within mantle xenocrysts and the Tabar Island quartz trachytes,
allows the formation of an hypothesis relating the two salic magmas (Part B). The
hypothesis states that the quartz trachyte domes represent the vestigial component
of SCHARM, after it has become silica saturated during the formation of silica-
undersaturated metasomatic minerals (phlogopite and amphibole) in the mantle

wedge. This concept can be demonstrated by the feilowing end-member reactions
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between the silica undersaturated alkali aluminosilicate melt components of

SCHARM and mantle peridotite:

Metasomatic phlogopite production
{3KAISi,0, + 2H,0} (I} + 3Mg,5i0, (s) = 2[KMg,AISi;0,,(0H),] (s) + KAISi;0; (1)
leucitic melt olivine phiogopite orthoclasa
Metasomatic amphibole production
{2 NaAISi,0, + CaAl,Si0, + H,OHl) + 3MgSIO; {s) + CaMgSi,0¢ (s} =
analcimic melt component orthopyroxene  clinopyroxene
NaCa,Mg,Al;Si,0,,(0H), is) + NaAlISi,O, (1 + Si0, ()

amphibole albite quartz

The low solidus temperature of SCHARM ensures the transition from an
original nepheline-normative composition to a quartz-normative composition during
its transit through the mantle wedge. The occurrence of silica-rich globules
throughout the Simberi !sland suite (Figures 10) and, in particular, globules of salic
glasses within the mafic glass of the Botsor Hill intrusion (Figure 20c¢), is evidence
for immiscibility between mafic-salic liquids. The salic globules in the Botsor Hill
rocks were trapped due to quenching upon eruption, but a slowly cooling magma
chamber would allow the immiscible salic glass globules to coalesce as the mafic
meit crystallizes. Density contrasts between the salic melts and the mafic magma
would cause the low solidus salic melts to rise to the top of the magma chamber,
forming a late-stage quartz trachyte dome. This marks the complete crystallization

and death of the original magma reservoir.
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The spiderdiagram confirms that similarities exist between the trace element
composition of the Simberi rocks and the Tabar quartz trachyte. The trachyte
pattern displays similar enrichments in Sr, K, Rb, Ba, Ce, and Sm, and depletions in
HFSE. The strong depletion in titanium and phosphorus in the quartz trachyte
relative to the Simberi suite is due either to fractional crystallization of
titanomagnetite and apatite, respectively, or is an indication of the initial depletion
of Ti and P in the slab source region of these salic melts. Uranium and thorium

concentrations are quite low, but the U/Th ratios are comparable to the Simberi

rocks.

Depletions in the high field strength elements (Ta, P, Zr, Ti, Nb and Hf: the
latter two elements were below the limit of detection) in the Tabar Island Group
samples are characteristic traits of island arc lavas (Figure 40). The mechanism(s)
of HFSE depletion are a highly debated topic in igneous petrogenesis. Various
interpretations (Arculus and Johnson, 1981; Kelemen et a/. 1990) include:

{1) stabilization of a mineral phase with k, for HFSE > 1 in the arc magma

source (Hellman and Green, 1979; Saunders et a/. 1980b: Green and

Pearson, 1986, 1987; Ryerson and Watson, 1987),

(2) metasomatism of the mantle wedge source by a fluid or magma depleted

in HFSE (Ryerson and Watson, 1987),

{3) high degrees of partial melting,

{4) early fractionation of magnetite,

(5} scavenging of HFSE by mantle minerals with high kg during ascent of

basaitic magma {(Kelemen et af. 1920),
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Items (3) and {5) are not considered valid explanations of the HFSE
depletions in Simberi basalts since geochemical and petrographic evidence indicates
that they are not high-degree partial melts and that they have ascended rapidly from

mantle regions in high-speed liquid eruptions.

The dominant mechanism for HFSE depletion, however, cculd be a
combination of the above interpretations, with ultimate control exercised by the
chemical and physical characteristics of SCHARM. Derivation of SCHARM during
the basalt-eclogite transition would lead to the stabilization of the assemblage
omphacitic pyroxene-garnet-rutile + kyanite = quartz. An interesting consequence
of the metasomatic melt-eclogite formation hypothesis is that stabilization of rutile
(Ti0,), zircon (ZrSi0,) and apatite (Cag(PO,),(F,OH,Cl}; within the slab could explain
the depletion in HFSE and P in subduction related magmatic arcs. Ryerson and
Watson (1987} experimentally constrained that, if Ti-Nb-Ta depletion in the mantle
wedge source region of island-arc magmas was imparted by hybridization
{metasomatism) of the mantle wedge by rutile saturated melts, the hybridizing
agent wouid have to be a felsic, hydrous melt created at low temperature (900°C).
Similar arguments can be made for phosphorus, as experimental evidence {Green
and Watson, 1982) indicates that low temperature (800-850°C) silicic melts of
trachytic composition {65-70 wt.% SiO,} will be saturated in apatite at 0.12-0.24
wt.% P,05. Apatite, therefore, will remain in the eclogitic siab residue and the
metasomatic melt will be ‘depleted’ in PO and will impart its depleted P content to
the overlying mantle wedge. This is in accord with the marked depletion of P on
Figure 40 for the Tabar !sland quartz trachyte and for the analyzed compositions of

the melt inclusion glasses where P,0; contents were found to be between 0.02 and



116

0.22 wt.% P,0; (Table 3). The low temperature conditions of SCHARM formation
and the siliceous character of SCHARM support the experimental evidence for

retainment of HFSE in the slab (Ryerson and Watson, 1987; Green and Watson,

1982).

The highly oxidized nature of SCHARM (f0,>FMQ+4 log units; sulphate +
magnetite stable; Carrol and Rutherford, 1987, p.785) causes the metasomatic
crystallization of Ti-phlogopite (Foley, 1989), Ti-magnetite and titanite in the mantle
wedge, and also causes the early crystallization of Ti-magnetite from mantle derived
magmas. Thus the basalt-eclogite transition hypothesis may not solely cause
retainment of HFSE in the slab. Infiltration and metasomatism of the mantle wedge
by highly oxidized SCHARM continues to cause HFSE depletion, thus a number of
linked processes may control HFSE depletion, and therefore an explanation of HFSE
depletion in the TLTF arc can best be encompassed by a combination of the above
items (1), (2) and {4). Nevertheless SCHARM production and its interaction with
the overlying mantle wedge is the fundamental process controlling LILE, REE and

HFSE abundances.

In summary, the spiderdiagrams {Figure 40) illustrate the following points
about Simberi island voléanic rocks:

1) Simberi volcanic rocks possess chemical characteristics of the calc-

alkaline rock association.

2} Caicium, Na, K, RDb, Sr, Ba, Th, U and LREE are enriched in primary

mantle-derived samples due to metasomatism by SCHARM.

3} The incompatible elements become highly enriched during subsequent

fractional crystallization of primary magmas derived from partial melfing of
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metasomatised mantle.

3) Troughs at Ti, Ta and Zr reflect retainment of these elements in a mineral
phase in both the subducted slab and in the mantle wedge, due to their low
solubility in salic melts and their partitioning into metasomatic minerals
during oxidative metasomatism by SCHARM.

4) Quartz trachytes have major and trace element characteristics similar to
Simberi Island volcanic rocks and to zlkaline glasses contained within
mantle-derived primary magmas. Although it is impossible to derive quartz
trachyte magmas by fractional crystallization of a nephelinitic rock, quartz
normative melts may be a by-product of alkali depletion which occurred
during the metasomatic formation of silica-undersaturated minerals
(phiogopite and amphibole} from mantle peridotite minerais. The low
temperature solidus of SCHARM, combined with its low density and
immiscibility in mafic melts, would allow it to coalesce into a late stage
quartz-normative dome during gradual cooling and crystallization of a mafic,

nepheling-normative magma in a crustal magma chamber.
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Chapter 7. Rare Earth Elernents

Introduction

Enrichment and depletion trends in rare earth element (REE) abundances
reflect the sensitivity of these elements to magmatic processes {Allegre et a/. 1977;
Hanson, 1880). A chondrite-normalized (Anders and Grevesse, 1989) plot of a
representative suite of Simberi Island volcanic rocks is presented in Figure 41. The
suite has been divided into a primitive volcanic series and a more evolved series
based on Mg* number and incompatible element {K) abundance. Also plotted on
Figure 41 is the Tabar Island quartz trachyte sample reported by Wallace et a/.
(1983). Although Wallace et a/. (1983) and Johnson et a/. (1986) suggested quartz
trachyte formation by a crustal melting processes, an hypothesis has been proposed
in this work that they are the vestigial component of silica-undersaturated,
carbonated aikaline melts of slab arigin, depleted in alkalies during the metasomatic

production of phlogopite and amphibole (silica-undersaturated minerals) within the

asthenospheric mantle wedge.

In general, both primitive and evolved series show enrichments in light rare-
earth elements (LREE) over heavy rare-earth e!emenfs {HREE), which is
characteristic of high-K calc-alkaline rocks. The stope of the REE patterns for both
Simberi suites are simiiar to the Tatar Island quartz trachyte. The Simberi REE
patterns indicate that the primitive 2nd evolved suites are related through simple
fractional crystallization processes, where REE enrichment from primitive to vvolved

samples is due to the incompatible nature of the REE. The concave upward shape



Figure 41. Chondrite normalized rare earth element patterns for Simberi lavas
and Tabar Istand quartz trachyte (TB 1/1 of Wallace et &/. 1983). Primitive
lavas in the top diagram have lower abundances of REE, and distinct
negative Ce anomalies and positive Eu anomalies compared to the evolved
lavas (below). The Tabar Island quartz trachyte has low ZREE abundances,
and a pronounced negative Ce anomaly. Data normalized to the chondritic
values (Anders and Grevesse, 1989).
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for the HREE is present in both the primitive and evoived Simberi rocks, and in the

Tabar quartz trachyte (Figure 41).

Two significant single element anomalies {positive Eu and negative Ce) occur
in the Simberi and Tabar Island volcanic rocks and reflect the high oxygen fugacity
of the igneous melts. Europium and Ce are the only REE which can have stable
divalent states, and under oxidizing conditions the reactions Eu?* - Eu®* and Ce®*
- Ce** occur (Neal and Taylor, 1989). The Eu and Ce anomalies in the TLTF lavas

are important geochemical tracers, useful in determining the nature of the REE

sgurce.

Positive Europium Anomaly

A positive Eu anomaly is present in both the primitive and evolved suites
(Figure 41). It is most strongly developed in the mantle-derived olivine basalt and
diatreme basalts (with Eu/Eu’ ranging from 1.2 to 1.5; Eu’ is the value interpolated
from a straight line between Sm and Gd), with the strongest positive Eu anomaly
developed in the most primitive rocks. Positive Eu anomalies are traditionally
observed where plagioclase accumuiation has occurred. In most igneous melts of
low to moderate oxidation state, Eu is present as Eu?*, and is preferentially
incorporated into plagioclase by substitution for Ca?*. The mineralogy of the
primitive suite however, does not suggest plagioclase accumulation has occurred.
In the most mafic rocks plagioclase is not even a liquidus mineral and xenoliths
present within the mafic lavas do not contain significant plagiociase. The inferred
depth cf origin for the primitive lavas (=60 km) is greater than that at which

plagioclase Iherzolite is stable (<30 km; Wyllie, 1981). This indicates that
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plagioclase was not a mineral phase in tha mantle wedge source region of the

Simberi lavas.

Petrographic arguments, therefore, require that the positive Eu anomaly in
the Simberi island lavas be due to a process other than plagioclase accumuiation in
the Simberi magma reservoir or melting of plagioclase-bearing mantle wedge.
Nevertheless, plagioclase is the only abundant mineral preferentially enriched in Eu
relative to the other REE, and it can be therefore inferred that the source region of
the REE should have contained plagioclase, and that melting of plagioclase or a
plagioclase-rich component was responsible for the Eu anomaly in the Simberi
rocks. The only other pc;tential plagioclase source is feldspar contained within
subducted oceanic basalt. Melting of a feldspathic phase (i.e. scapolite) at the

basalt-eclogite transition can produce SCHARM with a positive Eu anomaly.

The preservation of the Eu anomaly in the Simberi rocks compared with Lihir
(Kennedy et af. 1990a) and othar rocks from the TLTF Island {Wallace et a/. 1983)
is a result of the following:

{1} the more primitive nature of the Simberi rocks (cf. Lihir) and their

derivation from ‘metasomatized mantle regions,

(2) the high proportion of metasomatic agent (SCHARM) in the primary

magmas, with the ultimatg control of REE concentrations exerted by

SCHARM contaminaticn, and

{3} the stability of trivalent Eu under high fO, conditions.

The absence of negative Eu anomalies in all the TLTF rocks, and particulariy in the
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most highly evolved quartz trachyte rocks indicates the prevalence of Eu as Eu®*,
and is consistent with the high primary Fe,0,/Fe0 ratios and overall high oxidation

state of the TLTF magmas.

Negative Cerium Anomaly

The negative Ce anomaly is not as strongly developed as the positive Eu
anomaly, but it is prevalent throughout the Simberi suite. The largest negative Ce
anomaly is displayed by the Tabar Island quartz trachyte, which, along with the
general slope of the REE patterns, indicates a common lineage between the
nepheline-normative mafic to intermediate lavas and the quartz-bearing trachytes.
The Ce/Ce’ ratio of the Simberi lavas ranges from 0.83 to 0.91, while the Tabar

Island quartz trachyte has a Ce/Ce” ratio of 0.66.

Negative Ce anomalies have been reported in basaltic lavas from other
ensimatic island arcs in the south Pacific, including the Solomon Islands (Jakes and
Gill, 1970; Ramsay et a/. 1984), New Britain (Heming and Rankin, 1979}, the
Mariana Islands {Dixon and Batiza, 1979; White and Patchett, 1984), and in mantle
peridotite xenoliths from an alngite intrusion on Malaita Island (Sclomon Islands;
Neal and Taylor, 1989). Cerium anomalies have also been reported in garnet in
Group C eclogite nodules (Taylor and Neal, 1989) and in apatite from carbonatites

at Oka, Quebec (Eby, 1975) and Kaiserstuhl, Germany (Puchelt and Emmerman,

19786).

Experiments on Ce solubility in melts {conditions: 1 atmosphere, anhydrous,

controlled fO,) reported by Schrieber et a/. (1980), severely constrain the potential
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for the development of quadrivalent Ce in the presence of Fe?* because of the
reaction

Ce** + Fe?* = Ce®* + Fe’*.
There is no known igneous process for the production of negative Ce anomalies by
oxidation of Ce to its tetravalent state in basaltic melts since there will always be
excess Fe?* present (ie. only one distribution coefficient for Ce compared to Eu).
This line of reasoning led Heming and Rankin (1279) and Hole et a/. (1984) to argue
that negative Ce anomalies must be present in the source region prior to partial

melting.

Seawater contains a strongly pronounced negative Ce anomaly due to
oxidation of soluble Ce®** to insoluble Ce** species (Elderfield and Greaves, 1982).
The Ce** is scavenged by Fe-Mn particles which produce manganese nodules and
associated sediments with positive Ce anomalies (Elderfield et a/. 1981). Pelagic
sediments contain negative cerium anomalies because the accumulated nanofossil
ooze consists of planktonic tests which grew in a Ce-depleted water column. A
mixture of 95% nanofossil coze and 5% ferruginous clay was used by Hole et a/.
(1984) to model the possible PAWMS {Pacific Authigenic Weighted Mean
Sediment) contribution to the source region of the Mariana arc. Although a
PAWMS contribution of 0.3 to C.5% could potentially produce a negative Ce
anomaly in Mariana basalts, the distinct positive Gd anomaly of PAWMS was not
present. Furthermore, the Rb/Ba ratio of PAWMS is too low to produce the Rb/Ba
ratio or the Mariana basalts. Hole et a/. {1984) suggested that an additional
hydrothermal fluid component could meet this requirement, but H,0-rich fluids will

only be locally present due to amphibole-and phlogopite-producing buffer reactions
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in the subducted slab and mantle wedge (Schneider and Eggler, 1986). In light of

this study, it is unlikely that a sedimentary contribution is responsible for the

negative Ce anomaly in Simberi lavas and the Tabar quartz trachyte cumuiodome.

Mid-ocean ridge basalt (MORB) lavas studied by Ludden and Thompson
{1979) are enriched in REE during seawater alteration processes. Their study
demonstrated that the LREE in altered basalt were significantly enriched (2-6x) over
fresh basalt, except for Ce, which showed erratic but overall minor enrichment.
Seawater-altered basalt (SWAB), therefore, can have a pronounced negative Ce
anomaly. Ludden and Thompson (1979} also observed a correlation between REE
enrichment and age of the basaltic rocks, indicating that strong negative Ce-
anomalies are likely to be present where old oceanic crust (which have experienced

relatively high water/rock ratios) is subducting.

The presence of negative cerium anomalies in the nepheline-normative
Simberi lavas and the quartz-normative Tabar Island trachyte indicates that the
source region for the two rock types contained a negative cerium anomaly.
Subduction of early Cretaceous oceanic crust of the Pacific plate below the TLTF
arc, prior to the collision of the Ontong Java Plateau, would have provided an old,

seawater-altered, Ce-depleted basalt (SWAB) source region.

REE Interpretation
The observations given above indicate that the mantle wedge has no control
over the production of negative Ce and positive Eu anomalies. These anomalies can

be produced by seawater alteration of basalt and subsequent melting of feldspathic
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phases within the basalt, respectively.

The concave upward shape for the HREE pattern is characteristic of melts,
formed in the presence of garnet, where garnet has a mineral/melt partition
coefficient (k,) for the HREE Gd to Lu greater than 1 (Henderson, 1982, p. 93).
Kennedy et a/. (1990b) argue that garnet is not a residual phase in the mantle
source region of the TLTF arc because {Lu/Yb),, is greater than 1 in all of the
primitive Lihir lavas. This statement is certainly true if one considers the &, values
for basaltic systems however, for siliceous melts k&, values for HREE in garnet are
reversed such that (Lu/Yb)_, is less than 1 {Henderson, 1982, p. 93). Therefore the
concave upward HREE pattern for the Simberi Island lavas and the Tabar Island
quartz trachyte is consisient with a siliceous melt, enriched in LREE, forming in the

presence of garnet, somewhere other than in the mafic mantie wedge.

Primitive Simberi lavas containing evidence of high pressure (> 21 kbar)
metasomatism of mantle minerals by sulphate-, carbonate-, hydrous, alkali-rich
magmas {SCHARM), argue for addition of REE to the mantle wedge by the
metasomatic melt. Enrichment of LREE over HREE in this siliceous meit can be
attributed to the retention of garnet in the siliceous melt source region. The low
Mg# and the alkali-rich nature of the metasomatic melt are consistent with melting
of plagioclase or of a prograde metamorphic mineral which was originally
plagioclase (ie. scapolite; Goldsmith, 1976; Burnham, 1979, p. 93). During partial
melting, feldspar tends to melt more rapidly than cu-existing mafic rock and would

produce a melt with a positive Eu anomaly and a relatively high LREE/HREE ratio (2-
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10x) {Hanson, 1978; Rogers and Hawkesworth, 1982: Henderson, 1982).

Retention of garnet during the incongruent melting of a feldspathic phase would

deplete SCHARM in HREE due to the high garnet &, values for HREE (Table 7).

Feldspar has a higher &, for Sr, Ba, and Eu than non-feldspathic minerais
present in the subducting basaltic slab (Mason et a/. 1982; Irving and Frey, 1984).
Er-ichments in Eu, Sr, Ba, K and Rb and depletion of Ce in the TLTF rocks suggests
that a seawater-altered feldspathic phase is melting :uring prograde metamorphism
of the oceanic slab. Melting arguments, presented in previous chapters, indicate
that scapolite may be the feldspathic phase undergoing melting. An equation can
be written to describe the hypothetical process of the incongruent melting of

scapolite to produce an eclogite residue {garnet + omphacite + kyanite) and a

carbonate-bearing, alkali-rich siliceous melt:

{3 NaiK)AISi,Og} «NaCl (s) + ({3 CaAl,Si,04}+CaC0, {s) + 2 (Mg,Fe}Si0, =>
marialite meionite olivine
{feldspar aitered by seawater and converted to anorthite and scapolite during prograde

metamorphism and reacting with basaltic minerals in slab}

Ca{Mg,Fe),AlSi;0,, {s) + {NaAISi,0, - 2{Mg,FeiSi0,} + 2 Al,SiO; (s) + 4 Si0, (s}

grossular omphacite kyanite quartz
[ QUARTZ ECLOGITE -]
+
[CaCO; + NaCl + O, + NaAlSi,0, + K{Na)AlSi,O,]
[wanmmennanen CARBONATED ALKALINE MELT------------ ]

Similar reactions can be written using sulphate meionite in place of meionite

to produce a sulphate-bearing alkali-rich melt in place of a carbonate meit, or to
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produce a carbonated sodalite melt (sodalite and hauyne are phenocryst phases in
TLTF lavas). The phases in the closed brackets represent the metasomatic melt
which has metasomatized the mantle source region of the TLTF arc, to produce
phlogopite-carbonate clinopyroxenite at P> 30 kbar and amphibole-carbonate
clinopyroxenite at 21 kbar <P < 30 kbar (Wallace and Green, 1989). This
hypothesis on the derivation of SCHARM by partial melting during the basalt-
eclogite transition in the subducted stab, can be tested by modelling of rare earth

element distribution.

REE Modelling: Partial Melting of Feldspathic Components and Eclogite Genesis
During Prograde Metamorphism of Oceanic Crust in Subduction Zones

Equations defining the distribution of trace elements during partial melting
(Shaw, 1970} and fractional crystallization (Neuman et al. 1954) are based on the
distribution laws determined by Rayleigh (1896). These equations were used to
test the hypothetical incongruent melting model proposed above, where a
feldspathic mineral within subducted SWAB melts incongruently to form a
garnetiferous (eciogite facies) slab residue. As discussed by Wilson {1989, p. 63),
a number of assumptions must be made before trace element modelling equations
can be used. The assumptions implicit to the calculations (Table 7} are:

{1} That the original REE concentration of the SWAB basalt sample 8-16A

collected from the margin of a 5 Ma MORB pillow from the Atlantic Ocean

(Ludden and Thompson, 1979) are similar to the bulk REE concentration in

the Pacific oceanic crust present in the former subduction zone below the

TLTF arc.

{2) That the total REE concentration in the basaltic slab is contained within
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feldspar, which has been enriched in all REE except Ce during seawater

alteration.

{3} That no redistribution of REE has occurred during conversion of

plagioclase to scapolite during prograde metamorphism.

{4) That incongruent melting of scapolite occurs, and can be modelled

assuming that kpscapolite = kgplagioclase.

{5) That k; values for plagioclase and garnet at high P, T and fO, are similar

to the values given in Henderson {1282},

{6) That the overlying asthenospheric mantle wedge is depleted and does not

contribute to the total REE concentration of Simberi basalts.

Taking into account the considerable restrictions placed on the modelling
equations by the above assumptions, a simplistic model consisting of batch partial

melting of feldspar (ie. as an analogue of scapolite) was performed (Table 7).

These calculations indicate that a melt produced by 93% partial melting of a
feldspathic phase in SWAB and subsequent crystallization of 7% garnet from this
meit will produce an alkali-rich, siliceous melt with an overall REE concentration and
a LREE/HREE ratio similar to the primitive Simberi lavas. Figure 42 shows that the
concentrations of the majority of REE except for Ce and Eu can be reproduced by
the models. The modelled Ce/Ce’ of 0.66 is less than the Simberi primitive lavas
but similar to the Tabar Island quartz trachyte. The modelled Eu concentration does
not match the Simberi primitive lavas because the Eu concentration of plagioclase in

SWAB is actually greater than bulk SWARB values.

Following the above arguments that the quartz trachyte magmas represent
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the vestigial component of SCHARM, derived during the incongruent melting of
scapolite at the basalt-eclogite transition in the subducted slab, then the quartz
trachytes shouid contain the highest concentrations of REE. Figure 42
demonstrates that this is not the case. Ryerson and Hess {(1978) determined that
liquid-liquid distribution coefficients were controlled by degree of melt
polymerization, and that immiscible granitic and ferrobasaltic liquids had kp* ™"
owite §o00 REE = 10. The calculated k,, for primitive Simberi basalts and the Tabar
Island quartz trachyte is a constant with ko pretSCHARM for REE = 3, possibly
reflecting the lower degree of potymerization of SCHARM relative to granitic melts.
Therefore, the similarity in REE patterns between the Simberi basalts and the Tabar
island quartz trachyte can be explained by potymerization controlled REE partitioning

into the mafic melt-SCHARM immiscibility in the mantle wedge source region.
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Table 7. Modelling of SWAB partial melting with garnet retained in residue by crystai

fractionation.

Parameters Batch Partial Melting of i Fractional Crystallization of Garnet
Plagioclase-rich Source ! in Source Region (Eclogite
Region i formation)
Cla=ColF +kg-F*kp)"; | Cp =C{F*(1-kp) +kp)";
F=0.93 (wt. fraction of | F=0.93 (wt. fraction of liquid
melt formed) i remaining)

REE SWAB Plagioclase | Modelled i Garnet &, Modelled Simber
(Co) kp (CL,, | {Henderson | (Cy,) (ppm) | Basalt -
8-16A.mar | (Henderson, | Concn.{ppm} ! 1982) 311
{ppm) 1982) ] {ppm)

La 16.35 0.14 17.4 1 0.28 17.1 18

Ce | 24.78 0.14 26.4 | 0.35 25.8 39

Nd 19.70 0.08 21.1 | 0.53 20.3 25

Sm | 5.30 0.08 5.7 1 5.5 4.2 5.4

Eu 1.63 0.32 1.7 1 1.5 1.6 2.4

Gd | (4.22) 0.10 4.5 | 13.6 2.4 4.9

To | 1.06 0.03 1.1 1 19.6 0.5 0.6

Ho || 1.49 0.08 1.6 | 28 0.6 0.65

Yb || 4.14 0.07 4.4 | 43 1.2 1.5

Lu 0.72 0.08 0.8 i 38 0.22 0.26




Figure 42. Chondrite normalized rare earth element plot showing rare earth
element modelling for the partial melting of seawater altered basalt (SWAB)
at the basalt-eclogite transition in subduction zones. The concentrations of
the majority of REE {except Ce and Eu) can be reproduced by models
requiring 93% melting of SWAB and retention of 7% garnet in the slab. The
modelled Ce/Ce” of 0.66 is less than that of the Simberi primitive lavas, but
similar to the ratio of the Tabar Isiand quartz trachyte.
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Chapter 8. Isotopic Systematics of Mantle-Derived Basalts and
Nodules

In the previous chapters, an hypothesis has been developed regarding the
origin of SCHARM by partial melting of subducted, seawater-altered basalt at the
hasalt-eclogite transition. In particular, the rare earth element data indicate that a
feldspathic mineral is undergoing incongruent meiting. Eutectic melting constraints
suggest that scapolite, produced during prograde metamorphic reactions
accompanying deep subduction, is a potential mineral phase undergoing fusion to
produce sulphate-, carbonate-, H,0-, alkali-rich aluminosilicate magmas (SCHARM).
Interaction of SCHARM during ascent through mantle peridotite has produced
metasomatic phlogopite, amphibole and sodian diopside, and consumed olivine and
possibly orthopyroxene. In this chapter, whole rock and mineral '®0/*®0, *C/'*C
and ¥7Sr/®°Sr isotopic data from mantle-derived basalts and nodules and fractionated
lavas, are presented. This information is potentially useful for constraining the
origin of SCHARM, and the amount of SCHARM contamination of the mantle

wedge necessary to produce the Simberi arc lavas,

The use of isotopes as petrogenetic indicators for igneous rocks is discussed
by James (1981}, Faure (1986), Wilson (1989), Taylor (1986) and Taylor and
Sheppard (1986). The limited range in ¥Sr/*Sr of n-MORB (0.7024-0.7030) is
representative of depleted mantie *’Sr/%8Sr ratios, whereas seawater
(®’Sr/*®Sr =0.707-0.709) and continental crust (*’Sr/**Sr> 0.706) generally have
high ¥Sr/*Sr. The absence of continental crust in ensimatic island arcs allows the

development of binary strontium mixing models for two isotopicaily distinct Sr
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reservoirs (slab and mantle).

The use of binary strontium mixing models in arc petrogenesis is limited
however, by the lack of knowledge _of the Sr content of each reservoir. The low Sr
abundance of the depleted mantle reservoir {50-200 ppm} however, necessitates a
significant contribution of subducted slab Sr to the mantle wedge in order te
produce the high Sr abundances characteristic of arc magmas (500-1800 ppm).
The concentration of Sr in the subducted slab component is unknown, but is likely
an order of magnitude greater than that of depleted mantle. [n this sense, the
8751 /%8S isotope systematics of arc magmas are controlled entirely by the slab
component because the mantle ¥7Sr/2®Sr signature is swamped by a smal! addition
of Sr-enriched subducted material. The high ¥Sr/*®Sr of marine sediments {usually
greater than 0.706; Dasch, 1969) and carbonates (0.707 - 0.709 (Mesozoic to
Present; Burke et a/. 1982), as well as their high Sr abundance {500-10,000 ppm

Sr) limits their contribution to subduction zone magmas to generally less than 1%

{Ito and Stern, 1285).

By combining '®0/'°0 and ®’Sr/%°Sr ratios in petrogenetic studies the problem
of one isotopic reservoir overwhelming another is avoided, since mantie and crustal
rocks have similar oxygen abundances (Taylor, 1986; Taylor et a/. 1987). At
temperatures of 1100 to 1200°C, fractionation between 20 and '°0 is =0%o,
therefore determination of the ¢'%0 in volcanic rocks and minerals is also a record
of the §'%0 value of the melt. The use of oxygen isotope data in igneous
petrogenesis however, also has limitations. Retrograde isotopic exchange during

low-temperature hydration of volcanic rocks causes enrichment in '®Q (Kyser,
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19886).

Strontium [sotopes Ratios for Tabar-Lihir-Tanga-Feni volcanic rocks

The range in ®Sr/%%Sr ratios for the TLTF volcanic rocks measured by other
workers is 0.70382-0.70452 (average of 0.70408 =+ 17 for 44 samples; Wallace
et al. 1983; Johnson et a/. 1988; Kennedy et a/. 1990a)}, with the high end of the

range dominated by samples of quartz trachyte cumulodomes.

On a Nd-8r diagram (Figure 43}, the TLTF samples plot to the high "Sr/*®Sr
side of the mantle array (Kennedy et a/. 1990a}. Island arc volcanic rocks plotting
to the right of the mantle array are interpreted tc have incorporated Sr/%%Sr from
seawater-altered basalt during subduction. Altered submarine basalts are enriched
in ¥Sr by reaction with seawater (Dasch et a/. 1973; Hart et al. 1974} to give
87Sr/%8Sr values of =0.704. The alteration of oceanic basait by seawater is the
only process known which can affect the 27Sr/**Sr without affecting the Nd isotopic
ratios (DePaolo and Wasserburg, 1977; Hawkesworth and Powell, 1980). Although
TLTF Nd and Pb isotope systematics are relatively homogeneous, Sr isotopic
heterogeneity exists and has been attributed by Kennedy et a/. {(1990a) to

assimilation of reef carbonate or altered overlying oceanic crust by mantle-derived

magmas.

Strontium Jsotope Ratios of Simberi rocks and nodules
A series of alkali olivine basalts (Btsr-1, 310, 311), trachybasalts (22) and
trachyandesites (45A, Sord Plut) were selected for '®0/'°0 and *’Sr/*Sr isotopic

analysis. The whole rock data (Table 8) show high 6'80 compared with mantle-



Figure 43, Nd-Sr diagram for Tabar-Lihir-Tanga-Feni lavas (from Kennedy et
al. 1990a). TLTF samples plot to the high *’St/**Sr side of the mantle array
and are interpreted in this work to be due to the contamination of mantle
wedge peridotite by 87gr-enriched SCHARM, derived during partial melting of:
seawater altered basalt. BE = Bulk Earth.
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derived arc basalts and arc lavas: 6'°0 = +5.6 to +6.8%e; Ito and Stern, 1985),
while ¥7Sr/%8Sr ratios of the olivine basalts and trachybasalts are the lowest in the

TLTF arc. The trachyandesite values fall within the general range of TLTF lavas.

Table 8. Whole rock isotopic results of Simberi rocks

Sample &°0(%o) | ¥Sr/%r | Sr Ca0 H.0 Mg*
{ppm) | (wt.%) {wt. %)
310 10.05 0.70362 1480 10.6 1.9 73.5
31 11.35 0.70354 1516 13.4 2.4 68
Btsr-1 10.89 0.70370 1500 10.9 2 72.8
22 12.38 0.70372 2889 11.4 2.2 52.%
45A 12.33 0.70400 2325 12.3 2.3 40
Sord Plut 10.95 0.7039 2100 6.4 1.5 40

Three 87Sr/%Sr analyses of massive microcrystalline calcite displayed
87, /885 heterogeneity {0.70359, 0.70398 and 0.70417; Table 10}, some of the
lowest and highest values obtained for the entire.arc. Although it is possibie that
this heterogeneity was produced by subaerial weathering processes, weathering
does not lower %7Sr/%¢Sr ratios in rocks (Faure, 1986, p. 183), and therefore the
data must be considered as maximum values of the primary 27Sr/%¢Sr isotopic
composition of the calcite in the carbonate nodule. If the massive calcite portion of
the nodule represents a carbonate liquid derived from SCHARM by immiscibility in
the mantle wedge, then SCHARM must have an initial ¥Sr/%®Sr ratio less than

0.70417.

Oxygen !sotope Ratios of Simberi rocks and nodules

Whole rock 4'%0 and weathering

Whole-rock ¢'%0 values for Simberi lavas are high, ranging from 10.05 %o to
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12.38 %o (Table 8). The high-Sr, xenolith-bearing lava {22) has the highest '°0.

The rocks that were chosen for '°0 analysis contain optically fresh groundmass
glass and, although signs of alteration are present in the trachyandesite samples,

the basalts are generally free of palagonite.

Whether the whole-rock §'%0 values of the basalts are primary is equivocal.
Tropical weathering is a pervasive problem, limiting pristine samples. Extensive
cutting and slabbing of weathered rinds from boulder-sized samples was conducted
to reach a core of glassy basalt. Although the degree of freshness was determined
by the presence of optically fresh groundmass glass, this can be an unreliable
method of ascertaining post-crystallization alteration (H.P. Taylor, Jr., pers. comm.,
1990). Microprobe analysis of groundmass glasses in the basalts showed both
anhydrous and hydrous compaositions, but this variation may be a primary feature
since hydrous Na-rich {Table 3, col. 1} and anhydrous K-rich {Table 3, col. 3) glass
coexist within melt inclusions. Analysis of palagonitized glass near oxide-coated
fractures showed a high Cl content (3.5%), passibly contributed by sea spray to

local ground water or by seawater interaction. All other glasses analyzed have less

than 0.6% CI.

Methods of correcting for post-crystallization alteration involving correlation
with H,0 and Fe,0,/Fe0 ratios (Muehlenbachs and Clayton, 1972; Staudigel et al.
1981) are inapplicable to TLTF lavas since the high values of these components are
primary features (Johnson et al. 1876; Wailace et a/. 1983; Johnson et al. 1988).
The possibility that the high ¢'*0 values of basaltic lavas are due to secondary

alteration processes requires a separate evaluation of the oxygen isotope
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systematics using mineral separates. Unlike the glassy groundmass of the basalts,
phenocryst phases will retain primary '°0/*°Q ratios during low to moderate degrees
of weathering. Determination of 6'°0 of high temperature phenocryst phases will
be an indication of the primary &'20 of the lava, since mineral-melt fractionation at
mantle temperatures are likely to be negligible (Garlick et a/. 1971; Kyser et al.

1881; 1982).

Basaltic mineral separates and §'°0 disequilibrium produced by SCHARM

Evidence for '®0-enrichment of the mantle by SCHARM metasomatism is
provided by '®0 analyses of hand-picked, bulk mineral separates (Table 9) from
mantle-derived, high Mg basalts. In these samples, petrographic evidence indicates
that mantle xenocrysts of olivine are metasomatized by SCHARM to produce
clinopyroxene, and that both clinopyroxene and magnetite are early liquidus
minerals {T> 1100°C, Chapter 6). Olivine separates are homogeneous in §'20 at
=~ 5 %o and reflect primary mantle compositions (Kyser, 1986). Basalt sample 310
records clinopyroxene-clivine disequilibrium values of 1.07-1.88 %o, whereas basalt
samples 311 and 312 show magr}etite-otivine disequilibrium between 0.97-1.29

%o.

The extent of disequiiibrium recorded by these mineral separates (Figure
44a) is remarkably high when compared to peridotite nodules exhibiting pyroxene-
olivine disequilibrium (Kyser et a/. 1981). Coliquidus clinopyroxene and magnetite
are in equilibrium and form a cluster of vaiues (Figure 44b), indicating that the
basaltic magmas are enriched in ‘*0 by = 1.2 %o relative to mantle olivine. Two

clinopyroxene bulk separates {310-4 and 310-7) with extraordinary enrichments in
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6'°0 of 1.8%o and 5 %o indicate, however, that the 1.2 %o value may represent

the lower limit of '*0-enrichment.

Table 9. Oxygen isotope data for mineral separates

The 1.2%o0 enrichment in the Simberi primary basalts relative to mantle

olivine can be used to estimate the §'%0 of slab-derived SCHARM. Unlike two-

Sample | Mineral 6'%0guow | Comments Location
{%o0)

310-1 olivine 4.24 coarse grained Botsor Hill

310-1a olivine 5.00 replicate of 1 Botsor Hill

311-2 olivine 5.07 coarse grained Botsor Hill

310-4 clinopyroxene | 6.88 sodian diopside | Botsor Hill

(xenocrysts) {1200 ppm Sr)

310-5 clincpyroxene | 6.20 sodian diopside | Botsor Hill

310-6 clinopyroxene | 6.07 augite (250 Botsor Hill
ppm Sr)

310-7 clinopyroxene | 10.29 sodian diopside | Botsor Hill
- suspect?

312-8 magnetite 6.04 Monambur

311-9 magnetite 6.33 Botsor Hill

312-10 | magnetite 6.36 Monambur

component Sr isotope mixing curves which are hyperbalic due to the difference in

Sr concentrations of each end member (Faure, 1986, p. 142), mixing of oxygen

reservoirs under mantle conditions is a simple linear function since the O content of

each reservoir is essentially the same {James, 1981; Taylor and Sheppard, 1986).

The oxygen isotopic composition of a slab melt contaminating 2 homogeneous

mantle reservoir {=5%o} can be determined using the mineral separate data,
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assuming the O concentration of each component is equai:

x-&'%0 (mantle) + y-&'%0 (slab melt)/ (x + y) = §'°0 (mantle-derived basalt)
1+(5) + 1+(5%0 (slab meit))/2 = 6.2;
therefore, &'%0 (slab melt) = 7.4 %o

if the higher clinopyroxene values of 6.88 and 10.29 %o are used to represent the
&30 of mantle-derived basalts, the ¢80 value of the slab melt component could be
as high as 8.8 and 15.6 %o respectively. The value of 7.4%o for the slab melt is
consistent with the hypothesis that SCHARM is derived by partial melting of
seawater-altered oceanic crust, since numerous researchers have documented that
the upper 1-2 km of oceanic crust is "®0-rich with values ranging from 6.5 to 12%o

(Gregory and Taylor, 1981; Cocker et a/. 1982; Muehlenbachs, 18886).

Modelling slab melt contribution to the mantle wedge

The ensimatic tectonic setting of the TLTF arc, and evidence for the rapid
intrusion and cooling of the Botsor Hill alkali olivine basait (AOB) are strong
arguments for negligible contamination of these samples by shallow-ievel crustal
rocks. Primary AOB lavas from ensimatic arcs are the best candidates for
determining the relative contributions of the slab and the mantle to arc magma
petrogeresis. James (1981) and Sheppard and Taylor (1986; p. 255) discuss
methods of using Sr and O isotope data for modeiling slab melt contamination of
the mantle source region. By combining the oxygen isotope data from Botsor Hill
mineral sepai ates with the whole rock Sr isotope data, a series of binary mixing
models can be constructed (James, 1981) to estimate the degree of slab melt

contamination of the mantle required to produce the observed isotopic signatures.
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An assumption inherent to these simplistic model calculations are that the
isotopic composition of each end-member is known or can be reasonably estimated.
The mineral separate data allow a reasonable estimate of the oxvgen isotope
compaosition of the mantle {= 5 per mil) and the slab melt {= 7.4 per mil). The Sr
isotope composition of depleted oceanic mantle is similar to n-MORRB at ¥Sr/%®Sr =
0.7025. The Sr isotope composition of SWAB is heterogeneous, with 87Sr/%Sr
increasing with the degree of seawater alteration, but a value of ®’Sr/®%Sr =0.704
(Dasch et af., 1973; Hart et a/. 1274} is considered representative for these
purposes. The absolute abundances of Sr in the slab meit and the mantle are not
welt defined, but only their ratios are critical to the mixing curve calculations. The
abundance of Sr in the mantle is probably less than 200 ppm. The abundance of Sr

in the slab melt at its point of origin is unknown.

Using the above end member compaositions, binary component mixing curves
were calculated using a series of Sr,_,...: 57, me FA1I0s. The calculated curves, the
oxygen isotope compositions of mineral separates (Table 9; 310-5, 310-6 and 311-
9) and the whole rock *’Sr/*°Sr (Table 8} for the Botsor Hill primary magma are
presented on Figure 45. The clinopyroxene separates indicate that a 45-50%
contribution of slab melt is required to produce the isotopic signatures of the
primary Botsor Hill lavas at a Sr,,,:S7,., mee ratio=1:3.5. Other researchers have
also suggested a contribution of up to 50% subducted crustal material to the
mantle wedge in the production of ensimatic arc volcanic rocks (eg. Lesser Antilles,
Davidson, 1987; South Banda, McCulloch et a/. 1983 and Margaritz et al/. 1978).
This compares with a contribution of less than 1% pelagic sediments, if they are

able to survive transportation during subduction and undergo melting {Figure 46a
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and Ito and Stern, 1985).

The modelling results in Figure 45 must be viewed as preliminary since they
are highly model-dependent. This is typified by the low St .6 STy mar Fatio= 1:3.5,
which cannot account for the high Sr abundance of the Botsor Hill intrusion
{=~ 1500 ppm Sr), unless the mantle contains an unlikely 430 ppm Sr. Model
dependency is demonstrated by the fact that a more appropriate Sfane>Sra met
ratio = 1:10 is obtained if the mantle has a bulk oxygen isotope composition of 5.5
to 6 per mil. In addition, the oxygen isotope composition of the slab meltis a
minimum value, since SCHARM is a compiex multi-component magma composed of
at least two distinct oxygen isotope reservoirs consisting of (CO;)* and (Si0,)*
ions. If the oxygen isotope ratios of the massive calcite in the ¢carbonate nodule are
primary, then the contributicn from this reservoir must also be considered in

modelling caiculations.

Oxygen, carbon and strontium isotopic composition of the ¢arbonate nodule
Three types of carbonate occur in Simberi alkaline olivine basalts, of which

three occur within the carbonate nodule. The types are:

Type | - Oceurring in alkali-rich melt inclusions in olivine and sodian diopside
xenocrysts from the Botsor Hill intrusion {Figures 22, 23, 25, 26, 27 and 28) and
also within the xenolith in rock sample 22 {Figure 31b), this high Sr calcite (1800-
4900 ppm Sr) can occur as euhedral crystals, often with hexagonal shape (Figure
25a). Sodalite, anhydrite, fluorapatite, titanian phlogopite and titanomagnetite are

present, and are sometimes intergrown with the calcite.
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Type il - Occurring in the xenolith in basalt sample 22, type i is a massive,
low Sr calcite (283 ppm Sr), enclosing magnesiochromite, magnesio-hastingsite and
Al-rich diopside. The massive calcite portion of the xenoclith is rounded where it is
in contact with the surrounding glassy lava, indicating it has undergone partial
resorption by the host liquid. Complete decarbonation was prevented by an armour
of pure diops.ide crystallites radiating from the massive carbonate border (Chapter

4; Figure 32).

The low Sr abundance of this type in comparison with Type | is enigmatic,
but could be either primary or secondary in origin. At high pressure {> 21 kbar),
trace element distribution between an immiscible Type | calcite melt and a mafic
meit would be controlled by the degree of melt polymerization (Ryerson and Hess,
1978 and Chapter 7). The high concentration of Sr in the xenolith-bearing sample
22 (2890 ppm) and the low Sr content of Type il calcite (283 ppm) could be
produced by liquid-liquid distribution coefficients if kg2 eae® far Sr= 10.
Alternatively, the low Sr content of Type I caicite could be due to the leaching of

Sr from the calcite by groundwater (Hay and O’Neil, 1983).

Type lll - Occurring in the xenolith and basalt vesicles along with analcime
and Ba-zeolites {phillipsite), this low Sr calcite. (< 200 ppm) may be interpreted as
carbonate re-precipitated from volatilized Type | and Il calcite upon destabilization at

P< 21 kb (Hay and O'Neil, 1283).

Due to their small size (<30 ym), Type | calcite could not be analyzed
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isotopically using available techniques. The data for Types Il and lil are presented

in Table 10. Oxygen isotope ratios for xenolith calcite are homogeneous (6'%0 =

21.7 t0 22.3 %o; n=7), while carbon isotopes revea! a bimodal population of

massive calcite with 6'*C= -0.6 to -1.5 %o (n=4} and vesicular carbonate with

8*C = -5.8 to -8.4 %o (Nn=3). The heavier 4"°C ratios are considered primary

while the lower values may reflect Rayleigh degassing of CO, vapour enriched in

3C by =4 %o (Pineau and Javoy, 1983), occurring during carbonate dissociation at

P< 21 kbar.

Table 10. Isotopic composition of xenolith carbonates from Simberi Island

Sample # | Type | 6"®0%o | 6'3C%o | Sr/®®Sr | Comments
(SMOW) | {PDB)

22-1 I 22.3 -5.8 nd Massive calcite

22-1 1 22.0 -0.9 nd Massive calcite adjacent to
magnesiochromite

22-3 ] 21.7 -1.3 nd Massive calcite

22-4 I 21.8 -0.6 0.70398 | Massive calcite; 283 ppm Sr

22-5 Il 221 -1.5 0.70417 | Massive calcite

22-6 i 22.8 -7.0 0.70359 | Analcime present

22-7 1] 22.1 -8.4 nd Vesicle between two pyroxene
grains

45B-1 1 23.5 -1.3 0.70432 | Analcime, FeC present

337-1 in 26.0 0.0 nd Secondary

305-1 i 24.4 -12.6 nd Secondary

The distinct ¢80 disequilibrium bet'*een the calcite nodule (22 %o} and its

host trachybasalt (Sample 22; 12.38 %a) could be either a primary or secondary

phenomenon. The secondary effects have been previously discussed. [f the values

are primary, then the

6'%0 and 4'3C values of the xenolith calcite are similar to




Figure 46. Plot of §'°0 vs. ¥Sr/®Sr and Sr abundances in Simberi volcanic
rocks.

(a) 6'%0 vs. ¥'Sr/%Sr for Simberi volcanic rocks, mineral separates and
xenolith calcite. Also plotted is a binary mixing curve for Ontong Java
Plateau carbonate sediments and mantle peridotite, which shows that
neither the mineral separates nor the xenolith calcite isotopic values can be
obtained by sediment contamination of mantle peridotite.

(b) Co-variation in §'°0 and Sr in Simberi volcanic rocks. Note that the
calcite xenclith-bearing lava (22) contains the highest Sr content of any lava
yet analyzed in the Tabar-Lihir-Tanga-Feni arc. Dotted line indicates 95%
confidence level on regression line {r=0.81).
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calcite precipitated in fractures in oceanic basalt crust {Muehlenbachs and Clayton,
1972; Muehienbachs, 1987). Calcite from sulphate-bearing bergalite lavas from the

Rhine Graben also have similar values {(Hubberton et a/. 1988).

The isotopic compositions of the nodule calcite are compared to calcite in
carbonatites {Deines, 1970; Deines and Gold, 1973; Deines, 1989}, nephelinitic
alkaline rocks at the Kaiserstuhl alkaline complex {(Hubberten et a/. 1988),
kimberlites (Kobelskii et a/. 1979; Ito, 1988) and African carbonatites (Vinogradov
et al. 1978; Nelson et a/. 1988} in Figure 47. The high 4'°0Q values in the
carbonatites and kimberlites have been explained as resulting from secondary
processes, such as hydrous alteration by groundwater or by low temperature
magmatic fluids (Kobelskii et a/. 1979), assimilation of sedimentary carbonate and
isotopic fractionation during degassing. Miocene reef carbonates are exposed on
Simberi Island, but they are distant from the volcanic core and assimilation of these
carbonates can be ruled out by the low ®’Sr/®Sr ratios, as well as by the

magnesiochromite grains within the calcite.

The %7Sr/*°Sr ratios of the xenolith calcite are too low to represent a
contribution solely from seawater-altered basalt (SWAB) calcite. Calcite
precipitated from marine water (¥Sr/*®Sr=0.709), even if precipitation occurred
during the Mesozoic (¥Sr/*®Sr =0.707), is high in radiogenic 3r, and would require a
low #78r/%®Sr source contribution. The mantle (¥7Sr/%®Sr = 0.702-0.703) contains
too little Sr (50-200 ppm) to effectively buffer the dominant contribution of
seawater carbonate and produce nodule *’Sr/%Sr values of 0.70398 to 0.70417,

unless the total seawater carbonate contribution is less than 0.5%. This is shown



Figure 47. Plot of §'°C vs. ¢'80 for Type Il and Ill xenolith calcite and
secondary calcite from Simberi Island. Also presented are data for calcite
from carbonatites, kimberlites and marine carbonates.
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by two component mixing curves between mantle and maring carbonate from the
Ontong Java Plateau in Figure 46a. From the above arguments it is evident that
the ®7Sr/38Sr of both the primary basalts and the massive calcite from the nodule

must be due to Sr homogenization within the subducted oceanic slab itself.

Most n-l;/IORB have jJow Sr abundances {127 ppm; Basaltic Volcanism Study
Project 1981, p. 144). Strontium in MORB will be concentrated within modally
abundant plagioclase, (k,P®™"=1.8; Wilson, 1989, p. 138), that mineral having a
875r/85Sr ratio of 0.7024-0.7030. Scapolite formed by the reaction of plagioclase
(¥7Sr/2%Sr = 0.7025) with CaCOQ, or CaSO, (*7Sr/**Sr=0.709) at a 3:1 ratio
(Goldsmith and Newton, 1977), can conceivably produce a scapolite reservoir with
879r/8%3r = 0.7041, assuming that both plagioclase and calcite have equal
concentrations of Sr. This deduction will remain speculative until a study is

conducted on the stability of scapolite in subduction zones.

Solubility mechanisms and oxygen isotope disequilibrium

Similarity in ®Sr/®®Sr ratios between the primary basalts and the carbonate
nodule is at odds with apparent disequilibrium in *Q/'®0 (Figure 46a). This
pheriomenon can be reconciled by a consideration of solubility mechanisms {Lasaga,
1981). Melting of scapolite (P> 30 kbar) would produce at least two potential
oxygen isotope reservoirs: (CO,)* (Mysen and Virgo, 1980; Stolper et a/. 1987) and
(Si0,)* (Zachariasen, 1932), whereas Sr exists as Sr?*. At high pressure, there are
no barriers to ®’Sr/%%Sr exchange between the carbonate and silicate melt reservoirs,
even though it is possible that Sr content may he affected by polymerization-

controlled distribution coefficients (Ryerson and Hess, 1978).
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Within SCHARM, oxygen exchange between stable carbonate and silicate
ions would require dissociation of strong covalent Si-O and C-O bonds (Eggler and
Rosenhauer, 1978). Oxygen isotope exchange at P> 21 kbar is a diffusion-
controlled process, since (CO,)* is stable. Isotopic exchange by diffusion is a
sluggish process {(Cole and Ohmoto, 19886), and it may be possible to maintain
oxygen isotope disequilibrium between immiscible carbonate melts and either
mantle silicates or alkali aluminosilicate melts, if the carbonate has a short
residence time in the mantle. Although there is no experimental data to evaluate
this claim, other studies indicate that even at mantle temperatures (> 1000° C), it
would take tens of millions of years for the metasomatized region to attain isotopic
equilibrium (Taylor et al. 1987). Tectonic arguments indicate that there was a 6
million year time lag between the cessation of subduction below the TLTF chain and
extension-related volcanism. SCHARM and the TLTF peridotite mantle wedge have
not had time to reach oxygen isotope equilibrium, as indicated by the mineral
separate and carbonate nodule isotopic data. Given sufficient time however, the
carbonate melt will reach equilibrium with mantle peridotite, and attain values

approaching the ‘primary igneous carbonatite’ region on Figure 47.

An interesting implication of the immiscibility-disequilibrium hypothesis is
that when the '®0-rich carbonate-component in SCHARM ascended above the
carbonate stability boundary (P< 21 kbar), dissociation of calcite led to rapid
evolution of CO, vapour and concomitant saturation in Ca. Therefore,
clinopyroxene formed due to Ca saturation, should record marked enrichments in
6'®0. If this calcite melt is enriched in Sr {i.e. Type | and Il}, a correlation between

Sr and 6'°0 should be evident in minerals and lavas. Such a co-variation is
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exhibited by Simberi lavas {Figure 46b). If this correlation is a primary igneous
feature, the process of decarbonation of ®Q-rich calcite (§'°0 =22 %0) may
account for the high §'°0 values in the lavas, and secondary alteration need not be
invoked. Whether the clinopyroxene mineral separates (Table 9; 310-4 and 310.7}
with high §'®0 of 6.88 and 10.29 %o are the result of this process is uncertain, but
will be tested in future work using microbeam isotopic analysis of the diopside rim
surrounding the calcite nodule. Experimental investigations of oxygen isotope

disequilibrium in carbonate-rich melts should also be conducted.

Isotopic constraints: The origin of SCHARM, the degree of SCHARM contamination
in the mantle wedge and oxygen isotope disequilibrium in the mantle

The possibility that the whole rock and calcite nodule 80 data may have
been reset by secondary weathering, and/or that isotopic disequilibrium may exist
between carbonate and silicate melts, makes quantitative modelling of the degree
of possible slab involvement in the production of the Simberi arc lavas tenuous.
Mineral separates from mantle-derived magmas are in isotope disequilibrium, with
high-temperature {1100°C) clinopyroxene and magnetite, enriched in '*0 by 1.2%o
over olivine megacrysts. This is a significant '®0 enrichment and supports
contamination of the mantle wedge by SCHARM, which has a minimum &'%0 of 7.4
%o, This value is consistent with the proposed derivation of SCHARM by partial
melting of subducted, sea-water altered basalt at the basalt-eclogite transition at
P> 30 kbar. Binary mixing modeis indicate that the Simberi arc lavas were derived

from a mantle source composed of up to 50% SCHARM.

Strontium isotopic analyses of the calcite nodule rule out a reef assimilation
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origin for the calcite. The overlap in nodular massive calcite (#7Sr/*%Sr = 0.70359-
0.70417) and its host basalt (*’Sr/%°Sr==0.70372), and the other Simberi volcanic
rocks (*7Sr/**Sr=0.70354-0.70400), argues for a genetic relationship, originating in
the mantle source region of the basalts. Oxygen (6'°0 =22 %o0) and carbon (2
populations: §'*C= -0.6 to -1.5 %o and &'°C = -5.8 to -8.4 %o) isotope ratios
determined on calcite separated from the nodule, show striking similarities to that
of calcite veins sampled within seawater altered oceanic basalts {Staudigel et al.
1981). Devolatilization of CO, may account for the population of calcite depleted in
3C. Contrasting solubility mechanisms are hypothesized to account for the
contrast in the Sr isotope equilibrium and the O isotope disequilibrium between the

¢alcite nodule and its host basalt.

Strontium, O and C isotopic evidence supports the hypothesis of SCHARM
derivation from subducted SWAB at the basalt-eclogite transition at P> 30 kbar.
An evajuation of whether the isotopic composition of the carbonate nodule is
primary must be conducted in further work. This can be done by determining the
oxygen isotope composition of the calcite within the melt inclusions (as well as of
the diopside armour surrounding the carbonate} using microbeam techniques (ion

microprobe {Freer and Dennis (1982) or laser-based techniques (Sharp, 1990).



Part B
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THE NATURE OF SLAB MELTS AND THEIR EFFECT ON THE MANTLE WEDGE:
TABAR-LIHIR-TANGA-FENI ARC, PAPUA NEW GUINEA
Brent 1.A. Mcinnes'? and Eion M. Cameron'?

'Ottawa-Carleton Geoscience Centre, Department of Geology,
University of Ottawa, Ottawa, Canada K1N 6N5

*Geological Survey of Canada, Ottawa, Canada K1A QES

ABSTRACT

Subduction of oceanic crust is an effective mechanism for enriching the overlying
mantle wedge in volatile and lithophile elements. However, the agents responsible
for the enrichment (magmas or fluids) are enigmatic. Here we describe melts of
apparent slab derivation and the reaction of these melts with the overlying mantle
wedge. Contained within mantle-derived xenoliths and xenocrysts from Simberi
Isfand, Papua New Guinea are quenched glass melt inclusions which represent
sulphate-, carbonate-, H,0-, alkali-rich aluminosilicate magma {SCHARM) that are of
phonolitic compaosition. These magmas are highly enriched in large ion lithophile
elements (LILE) and rare earth elements (REE), such that the SCHARM component
dominates the chemical and isotopic composition of arc magmas. REE and isotopic
data indicate that SCHARM is derived by partial meiting of feldspathic minerals in
seawater-altered basalit (SWAB] during the basalt-eclogite transition. SCHARM
reacts with mantle peridotite to create a vertically zoned mantle wedge consisting
of phlogopite-clinopyroxenite at P> 30 kbar and amphibole-clinopyroxenite at 21 to
30 kbar. These reactions deplete SCHARM in K, Ca, Na, Al and H,0, and produce
a silica-saturated feldspathic liqguid which, due to its immiscibility in mafic liquids,
produces fate-stage quartz trachyte cumulodomes within the silica-undersaturated

calderas of the Tabar-to-Feni arc.

*Present address: Division of Geological and Planetary Science, California Institute
of Technolugy, Pasadena, California 91125
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INTRCDUCTION

Based on experiment, Green and Ringweood {1972) and Nicholls and
Ringwood {1973) proposed that hydrous, siliceous magmas are generated during
melting of subducted oceanic crust, and that these magmas react with the
overlying mantle wedge to produce a hybrid mantle capable of producing calc-
alkaline rocks. Confirmation of these experiments by observation of volcanic rocks
in nature has been difficult because hybridization and subsequent melting of hybrid
mantle regions lead to the obiiteration of the slab-derived melt. Field studies of arc
volcanic rocks have allowed the characterization of the isotopic and elemental
contribution of -slab melts to the mantle wedge, yet due to their ephemeral nature,

no direct evidence of the nature of the melts exists.

During investigations of the relationship between alkaline volcanism and gold
metallogenesis on Simberi Island (Mcinnes et a/. 1991), the first author discovered
mantle-derived xenocrysts and xenoliths associated with basanites and alkali clivine
basalts {AOB) in diatremes. Partial melting of the subduction-modified mantle
wedge along extensional, pull-apart structures permitted the rapid ascent of mantle

fragments, including rare carbonate-bearing samples.

GENERAL GEOLOGY

Simberi Island is the northernmest volcanic island in the Tabar-to-Feni island
arc, a chain of alkaline, silica-undersaturated volcanoes which form an ensimatic
island arc on the leading edge of the Bismarck microgplate. Until late Miocene time
{Coleman and Kroenke, 1981; Kroenke, 1984), there was oblique subduction of the

Pacific plate beneath the Bismarck microplate along the Manus-Kilinailau trench.
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Subduction ceased following accretion of an oceanic subcontinent, the Ontong Java
Plateau (Figure 1), and the junction of the plates became a transform boundary.
Alkaline volcanism is related to interplate extension between sinistral transforms,
the Manus-Kilinailau boundary (Hamilton, 1979) and the Manus basin spreading
centre {Johnson, 1979). Volcanism commenced in the Tabar Island group, in the
northern part of the arc at 3.7 Ma (Mclnnes, 1991), and migrated southeastward
with time. The arc is notable for containing the richest {47 million oz Au) and
youngest {< 1 Ma; Davies and Ballantyne, 1987) gold deposit in the world,

Ladolam, which is hosted within the Luise caldera on the island of Lihir.

DESCRIPTION OF BASALTS

Basanites and alkali olivine basalts {AOB) were sampled on Simberi Island
(Figure 1, inset} in the Tabar Group. These are the oldest and most primitive
magmas in the arc, with 100Mg/(Mg + £Fe,,..) of 68-74, and high Ni {140-450
ppm) and Cr (320-830 ppm), values consistent with direct partial melting of a
mantle source (Edgar, 1987). Hypocrystalline basaits have euhedral phenocrysts of
olivine {(10%, up to 2.5 mm in diameter), clinopyroxene (20%, 2mm),
titanomagnetite (3%, often as inclusions in diopside}, and large {2 mm) amphibole
pseudomorphs. The latter now consist of a fibrous, radiating assemblage of
clinopyroxene, olivine, labradorite, rhénite and titanomagnetite. The glassy mafic
groundmass contains immiscible globules of K-rich and Na-rich glass with microlitic
plagioclase and apatite. The basanites contain carbonate-amphibole pyroxenite
nodules of mantle origin and xenocrysts of olivine and sodian diopside in the size

range 3 to 5 mm.
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DESCRIPTION OF XENOLITHS

A 2x3x4 cm nodule composed of caicite, magnesio-hastingsitic amphibole,
aluminous diopside, magnesiochromite and minor phlogopite was discovered within
a Simberi AQOB. The nodule is rounded and equally divided into two portions: (1} a
massive calcite portion which contains euhedral phenocrysts of magnesiochromite
and very fine grained Fe-Cu-Ni sulphides {(Mclnnes et a/. 1921); (2) a silicate portion
of the nodules which is mainly coarse-grained (8 mm) amphibole overgrowing

Al-rich diopside.

Magnesiochromite is characteristic of rocks of mantle origin (e.g., Bailey,
1989). Magnesio-hastingsite is intergrown with apatite and is in contact with
alkaline aluminosilicate glasé. Where xenolith amphibole is in contact with the
mafic lava, an anhydrous assemblage of clinopyroxene, olivine, labradorite,
titanomagnetite and rhoénite allows estimation of eruption temperatures between

1050-1140° (Huckenholz et a/. 1988).

DESCRIPTION OF XENOCRYSTS

Kink-banded xenocrysts of olivine (Fogg.q,), Up to 3 mm in diameter, contain
1600-2700 ppm Ni and a low average CaQ content of 0.11%, compositions
consistent with olivine of mantle origin that occur in kimberlites (Dawson, 1980},
peridotites {Simkin and Smith, 1970) and Hawaiian spinel Iherzolite (Sen, 1987).
Phenocrysts of olivine and rims around xenoccrystic olivine have a different
compasition {FO;7.53. <1300 ppm Ni and average Ca0 of 0.26%). The phenocrysts
and rims have crystailized in equilibrium with the basaltic magma and do not

contain melt inclusions.
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Xenocrystic clinopyroxene, up to 3 mm, is apple-green sodian diopside with
Na,O of 1.4-2.7%. This contrasts with colourless diopside phenocrysts which
contain only 0.2% Na,0. Melt inclusions have been trapped through the
crystalfization history of the diopside, but inclusions containing alkaline melt and
daughter minerals are confined to the sodian diopside cores. Inclusions in the

diopside rims and phenocrysts contain glass with a CO,-rich vapour phase and

magnetite.

MELT INCLUSIONS IN XENOCRYSTS

Melt inclusions (SCHARM) within the xenocryst cores of olivine and diopside
comprise alkaline glass and calcite with the daughter minerals titanomagnetite,
titanian phlogopite, titanite, apatite, anhvdrite and sodalite. Additionally, sodian

diopside daughter minerals are present within the melt inclusions hosted by olivine.

Infiltration and interaction of SCHARM with xenocrystic olivine and
clinopyroxene is illustrated in Figure 2. The original SCHARM is now represented
by two unmixed phases consisting of Na-rich and K-rich glass (Figure 2a, b, d). The
glasses are of alkali aluminosilicate composition and tneir chemistry is unlike any
rock type reported in the literature, but most closely resembles an alkali-rich
phonolite. Na-glasses contain 0-2% K,0, 5-22% Na,0, 0-4% CaQ, 42-68%
Si0,, 19-29% Al,0,, 0to 0.67% SrO and have normative nepheline, wollastonite
and sodium metasilicate. The ideal composition of the Na-glass phase ranges from
jadeitic {NaAISi,O¢) to analcimic (NaAlSi, 04+ H,0} to albitic (NaAlSi,O,) with minor
potassic and calcic components. The K-rich glass contains 11-14% K,0, 0.7-

5.3% Na,0, 0.3-3.3% Ca0, 59-65% Si0,, 18.8-21.4% Al,0,, and 0.2-2% SrO.
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The majority of K-glasses have normative quartz and wollastonite. The ideal
composition of the K-rich phase ranges between leucitic (KAISi,Og) and K-feldspar
{KAISi,04) with minor sodic and calcic components (sodic leucite to Ca-rich alkali
feldspar). The K-rich phase contains anisotropic sections, which may indicate the
garly stages of leucite crystallization. The lamellar texture displayed by the
analcimic and leucitic glasses may be a subsolidus exsolution phenomenon related

to rapid quenching of the host basanite (Fudali, 1963).

Compositions of glasses {Table 1; col. 1,2,3) illustrate their alkaline,
hydrated nature, and the negligible content of mafic components {Cr, Ni, Mg, Fe).
On a ternary Ca-Na-K plot (Figure 3) they have a composition distinctly different
from coexisting mafic glasses and normative AOB meits. Unlike lherzolite xenolith
glasses (Frey and Green, 1974; Francis, 1976; Amundsen, 1637), the extreme
alkaline nature of the Simberi glasses and their low concentration of mafic
components indicate that they cannot be derived from the melting of
metasomatized mantle. Rather, we interpret the glasses to represent an alkaline
melt which was the metasomatising agent. Upon eruption and rapid cooling of the
lava, this alkaline melt, which had not completely reacted with the mantle
xenocrysts, unmixed into Na- and K-rich phases. Analyses of daughter minerals,
phlogopite (Table 1, col. 7,10}, apatite (Table 1, col. 4), anhydrite and sodalite (Fig.
2a,b,c.d) in the melt inclusions indicate that the alkaline melt had a significant

content of Sr, dissolved volatiles (F, Cl, S), in addition to C0O2 and H,0,

The composition of the alkaline melt prior to unmixing was estimated using a

Cambridge Instruments Quantimet 970 image analyzer. The relative proportions of
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Na-rich (analcimic composition} and K-rich {leucitic composition} glass within six
circular areas (30 ym diameter) were measured using a difference in grey levels in
Figure 2a to discriminate between the phases. Five areas gave consistent ratios of
analcimic/leucitic glass of 1.02 = 0.12, while the sixth gave a ratio of 0.45. The
first five measurements have been used to estimate the composition of the
combined aikaline melts as K, ;5Na, ¢,AlSi,04 *nH,0, with a range of K 31.0.42N8,0.60.
0.88/AI81;,06*nH,0. The Na/K ratio of SCHARM (Fig. 3) overlaps that of Simberi AOB
as well as quartz trachyte samples from the arc, suggesting that the lavas inherited

their alkali metal contents from SCHARM.

REACTION OF SCHARM WITH MANTLE MINERALS

Direct evidence for olivine and clinopyroxene replacement by SCHARM is
preserved in the xenocrysts and xenolith, respectively. The consumption of
orthopyroxene, due to the infiltration of the lherzolitic mantle by SCHARM has been
inferred by both experimental results {Wallace and Green, 1988; Green and
Wallace, 1988; Wyllie, 1987; Eggler, 1987) and natural samples {Frey and Green,

1974). The consumption is inferred because orthopyroxene was not observed in

the samples.

Reaction between mantle and SCHARM produces a hydrous, alkali-rich
mantle wedge peridotite while saturating the residual SCHARM in Si0O,, towards
alkali feldspar composition. Thus reaction with olivine produces phlogopite plus an
alkaii-feldspar liquid {Figure 2c,e):

3Mg,Si0, (s) + {3KAISi,0s + 2H,0} (I} = 2IKMg,AISi,0:5{0H),] {s) + KAISi,Oq {I)

The olivine contains Fe?* {Table 1, col. 6,9). Titanomagnetite inclusions in the
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phlogopite indicate that the reaction caused oxidqtion of some Fe?* to Fe3*. The
high Ti content of the phlogopite is also indicative of high fO, conditions of
formation {Ryabchikov and Green, 1978; Arima and Edgar, 1981; Foley, 1989)
(Table 1, col.7,10). Titanite grains have also been observed in the metasomatic

assemblages.

Formation of amphibole is at the expense of clinopyroxene and
orthopyroxene (inferred), enriching the residual melt in silica:
{2 NaAlISi,0, + CaAl,Si0g + H,0}1} + 3MgSiO; (s} + CaMgSi,0q (s) =
analcimic melt component orthopyroxene  clinopyroxene
NaCa,Mg,Al;Sig0,,(0H), (s) + NaAlSi;Og (I} + SiO; (1)

amphibole albite quartz

Analcimic glass, with an ideal composition of NaAl(Al, 15Si; 55)0¢ *nH,0, has
substantial substitution of Ca and K to produce the variation on Figure 3. Some
analcimic glasses are oversaturated in sodium and contain normative sodium
metasilicate (NaAlSi,0s*nH,0 + Na,0). Simple end-member reactions between the
analcimic melt component and olivine can be written to produce metasomatic

sodian diopside {Fig. 2b,¢,d} and a melt enriched in normative sodium metasilicate.

CARBONATE AND SULPHATE MINERALS
Euhedral crystals of calcite and anhydrite, containing 1800-4900 ppm &r,
are present within the leucitic and analcimic glasses in the xenocrysts (Figure 2 a,

b. d). Microcrystalline Sr-rich calcite is also present in the xenclith, but the massive
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calcite portion is enigmatically Sr-poor (200 ppm). Strontium isotopic ratios of
massive calcite range from *’Sr/*Sr = 0.70359 to 0.70417 (n=3) which overlap
the lower range of Simberi AOB whole rock values of ¥Sr/%Sr = 0.70354 to
0.70400. The higher values are similar to those reported for quartz trachyte
cumulodomes (Wallace et a/. 1983). These ®'Sr/®%Sr ratios are too low to represent
a contribution solely from seawater-altered basalt (SWAB) calcite. Marine water
(*7Sr/%Sr=0.709), even if precipitation occurred during the Mesozoic (0.707), is

high in radiogenic Sr, therefore requiring a source with low #7Sr/%°Sr to contribute to

the Sr content of SCHARM.

Metasomatic mineral assemblages, interpreted in the light of experimentally
determined phase relationships (Wendlandt and Eggler, 1980; Wallace and Green,
1988; Green and Wallace, 1988), indicate that the xenocryst population formed at
P> 30 kbars, and the xenolith forred at 21 kbar <P < 30 kbar at 1050° to 1080°C.
At these temperatures, carbonate is unstable at depths less than about 60 km
(Wyllie and Huang, 1976; Olaffson and Eggler, 1978). The very low probability of
survival of the carbonate nodule during ascent past the decarbonation boundary
{Canil, 1990) was likely enhanced by a combination of two factors: (1)
development of an insulating armour of diopside between the massive calcite and
the mafic melt, and (2) eruption at high velocity (1-5 m/s; Spera, 1984; 1987).
The calcite that is preserved is undoubtedly only a small fraction of the carbonate
that was initially entrained within the basaltic melt. Dissociation of CaCO, in
mantle melts above a depth of 60 km liberates CO, and increases the concentration
of Ca0 into the silicate melt. For significant quantities of CaCO,, this will cause

early saturation of clinopyroxene in the melt, producing pyroxene-phyric basaitic
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lavas, characteristic features of island-arc volcanics. Carbonate-rich meits
ascending above the carbonatr destabilization boundary will become CO,-saturated,
and this is supported by a change from calcite-bearing melt inclusions to CO,-rich

melt inclusions in zoned sodian diopside xenocrysts.

ORIGIN OF SCHARM

Simberi Island lavas are enriched in Sr, Ba, K, Na and Rb. They have REE
patterns with positive Eu anomalies (Eu/Eu* =1.2 to 1.5}, negative Ce anomalies
(Ce/Ce* =0.83 to 0.91; quartz trachyte = 0.66), and a LREE/HREE ratio = 10.
We have calculated {Mclnnes, 1991) that these chemical characteristics can be
imparted to Simberi lavas by SCHARM derived by the melting of a seawater-aitered
feldspathic phase in a basaltic slab, with concomitant formation and retention of
garnet within the slab. This requires that garnet, crystallizing in equilibrium with
SCHARM, have negative Ce and positive Eu anomalies. Such a feature has been
observed by Taylor and Neal (1989) in a study of Group C eclogites. Taylor and
Neal (1989) also report occurrences of Na- and K-rich glasses in eclogites. If
SCHARM represents a eutectic melt, scapolite is a potential mineral undergoing

incongruent melting, and a simpie end member equation can be written;

{3 Na{K)AISi,O4} *NaCl (s) + 3 CaAl,8i,0,}-CaC0, {s}} + 2 (Mg,Fe)Si0, =>
marialite meionite olivine
{feldspar altered by seawater and converted to anorthite and scapolite during
prograde metamorphism}

Ca{Mg,Fe},AlSi,0,, (s) + {NaAiSi,0,-2(Mg,Fe)Si0,} (s} + 2 Al,SiQg (s} + 4 Si0, (s} +
grossular omphacite kyanite quartz
{ QUARTZ ECLOGITE ]

[CaCO, {) + NaCl () + O, + NaAlSi,0¢ {) + K(Na)AISi,0q (]
[e-mreeere-CARBONATE ALKALINE MELT-rrrreee]
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Similar equations can be written using sulphate meionite to produce a
sulphate-rich alkaline melt. The formation and stability of scapolite in conditions
similar to oceanic crust at high pressure is unknown (R.C. Newton, pers. comm.,
1991), but the above reaction between scapolite and oceanic basalt is consistent
with the Green and Ringwood (1972} and Nicholls and Ringwood {1973) hypothesis
that melts produced during the basait-quartz eclogite transition will be hydrous
siliceous melts. The abundant CO, contained within the oceanic crust as CaCO,
survived prograde metamorphism (Huang et a/. 1980}, perhaps as scapolite, and
produced silica-undersaturated alkaline melts during partial melting. The prediction
{Nicholls and Ringwood, 1973) that these meits would produce a hybrid mantle
region consisting of olivine pyroxenite must be revised, since we report xenocrysts
and xenoliths consisting of phlogopite-clinopyroxenite and amphibole-
clinopyroxenite. The presence of a metasomatised mantle wedge, vertically zoned
with respect to K and Na, wouid explain the increase in K/Na ratios of volcanic

products with distance from the oceanic trench.

The hydrous, carbonated alkaline aluminosilicate melts reported in this paper
may provide clues to the resolution of some of the fundamental problems in igneous
petrogenesis and chemicai geodynamics such as:

(1) agents of mantle metasomatism and their role in enrichment of large ion
lithophile {Sr, K, Rb, Ba} and depletion of high field strength elements (Ti, Ta, Nb) in
subduction zone magmas;

(2) the nepheline-norniative, aikaline nature of Tabar to Feni volcanism is unusual
for an island arc, being more characteristic of continental rifts such as the Rhine

graben and East Africa. The presence of SCHARM in Phanerozoic subduction zones
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lends credence to the formation of carbonated, amphibole- and phlogopite-rich
mantle by former subduction zones beneath continental crust {Taylor and Neal,
1988);

(3) the removal of low density fractional melts from subducted slabs creates high
seismic wave attenuation zones in the mantle wedge {Anderson et al. 1980), with
the concomitant formation of high-density eclogite as a passive farce driving
subduction (Ringwood and Green, 1966);

(4) the recycling of crustal material (Armstrong, 1981) and particularly the
subduction of carbonate {Javoy et af. 1982) and sulphate into the mantle;

(5) elevated oxygen fugacity measured in subduction modified upper mantle regions
{Ballhaus et a/. 1990) with linkages to Au-Cu metallogenesis and transfer of metals
from asthenosphere to atmosphere (Mclnnes et a/. 1991); and

(6) the production of enriched (high 4} mantle "reservoirs" (Chase, 1981; Hoffman
and White, 1982), by melting of U-enriched and Pb-depleted seawater-altered

oceanic basalt (Albaréde and Michard, 1986},
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Part B: Figure captions

Figure 1. Location map of the Tabar-Lihir-Tanga-Feni island arc, Papua New
Guinea. Inset is the geology of the Pliocene aged Simberi volcano {2°37'S,
152°00°E) flanked by uplifted Pliocene and Pleistocene fringing reefs. Basanite
outcrop located within the boxed area.

Figure 2. Melt inclusions within olivine and sodian diopside xenocrysts of the
basanite.

{a) Szanning electron microscope back-scattered electron (SEM-BSE) image
showing the compositional complexity of melt inclusions in sodian diopside (sd}
xenocrysts. Light coloured regions in the metasomatic sodian diopside host
correspond to the highest Na and Fe®* concentrations (aegirine component).
Annydrite (an), magnetite (m) and caicite (c; Table 3, col. 4) microphenocrysts
within a region of alkaline glass unmixed to lamellae of analcimic (dark regions;
Table 3, col. 1) and leucitic {light regions; Table 3, col. 3) composition.

(b) BSE image of melt inclusions in sodian diopside xenocryst. Euhedral Ti-
phlogopite (p}), calcite (c) and magnetite (bright white) are contained within unmixed
Na-Ca glasses (Na; dark regions) and K-rich glasses {I; medium gray regions).

(c) Tracing of a meit inclusion within megacrystic olivine (ol). Metasomatic sodian
diopside, titanian phlogopite (PH), calcite (CC), flucrapatite and sodalite crystals are
contained within a matrix of unmixed alkaline alumnosilicate glass.

(d) SEM-BSE image of hexagonal calcite crystallized from an alkatline aluminosilicate
melt within sodian diopside xenocryst. Phlogopite laths surround magnetite crystal

faces (bright white). The alkaline glass has unmixed to leucitic glass (medium gray
at lower left} and analcimic glass (dark). Scale bar is 100 um.

{e) Melt inclusion within megacrystic olivine {for analysis see Table 1, col.7).
Metasomatic reactions between the alkaline melt and the olivine have produced
sodian diopside (Table 1, col, 9), titanian phlogopite (PH; Table 1, col. 8) and
titanomagnetite. Calcite (CC) and fluorapatite are daughter minerais crystallized
from the alkaline aluminosilicate meit. Circles on the schematic diagram represent
locations of microprobe analyses (Table 1).

Figure 3. Ternary Ca-Na-K diagram with analyses of alkaline glasses contained
within xenoliths, xenocrysts and immiscible intercumulus glasses within alkaline
olivine basalts. The compositional range of the original alkaline melt prioi to
immiscibility is represented by the rectangle, determined by image anlaysis of Figure
2a. The high silica end members (quartz trachyte) of the TLTF Daly gap have
similar ranges in Na and K composition. Cation ranges for Simberi alkaline basalts
and basanites {(outlined area) and the Nunivak Iherzolite glasses (Francis, 1976} are
also provided. Tie lines join adjacent glass phases.
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Table 1. Chemical composition of melt inclusion minerals and glasses

1 2 < 5 6 7 8
Si0, 56.44 51.45 60.34 --  0.43 0.18 41.09 37.85
TiO, -~ 00 088 -- 004 260 -- 741
ALO, 24.34 29.36 19.23 -.- 04 135 .- 13.12
FeO 0.08 0.2 0.61 0.34 0.37 85.04 8.77 537
MnO .= 0.0 002 0.07 007 067 -- -
MgO 002 00 004 0.22 0.18 1.39 50.67 20.40
Ca0 1.35 4.11 3.30 50.15 54.82 0.36 0.16 0.08
K,C 0.10 0.14 1359 -- 000 --  -- 947
Na,0 9.29 15.68 074 -- 004 -~  --  1.20
P,05 0.03 0.07 003 -- 4094 --  -- 004
F -~ 005 --  -- 393 .- .. 1738
Cl 0.02 0.02 007 -- 015 --  --  0.04
BaO 0.07 - . e em e e
Cr,0, T ) U ¥- SR,
NiO -= == 004 -- 006 023 -- 005
Zno 012 o e e 042 -e e .
Sr0 0.04 0.07 061 058 045 --  --  0.09
V,0, 0.01 - - -« 010 072 - .-
SO, 0.07 -- R R 1 b 2
Mg# ceme e e - Lo 852 79.0

TOTAL 81.97101.16 99.48 99.60102.13 93.06 100.70 96.45
Note: Mg# = 100 MgO/(MgO +FeO) from microprobe analysis

. 310-2e: analcimic glass

. 310-7g;: jadeitic glass

. 310-2f: leucitic glass

. 310.2.5: calcite

. 310.2a: fluorapatite

. 310.2¢: titanomagnetite

. 10.2h: olivine

. 10.2]: titanian phlogopite replacing 7
. 10.2g: sodian diopside replacing 7
0. 10.12m: olivine

1. 10.12b: titanian phlogopite replacing 10

- = OO EWN =

9 10 11
48.89 39.36 38.26
1.76 - 4.16
560 .- 13.69

4.13 13.81 7.04

14.47 45.80 20.72
22.48 0.23 0.06

0.01 --  9.60
137 -- 095
017 -~ -~

e o+ 1.45
e - 0.04
0.20 -~ -

010 --  0.09

. .

77.8 772 746

99.28 99.20 96.07
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THE ROLE OF SUBDUCTION !N GOLD-COPPER METALLOGENESIS:
EVIDENCE FROM THE TABAR-LIHIR-TANGA-FENI ISLAND ARC,
PAPUA NEW GUINEA

Mclinnes, Brent [.A., Evans. Noreen J.
Department of Geology, University of Ottawa, Ottawa, Canada K1N 6N5

Gregoire, D. Conrad
Geological Survey of Canada, Ottawa, Canada K1A QOES8

ABSTRACT

The world’s largest volcanic-hosted gold deposit (42.7 M oz. contained Au) is
focated within the 2 km diameter Luise caldera on Lihir Island. Volcanic-hosted gold
deposits have also been discovered elsewhere on the Tabar and Feni Island groups.
The ensimatic Pliocene-Holocene arc volcanics are derived from partial melting of
subduction-modified mantle at > 60 km depth along extensional, pull-apart
structures. The absence of continental crust indicates that the observed LILE and
Au-Cu enrichments in fresh lavas are of mantle origin. Isotopic and mineral
chemistry of metasomatic carbonate-phlogopite and carbonate-amphibole
pyroxenite nodules and xenocrysts indicate that the mantle wedge has been
intruded and metasomatized by hydrous, carbonated, alkaline melts of siab origin.
Oxidation of the mantle during metasomatism by carbonated alkaline slab melts
increases fO, > NIi-NiO, causing destabilization of Cu-Fe-Ni sulphides. This
increases both sulphur and chalcophile element {Au and Cuj solubility in partial
melits derived from metasomatized mantle regions. Melts saturated in sulphate
sulphur under mantle conditions become supersaturated in crustal magma
chambers, resulting in hauyne crystallization and degassing of SO, CO,, and CI
volatiles. The volatile-rich fluid is enriched in Au and Cu. The volatiles
disproportionate (SQ,), react (CO,} and dissociate {Cl complexes) in crustal waters,
concentrating Au and Cu. This prucess may lead to the formation of porphyry-Cu-
Au deposits at high temperature and precious metal enriched magmatic-

hydrothermal high-sulphidation systems at fow temperature.
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INTRODUCTION

The tectonic relationship between subduction-related magmatism at convergent
margins and porphyry copper-gold (Cu-Au) metallogenesis has long been recognized
(Sillitoe, 1972; Mitchell and Garson, 1972; Sawkins, 1872), yet the fundamental
mechanisms responsible for this relationship are unknown, Sclomon (1930)
suggested arc reversal as a mechanism to explain the formation of porphyry Cu-Au
deposits in island arcs. Although the late Miocene arc reversal was an important
tectonic event, affecting the geology and geography of the Bismarck Archipelago in
the northeastern Papua New Guinea region (Coleman and Kroenke, 1981; Kroenke,
1984}, porphyry-related mineralization on some of the islands is temporally and
spatially separated from the influence of arc reversal. For example, Cu-Au
prospects on Manus Island and the Pieysumi and Pelapuna prospects on New
Britain were emplaced prior to arc reversai (Francis, 1988), while the Wild Dog
deposit in New Britain, and the Ladolam and Simberi deposits in the Tabar-Lihir-
Tanga-Feni (TLTF) island arc, are physically separated from the influence of

subducted slabs in collision (Ceooper and Taylor, 1987).

Nor does arc reversal explain the continuum that exists between porphyry
mineralization in island-arc and continental environments and, therefore, we are left
without a common mechanism to explain the relationships between porphyry Cu-Au
metallogenesis and subductic::. Herein we provide petrographical and geochemical
evidence from mantle-derived ali.aline olivine basalts, nodules and xenocrysts from
Simberi Island indicating that slab-dearived melts infiltrate and oxidize the mantle

wedge. Oxidation of mantle sulphides liberates the chalcophile elements Au and
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Cu, and increases the solubility of Au and Cu in subduction zone magmas. Primary
enrichment of Au and Cu in the mantle source region of subduction zone magmas is

a critical factor in the generation of porphyry Cu-Au deposits at shallow levels

(Burnham, 1979).

REGIONAL TECTONICS

Oblique subduction of the Pacific Plate along the Manus-Kilinailau trench ceased
during the late Miocene, following collision of the Ontong Java Plateau (Figure 1).
After the collisio'n, two major tectonic events occurred in the region: {1) transition
from an oblique convergent boundary to a transform boundary parallel to the
Manus-Kilinailau trench, and (2) arc reversal and initiation of subduction along the
New Britain-San Cristobal trench. Backarc spreading in the Manus Basin at 3.5 Ma
(Taylor, 1979) transferred New Britain to the southeast, creating a transtensional
tectonic regime to the east of New Britain. Interplate extension between the
northwesterly trending transform boundaries of the Manus Basin spreading center
(Weitin, Sapom and Baining Faults) and the Manus-Kilinailau trench caused partial

melting of subduction-modified mantle and produced alkaline volcanism in the TLTE

istands (Figure 2).

The highly alkaline nature of the TLTF arc is unique among the dominantly calc-
alkaline arcs of the Bismarck Archipelago in that it is comprised ot nepheline-
normative rocks, including alkaline olivine basalt, olivine nephelinite, basanite,
tephrite, phonolitic tephrite, trachybasait and trachyandesite {(Johnson, 1879).

These rocks are conspicuous in containing phenocrysts of hauyne, nosean and
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1979; Glaessner, 1915; Johnson et al. 19786; Wallace et a/. 1983; Johnson et al.
1988}, minerais which crystallize in magmas saturated in sulphate and chlorine.
Another exception is the apparent proclivity of TLTF volcanoes for producing Au
mineralization and, in particular, the Ladolam Au deposit (=47 million oz.), hosted
within the 4 x 6 km diameter Luise Caldera on Lihir Island {Davies and Ballantyne,

1987},

Volcanic rocks from extensional tectonic regimes often carry xenoliths derived
from mantie source regions {Nixon, 1987) and, apart from experimental studies, are
the only way to study deep mantle processes. Xenoliths and xenocrysts were
discovered near diatreme complexes on Simberi Island of the Tabar Island Group.
They provide a unique view of the mantle wedge above a former subduction zone,
and are a key to the understanding of arc volcanism, metallogenesis and the

relationship between the two.

PETROGRAPHIC OBSERVATIONS

Mantle-derived alkaline olivine basalts from Simberi Island host xenocrysts and
xenoliths which contain evidence of primary, anhydrous mantle mineral
assemblages (olivine and clinopyroxene) undergoing replacement to alkali-rich,
hydrous minerals (phlogopite and amphibole). Contained within melt inclusions in
xenocrystic olivine and clinopyroxene are alkali-rich glasses of nepheline-normative
composition which, because they are devoid of Fe and Mg and have a low Mg# (0
to 20}, are not in equilibrium with mantie melts (Mclnnes and Cameron, submitted)h.

The meit inclusions contain daughter minerals of anhydrite, calcite, fluorapatite and
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sodalite (Figure 3). The alkaline glasses represent magmas which have reacted with
the xenocryst host to produce metasomatic crystals of sodian diopside {acmitic),

titanian phlogopite, magnetite and titanite.

These alkaline magmas, hereafter referred to as SCHARM {sulphate-, carbonate-,
H,0-, alkali-rich aluminosilicate magmas), are ephemeral in nature and normally
obliterated by subduction zone processes. Thewv originated during partial melting of
feldspathic phases in the subducted Pacific Plate durning the basait-eclogite
transition {Mclnnes and Cameron, submitted). Low density SCHARM infiltrated and
“fertilized" the overlying lherzolitic mantle wedge during metasomatic reactions
with anhydrous ferromagnesian minerals. During metasomatism, the mantle wedge
is oxidized by SCHARM. Oxidation reactions in the xenocrysts are typified by the
conversion of Fe?* in olivine to Fe®**, which is incorporated into the metasomatic

acmitic clinopyroxene and magnetite.

A xenolith containing an assemblage of calcite, magnesio-hastingsite, aluminian
diopside and magnesiochromite was discovered in a glass-bearing, basaltic dyke
adjacent to the diatreme-hosted Scuth Samat Au deposit on Simberi Island. The
low survival potential of a carbonate nodule in an 1100°C basaltic melt during
"normal” eruptions (c.f. Canil, 1990), requires that the xenolith was brought to the
surface at high velocity (Spera, 1984; 1987), from a depth greater than 70 km

(Green and Wallace, 1988), and quenched upon eruption.

The xenolith {2x3x4 cm) is subdivided into two portions: {1) massive
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microcrystalline calcite which contains phenocrysts of magnesiochromite {c.f.
Bailey, 1889), fine blebs {<10 ym) of Cu-Fe-Ni, Fe-Cu-Ni and Co-rich Cu-Fe-Ni
sulphides and KCl-bearing fluid inclusions, and (2} a silicate portion of
coarse-grained (8 mm) magnesio-hastingsitic amphibole, overgrowing Al-rich
diopside and surrounded by a vesicular alkaline glass matrix. The silicate portion
contains peculiar sulphur-bearing assemblages. Occurring as inclusions in the
amphibole are suiphate-bearing fluorapatite (0.59 wt.% S0O,) and Cu-sulphide
minerals. Globular Cu-sulphide occurs within vugs created by decarbonation
reactions (c.f. Lowenstern et a/. 1991), and within feldspar crystallites in the glassy
groundmass. Heming (1979} also reported the latter texture in feldspar from Feni

Island.

The textures described above provide evidence of subduction-related
metasomatic processes occurring within the mantle wedge, prior to arc volcanism.
Subsequent partial melting of this fertile, carbonated wedge during rift-related
adiabatic decompression produced the distinct TLTF alkaline volcanoes. Carbonate-
dissociation during decompression melting may have provided a propeiflant for high
speed eruption of mafic melts to the surface (Bailey, 1987). These high speed
eruptions carried mantle xenoliths and xenocrysts to the surface, where mineral
phases within them underwent low pressure destabilization. Amphibole xenocrysts
are pseudomorphed by an anhydrous assemblage of olivine, titanomagnetite,
rhénite, labradorite and augite at = 1050-1140°C (Figure 4b} (Huckenholz et al.
1988). Rhénite {ferric-rich member of the anaegmatite mineral series) is a relatively

rare mineral, typically found in oxidized, undersaturated, alkaline mafic rocks
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(Cameron, 1970; Johnston and Stout, 1984; Johnston et al. 1985). Sulphide

inclusions within amphibole in the insulated interior of the carbonate-amphibole
xénolith are preserved as euhedra (Figure 4d), while mantle sulphides within
amphibole xenocrysts destabilized at low P and high {0, show evidence of
resorption (Figures 4a, b, ¢). The SEM-EDS spectra {Figure 5) shows that both Cu

and S have been lost to the melt during the replacement.

SCHARM-INDUCED METASOMATISM AND MANTLE OXIDATION

Metasomatism of peridotite by SCHARM creates a vertically zoned mantle wedge
enriched in volatile, alkali and trace elements (Figure 2). The principal difference
between the metasomatic assemblages in the xenocryst and xenolith samples is the
absence of amphibole in the xenocryst population. The carbonate-phlogopite-
bearing xenocryst assemblage was formed during metasomatism by SCHARM
under conditions beyond the stability of amphibole, whereas the carbonate-

amphibole xenolith was formed within the amphibole stability field.

Based on experimental studies (Wendlant and Eggler, 1980; Wallace and Green,
1988; Grzen and Wallace, 1988) metasomatism at T=950-1100°C wouid have
produced a vertically zoned mantle wedge consisting of carbonate-phlogopite
pyroxenite at depths greater than 100 km, and a carbonate-amphibole pyroxenite
between 70 and 100 km. The massive calcite in the carbonate-amphibole
pyroxenite xenolith is interpreted to represent a carbonate melt which has become

immiscible from SCHARM during ascent through the mantle wedge.



178

The xenocryst mineral assemblage anhydrite, calcite, fluorapatite and sodalite
requires that SCHARM are saturated in (SO,)?, {CO,)*, OH', F and Ci at high fO,.
The occurrence of this assemblage in mantle-derived basalts indicates that the
source region of these magmas was oxidized and volatile-rich. The high primary
Fe,0,/Fe0 ratio of 1, the high acmitic component of diopside, the occurrence of
magnetite early on the liquidus (Kennedy et a/. 1990b) and the presence of rhinite
{Johnston et a/. 1985), hauyne and nosean indicate that the magmas have an
inherently high fO, {>FMQ +1 buffer conditions}. The fact that SCHARM are
powerful oxidizing agents is consistent with O, measurements on subduction zone

xenoliths, ranging from FMQ to FMQ> + 3 (Ballhaus, Berry and Green, 1990).

Petrographic textures indicate that mantle sulphides are undergoing oxidation to
sulphate. These observations lead to the hypothesis that an increase in fO,
accompanying metasomatism of the mantle wedge is responsible for destabilization
of mantie suiphides. This results in concomitant enrichment of chalcophile
elements in magmas derived from subsequent partial melting of the metasomatised
mantle wedge. This hypothesis implies that the primary TLTF magmas should have
Au and Cu abundances in excess of mantle values. Highly sensitive analyses of Au,

Cu, Ni and PGE were conducted to test this hypothesis.

ANALYTICAL RESULTS
Platinum (Pt), palladium (Pd}, ruthenium {Ru}, rhodium (Rh), iridium (Ir}, nickel
(Ni), Au and Cu analysis {(Appendix 1) was conducted on Simberi Island alkaline

olivine basalts and trachybasalts. The analytical data (Table 1) shows low overall
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abundances of the siderophile elements, Ru, Ir, Rh, Pt and Ni, with only the most
primary (high Mg) rocks containing detectable amounts of Ru, ir and Rh. The
depletion of Ru, Ir and Rh may be due to the low solubility of siderophile PGE in
high fO, basaltic melts (Amossé er a/. 1990} and/or to their partitioning into early
fractionated spinel crystals, as evidenced by the high concentrations of PGE in
magnetite separates (Table 2). Pailadium abundance is similar to spinel Iherzolite
with minor depletions occurring in evolved rock types {mg<57). The chalcophile
elements Au and Cu are enriched by a factor of 2-40 times relative to spinel
lherzolite mantle (Figure 6). Since Au and Cu can be transported in vapour phases
(Meeker et al. 1991; Lowenstern et a/. 1991), their concentration in devolatilized

magmas should be considered as minimum values.

The ensimatic setting of the TLTF arc indicates that Au and Cu in fresh lavas is
either of mantle or of slab origin. Anatysis of spinel and garnet Iherzolite xenoliths
{Mitchell and Keays, 1981} and other mantle rocks (Barnes et a/. 1988 and
references within) indicate that the mantle is depleted in Au and Cu (Table 1)
relative to model mantle compositions. Mitchell and Keays {1981} determined that
the bulk (60-80%) of the platinum-group elements (PGE) and Au in the mantle is
contained in suiphide-rich intergranular components in spinel Iherzalite xenoliths.
This sulphide phase was proposed to be retained in mantle regions after extraction
of a sulphur-saturated MORB-type melt. Chalcophile elements were partitioned into
high density, immiscible sulphide liquids and retained in the mantle (Hamlyn et al.
1985}. In order, therefore, to enrich a mantle-derived meit in Cu and Au and

transport these metals to crustal regions where porphyry Cu-Au deposits form,



180

these mantle sulphide phases must be destabilized by oxidation.

SULPHIDE DESTABILIZATION DURING OXIDATIVE-METASOMATISM OF MANTLE REGIONS
The metasomatic assemblages described above indicate that both reduced and
oxidized forms of sulphur exist in metasomatized mantle regions below the TLTF
arc, and can, along with P-T data for the metasomatic assemblages, be plotted on a
log fO,-T diagram (Figure 7). Asthenospheric mantle wedge and SCHARM
represent two end-member components with dichotomous redox potentials.
SCHARM emanate from the slab at relatively low temperatures (800°C?), and are
saturated in anhydrite. SCHARM melt inclusion assemblages (Figure 3) contain
anhydrite + magnetite, and may indicate that SCHARM has an initial fO, as high as
FMQ + 4 (Fayalite-Magnetite-Quartz buffer)(Carroll and Rutherford, 1987). Prior to
metasomatism by SCHARM, the asthenospheric mantle wedge should have low
oxidation potential, with fO, = FMQ (T=1100°C). Oxidation of mantle peridotite
by SCHARM durir.,g metasomatism increases fO, to FMQ+2 to FMQ + 3, the
conditions required to stabilize the carbonate nodule assemblage containing Cu-Fe-
Ni sulphides and SO,*-bearing apatite. Melting of the metasomatized mantle wedge
during pull-apart related adiabatic decompression further increases oxidation to
FMQ> + 3, conditions where sulphide replacement by magnetite occurs, and SO,*-

bearing minerals are stable (Carroll and Rutherford, 1987).

The stability of sulphide phases in the carbonate nodule suggests that carbonate
dissaociation during decompression at P< 21 kbar (Wallace and Green, 1988), is an

oxidation process which increases the potential for sulphide destabilization.
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Chiorides within fluid inclusions in the calcite noduie may provide a metal ligand

which would partition into the volatile phases created.

Possible simplified reactions are:
{1) CaCO,(h =CaO{(h + COM) + 1/20, (1
followed by (2),
CuFeS, () + 3 CaCO, () + HClI (V) + 11/3 0, () =
2 CasO, (I} + 1/3 Fe,0, (s) + 3 CO, {v) + CuCl (v} + CaOH ()
This reaction is in accord with investigations which have demonstrated correlations
between: (1) sulphur solubility and CaQ content in meits under oxidizing conditions
(Katsura and Nagashima, 1974), (2) Au solubility and oxygen activity in magmatic
solutions (Henley, 1971; Ryabchikov et a/. 1985), and (3) high CO,/H,0, CI, Cu and

S concentrations in vapour-rich melt inclusions within Cu-poor magmas {Lowenstern

et al. 1981).

The products of this reaction may also help to explain the following: (1} the
propellant mechanism for high velocity eruptions necessary for the preservation of
carbonate nodules and diatreme formation; (2) replacement of Cu-sulphides by
magnetite (Figure 3d), and the release of Cu (and chalcophile Au) to the meit where
it can react with chloride complexes (Henley, 1971; Burnham, 1979): (3} the
presence of sulphate-bearing phenocrysts in TLTF lavas; (4) a magmatic volatile-rich
fluid phase into which chalcophile-chloride complexes will partition (Krauskopf,
1964; Henley and McNabb, 1978); (5) CO, and SO, {due to eventual dissociation of

CaS0,) volatile phases, which react with crustal water to produce metal-enriched
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sulphide/sulphate and carbonate haloes {(associated with mineralization on Simberi
tsland), and possibly, the high anhydrite content of the Ladolam deposit on Lihir

Island {Davies and Ballantyne, 1987).

In subduction zone settings, the significance of oxidative-metasomatism by
SCHARM ascending from 100 km depth, can be compared to the minor oxidation
role played by H,O during slab dehydration at shallower levels. Boninite volcanoes
occur in the forearc region, and are derived by high degree partial melting of H,0O-
saturated mantle peridotite at depths of 30 to 60 km (Green, 1973; Tatsumi,
1981). The low oxidation potential of H,0 is evidenced by the low Fe,0;/Fe0 ratio
of boninite lavas {Hickey and Frey, 1982). The fact that boninites are depleted in
Cu and S (Hamiyn et a/. 1985) is an indication that oxidation of mantle sulphides

has not occurred under water saturated conditions.

MECHANISM FOR GOLD-COPPER ENRICHMENT IN ISLAND ARCS

Experimental studies on sulphate sulphur solubility in magmas are limited (Carroll
and Rutherford, 1985; 1987). Sulphur solubility in magmas increases with
increasing T, P, and fO,. At fO, conditions slightly above FMQ (ie., island arc
basalts have fO,=FMQ+ 1), sulphide is stable, whereas at log fO,=FMQ+3
sulphate is the predominant sulphur phase. The same study determined that the
solubility of § as sulphate (3000 ppm) is three times greater than sulphide at
T=1000°C and 3 kbar. Extrapolation of these experiments to P=20-30 kbar is
tenuous, however if S0,* and CO,* solubility mechanisms (Mysen and Virgo,

1980; Fine and Stolper, 1985; Stolper et a/. 1987) are analogous, as suggested by
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Carroll and Rutherford {1887}, the total dissolved S and C as sulphate and

carbonate in highly oxidized melts in the mantle could be in the wt. % range. This

is evidenced by the abundance of carbonate and anhydrite in melt inclusions

(SCHARM) found in this study.

In accord with these solubility mechanisms and the antipathetic reiationship
between polymerization and CO,? solubility, SCHARM has a lower sulphur capacity
than mafic melts derived from metasomatised mantle wedge regions. The
implication is that slab melts themselves have a limited potential for the transport of
metals from the subducted slab (c.f. Sillitoe, 1972) and that the bulk of the Au and
Cu originates from mantle regions which have experienced oxidative-metasomatism
by SCHARM. Delayed partiat melting of metasomatized regions produces oxidized

calc-alkaline magmas which transport Au and Cu to crustal levels.

MAGMA DEVOLATILIZATION AND METAL REMORBILIZATION

Gold and copper-enriched sulphate saturated magmas produced during partial
melting of metasomatized mantle wedge will become sulphate oversaturated during
ascent and storage in crustal magma chambers. High temperature crystallization of
clinopyroxene and plagioclase will deplete the melt in Ca?*, destabilize coordinated
CaS0, (Carroll and Rutherford, 1985; Katsura and Nagashima, 1974) and degas
$0,. The high sulphur content (up to 0.9 wt. %) of the TLTF magma series
{Heming, 1979; Wallace et a/. 1983} is due to the stability of hauyne, but in
magmas where S$O,*-bearing minerals do not crystallize, evidence of high original

sulphur content is lost to the atmosphere as SO, {Pacaya volcano, Guatemala;
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Stoiber and Jepsen, 1973} and as SO, gas and $0,? particles (El Chichon, Mexico;

Devine et al. 1984).

Enrichments of Au, Cu, As and Cl have been measured in SO,-rich vent gases
from White Island, New Zealand (Le Cloarec et a/. 1989), Mt. Etna (Buat-Menard
and Arnoid, 1978), Kamchatka (Menvyailov and Nikitina, 1880), Mt. Erebus,
Antarctica (Meeker et al. 1991) and Momotombeo and Cerro Negro, Nicaragua
(Gemmel, 1987). Magmatic degassing of Au (Zoller et a/. 1983), Cu (Nriagu, 1988;
Lowenstern et al. 1991}, As (Walsh et a/. 1972) and S (Devine et a/. 1984)
enriches the atmosphere in trace-metals, and represents a major contribution to the
Earth’s metal budget. The variability of metal enrichment in the atmosphere can be
attributed to differences in the chemical and eruptive nature of volcanoes, but the
fact that calc-alkaline volcanoes are major contributors to the metal budget is
evidence that oxidative-metasomatism processes operating in subduction zones is

the catalyst linking metal transfer from the asthenosphere to the atmosphere.

This transit can be short circuited if the magmatic volatiles encounter a crustal
water table. High temperature, metalliferous, volatile-rich fluids that mix with an
overlying water column will deposit metals in response to a destabilization of metal-
chloride complexes with decreasing temperature (Sillitoe, 1989; Henley and
McNabb, 1978; Eastoe, 1978; Seward, 1984). Disproportionation of SO, in
aqueous fluids at low temperature (< 400°C) where Au(HS), predominates over
AuCl, (Seward, 1989), producing auriferous magmatic-hydrothermal acid-sulphate

systems overlying deeper porphyry Cu-Au systems (Sillitoe, 1973, 1983;
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Hedenquist, 1986; Rye et a/. 1991},

CONCLUSIONS

Petrographic observations of the occurrence of sulphide/sulphate minerals in
xenoliths and xenocrysts leads to the hypothesis that oxidation of the mantle
wedge in convergent margins occurs during infiltration and metasomatism by
sulphurous, carbonaceous, hydrous, alkali-rich magmas of slab origin. The resultant
oxidation state of the metasomatised mantle wedge below the TLTF island arc is
greater than FMQ +2 to FMQ + 3, and leads to sulphur undersaturation during
partial melting and the destabilization of mantle Cu-Fe-Ni sulphides. Carbonate
dissociation at P< 21 kbar may be an important mechanism for further increasing
melt fO, such that sulphate abundance greatly predominates over sulphide.
Sulphate-rich, mantle-derived lavas from Simberi Island are also enriched in
chaicophile Au and Cu, consistent with mantle sulphide destabilization. Transport
of sulphate saturated melts from mantle to crustal regions produces a volatile- and
metal-rich aqueous fluid. A continuum of metal deposition from chloride and
bisulphide complexes from high to low temperature environments may explain the

various ore deposit-types found in volcano-plutonic arc complexes.

The hypothesis presented in this paper implies that magmas derived from
metasomatized mantle regions should show a positive correlation between fQ,,
CO,, total S, Cl, Cu and Au. This work has the following implications for future

research: (1) Mineral exploration - Although the formation of economic Cu-Au

deposits is a result of a combination of lithospheric processes, this work
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demonstrates that oxidized mantle source regions underlying the TLTF arc may be a
significant factor in the genesis of the world’s largest volcanic-hosted Au deposit
on Lihir 1sland. If the E! Chichon and the Mount Lamington, Papua New Guinea
(Arculus et al. 1983) volcanoes, as well as those of the Roman Comagmatic
Province in Italy {Cavarretta and Lombardi, 1990}, achieved sulphate saturation by
sulphide destabilization during oxidative-metasomatism of their mantle source
regions, then they should show chaiccphile element enrichment trends similar to
Figure 6. Recent data on the Au content of the Roman Comagmatic Province {6-7
ppb; Bencini et a/. 1990} indicates that Au is enriched over mantle values, however
segregation of metal-rich vapour would indicate that these are minimum values (eg.
Lowenstern et a/. 1891); and (2) Volcanic flux and globa!l studies - Atmospheric
scientists have demonstrated that sulphate particles act as catalysts in ozone
destruction. The 1982 El Chichon eruption of SQ,* particles into the stratosphere
led to a global ozone depletion of 6 to 7% (Pitari et a/. 1991). The role of
oxidative-metasomatism of the mantle wedge in the production of sulphate-
saturated magmas established in this work, must be parameterized and quantified
so that the degree of ozone destruction due to future volcanic eruptions can be

modeliad.
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APPENDIX 1. ANALYTICAL METHODS

Platinum (Pt}), palladium (Pd}, ruthenium {(Ru} and iridium {Ir) were measured by
isotope dilution induced coupled plasma mass spectrometry (ICP-MS), whereas
rhodium (Rh) and gold {(Au) were determined by external calibration ICP-MS. Total
PGE contents were determined using an hydroflucric acid and aqua regia digestion
procedure (Gregoire, 1988), but with spike solutions added to solid material at the
start of the procedure. Prior to analysis by ICP-MS, Te co-precipitation was used to
pre-concentrate and serarate analyte from matrix components (Elson and Chatt,
1983). Detection limits using a 5 g sample for ?’t, Pd were 0.1 ppb, Ru and Ir were
0.05 ppb, Rh {0.02 ppb) and Au 0.2 ppb. The average of four determinations of
USGS standard W-1 by this method, in ppb, are: Pt, 11.5 (13): Pd, 13.1 (14); Ru,
0.17 (0.2); Ir, 0.30 (0.2); Rh, 0.042 (no data); Au, 4.0 (4.3). Data in parentheses
are accepted values. Precision was determined to be 13% (Pt), 7% (Pd), 6% (Ru),
7% (Ir), 21% (Rh) and 16% (Au). Copper was determined by ICP-ES following acid
(10% HCI) dissolution and fusion of remaining residue. The estimated validity of
the Cu analyses are = 10 ppm + 5% of total concentration. Nickel was
determined on fused disks by X-ray fluorescence analysis, with an estimated error

of £50% for analyses between 10 and 30 ppm, and = 10% for values exceeding

30 ppm.
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FIGURE CAPTIONS

FIGURE 1: Location map for Tabar-Lihir-Tanga-Feni (TLTF) island arc showing
known porphyry-related copper and gold deposits in the region: 1 =Simberi Island
{Sorowar, Pigiput, Samat and Botlu Prospects) of the Tabar island Group;

2 =Ladolam Au-Cu deposit on Lihir Island of the Lihir Island Group; 3 =Ambitle
island (Kabang prospect} of the Feri Island Group; 4 =Panguna Cu-Au deposit;

5 =Wild Dog; 6 =Kulu; 7 =Pleysumi; 8 =Pelapuna; 9 =Arie.

FIGURE 2: Cartoon depicting events occurring after accretion of the oceanic
subcontinent Ontong Java Plateau into the Manus-Kilinailau trench approximately
10 Ma. Oblique convergence transitional to strike-slip tectonism created
extensional, pull-apart structures which have penetrated subduction-modified
{metasomatized) mantle wedge. Slab melts (SCHARM; black) infiitrate mantle
wedge peridotite and produce metasomatized mantle regions consisting of
carbonate-phlogopite pyroxenit at P> 30 kbar and carbonate-amphibole pyroxenite
at 21 kbar <P < 30 kbar {(Wendlandt and Eggler, 1980; Wallace and Green, 1288).
Partial melting of these regions due to extensionally related adiabatic decompression
produces alkaline, silica-undersaturated TLTF lavas with high fO,.

FIGURE 3: Scanning electron microscope back-scatter electron {SEM-BSE) image of
alkaline giass melt inclusion in metasomatic sodian diopside {sd}. Light coloured
areas in the sodian diopside host correspond to the highest Na and Fe®*
concentrations {aegirine component). Phenocrysts of anhydrite {an), calcite (cc) and
magnetite {mg) are present within lamellae of alkaline aluminosilicatz glass. Light
areas have leucitic (K} composition and dark areas have znalcimic (Na) composition.

FIGURE 4: SEM-BSE images of sulphide occurrences within Simberi xenocrysts and
xenoliths.

{a) Cu-Fe sulphide blebs within a titanomagnetite xenocryst. Sulphides are confined
to the interior region. SEM energy dispersive x-ray (EDX) spectrum of sulphides
and magnetite are shown on Figure 5.

(b) Coarse-grained titanomagnetite megacryst with Cu-Fe sulphide blebs in a matrix
of destabilized amphibole pseudomorph. The fine grained light areas in the matrix
are titanomagnetite of the pseudomorph assemblage (olivine + augite +
titanomagnetite + rhénite + plagioclase).

{c) Enlargement of the Cu-Fe sulphide blebs from (b). Rounding of the original
hexagonal sulphides irdicates resorption under high f0), conditions.

(d} Suiphide inclusions within amphibole from the carbonate-amphibole xenolith.
The light gray area at left is magnesiochromite. These unresorbed Cu-Fe-Co-Ni

sulphides retain their original euhedral habit and are not rounded compared to those
in (c).
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FIGURE 5: SEM-EDX spectrum of sulphides (white shading} and titanomagnetite
{thick black line} from Figure 4a.

FIGURE 6; Lherzolite-normalized PGE-Au-Cu patterns for Simberi Island lavas
subdivided into primary and evolved groups based on mg number
(mg=Mg0Q/Mg0O + ZFeQ ). Elements to the right have a greater tendency to
partition into sulphide phases (chalcophile) and are liberated during oxidatinn of
mantle sulphides. Elements to the left (siderophile) have low solubility in high {O,
baszaltic melts (Amossé et a/. 1990) and may be partitioned into early fractionated
spinel, as evidenced by the high concentrations of PGE in magnetite separates
{Table 2).

FIGURE 7: Temperature-log fO, diagram showing experimental buffer curves and

experimentally established mineral stability curve (Carroll and Rutherford, 1985,
1887).

{1} Slab melts (SCHARM), which may have a melting temperature as low as
800°C, are sufficiently oxidizing to stabilize anhydrite + magnetite at FMQ + 4.

(2) Low viscosity siab melts infiltrate mantle wedge peridotite (T=1100°C) at
FMQ.

(3} Oxidation reactions during metasomatism of the mantle wedge increases

oxygen fugacity from FMQ -> FMQ+ 2 - FMQ + 3 {conditions where carbonate +
Cu-Fe-Ni sulphide + SO,%-bearing apatite stable).

(4) Delayed partial meiting of metasomatized mantle wedge during adiabatic
decompression causes sulphide destabilization (possibly due to an increase in fO,
during carbonate dissociation at P< 21 kbar; see text for details) to >FMQ+3
and allows for saturation of SO,* to occur, resuiting in hauyne crystailization.
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Table 1. Geochemical Data for Simberi Island Lavas

197

n

32
15
15
15
15
15
32
32

Element

Ni {ppm)
Ir {ppb}

Ru (ppb)
Rh (ppb)
Pt (ppb)

Pd {ppb)
Au (ppb)
Cu (ppm}

Range

13-450

< 0.05-0.07

Mean (1q)

110 (140)

<0.05-0.13 ---

<0.02-0.20

0.7-32.9
1.6-6.7
0.1-24.4
65-170

5.4 (8)

3.8 (1.7)
5.9 {6.5)
106 (30}

Median

27

2.8
3.7
5
110

Mantle Abundance’

2000°
3.6
5.6?
1.62
8.3?
4.0
0.6’
10°

--- values below the limit of detection; 1o =standard deviation

‘References: 1, Mitchell and Keays (1981} and references therein, spinel lherzolite
mantle; 2, Barnes et al. (1988) and references therein, primitive mantle Iherzolite

Table 2. Geochemical data (ppb) for magnetite separates

Sample | Pt Pd Ru Ir Rh Au
310 8.5 8.8 3.1 1.4 | <0.5 | nd
311 105 | 59 174 1 7.2 | <0.5 | nd
312 174 1 244 |76 {147 | <0.5 |nd
nd no data due to sample preparation problems
L which precluded accurate determination of Au
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CONCLUSIONS

The results of this research can be summarized as follows:

1. Tectonic_setting

Vaolcanism on Simberi ksland (and in the Tabar-Lihir-Tanga-Feni arc) occurred in a
transtensional tectonic regime, and coincided with the initiation of backarc
spreading in the Manus basin at approximately 3.5 Ma. Transposition of the island
of New Britain to the southeast caused "locailized" perturbation of the lithosphere in
the New Ireland and TLTF region, and resulted in the propagation of volcanism from

the Tabar to Feni Island Groups.

2. Magma series

Voicanic rocks on Simberi Island include basanites, alkali olivine basalts,
trachybasalts and trachyandesites. These rocks are silica-undersaturated, yet can
best be described as belonging to the high-K calc-alkaline magma series. These
magmas formed as a resultrof partial meiting by adiabatic decompression of
subduction-modified asthenospheric mantle following lithosphere extension.
Production of silica-undersaturated magmas may be related to the presence of
carbonate {as a source for CO,) in the mantle wedge. The high Fe,0,/FeQ ratio of
1 and the presence of a sulphate-bearing feldspathoidal mineral (hatiyne) in Tabar-

Lihir-Tanga-Feni lavas indicates that the mantle source region is oxidized.

3. Age dating

K-Ar and Ar-Ar methods have been used to determine the volcanic history of
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Simberi Island. Alkali olivine basalts range in age from 3.6 to 3.1 Ma, whereas
trachybasalts and trachyandesites appear to be younger, ranging from 3.1 to 2.3
Ma. Gold deposits are spatially and temporaily associated with the stabilization and
crystallization of trachyandesite domes. Exiremely high *°Ar/*®Ar ratios are
recorded in mantie xenocrysts from a basanite intrusion. This "excess argon” is

possibly hosted in melt inclusions containing phonolitic glass, anhydrite and calcite.

4. Melt inclusions

Hosted within xenocrysts of sodian diopside and forsteritic olivine are alkali-rich
aluminosilicate glasses which contain daughter minerals of calcite, anhydrite,
sodalite and fluorapatite. These glasses are the quenched equivalents of a
sulphate-, carbonate-, H,0-, alkali-rich aluminosilicate magma {SCHARM},
SCHARM is not in equilibrium with mantle assemblages, and therefore acts as a
metasomatic agent, reacting with mantle olivine to produce titanian phlogopite and
titanomagnetite at P> 30 kbar. SCHARM is highly oxidized (fO,=FMQ+4), and

contains substantial dissolved F, Cl, Sr and Ba.

5. Mantle nodule

Between 21 and 30 kbars amphibole is formed rather than phlogopite, as evidenced
by the discovery of a calcite-magnesiochromite-aluminous diopside-amphibole
nodule discovered in a trachybasalt dyke near the South Samat diatreme complex.
4¢'%0 and &'°C ratios of the calcite are not consistent with "mantle values” and are
similar to calcite veins within seawater altered basalts. ®’Sr/®®Sr values of the

calcite are similar to the host trachybasalt and preclude surficial contamination by
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reef material. The high §'°0 values of the calcite may be primary feature of
carbonated silicate melts derived during the meltirg of seawater-altered basalt
under high pressure and temperature conditions. Tils requires that carbonate and
silicate ions do not readily exchange oxygen, an hypothesis which must be tested

by experimentation.

6. Trage and rare earth elements

Simberi volcanic rocks are enriched in large ion lithophite (Sr, Ba, K} and depleted
in high field strength elements (Ti, Ta, Nb), similar to other high-K calc-alkaline
volcanic rocks. Chondrite-normalized rare earth element plots show a minor
negative Ce and a strong positive Eu anomaly, combined with an overall depletion
in the heavy rare earth elements. The trace and rare earth element data are
evidence that SCHARM is derived during the meltilng of a feldspathic phase in
subducted, seawater-altered oceanic basalt at the basalt-eclogite transition in the

mantle.

7. Oxidation of the mantle wedge and Au-Cu metallogenesis

The Tabar-Lihir-Tanga-Feni island arc contains numerous volcanic-hosted gold
deposits, including the world class Ladolam deposit on Lihir Island. The presence of
sulphate and carbonate in melt inclusions indicates that slab melts derived from
seawater-altered basalt have a high intrinsic oxygen fugacity (fO,=FMQ+4).

These high fO, melts are in disequilibrium with mantle sulphide assemblages and
cause them to be destabilized, liberating the chalcophile elements Cu and Au.

Subsequent partial melting of mantle regions which have undergone oxidative



201

metasomatism may ailow Au and Cu to be transported to crustal regions by
halogen-rich magmas, where they release high temperature, metalliferous, volatile-
rich fluids. These fluids may be discharged directly into the atmosphere during
volcanic activity or, react with an overlying water column causing the deposition of
metais in porphyry Cu-Au systems at high temperature and auriferous magmatic-
hydrothermal acid-sulphate systems at lower temperature {<400°C)}, which are the

predominant ore deposit-types found in volcano-plutonic arc compiexes.
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Appendix A. Rock and Mineral Geochemistry

A.1 Whole rock sample preparation

Samples were collected on two separate trips to Simberi Island from May to
July 1988 and from June to August, 1989. Weathered surfaces were sawn off
and hand samples described on site before shipment to Canada. Sample
preparation at the University of Ottawa included crushing and homogenization using
a steel plate jaw crusher, a ceramic pulverizer and a tungsten carbide shatterbox.
Thorough cleaning and pre-contamination of the equipment was conducted before
each crushing run. Samples were sieved over nylon mesh and the -200 mesh
fraction was collected for major, trace and isotopic analysis. Whole rock powders

for isotopic analysis were acid washed to remove traces of secondary carbonate.

Mineral separates for isotopic analysis were obtained from the -80 mesh
fraction. Magnetite separates were collected by hand magnet. Olivine and
clinopyroxene was separated using a Franz electromagnetic separator. Al mineral

separates were purified by hand picking under a binocular microscope.

A.2 X-ray fluorescence {XRF) spectroscopy

Rock powders (1.5 gm) were fused with 0.433 gm Li,CO, and 3.9 gm
Li;B,0; in a platinum crucible. The resulting glass disks were analyzed for major
and selected trace elements (Cr, Ni, Zn, Rb, Sr, Zr, Ba and V) by XRF at the
Univefsity of Ottawa using a Phillips PW1410-80 model. Calibration of the XRF

spectrometer using the routine of LaChance and Traill (1966) was conducted by R.
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Hartree.

The following are estimates of the analytical precision of the XRF method at
the time of analysis, expressed as relative errors (£ standard deviation/mean),
extracted from Langshur (1990): Si0, £1.02%; TiO, +1.9%; AlL,O; +1.8%; Mg0
£8.0%; Ca0 +1.1%; Na,0 £7.9%; K,0 £1.2%; P,05 +18%; MnO %0%; Fe,0,
+2.5%; Ba £10%. For all other trace elements, the error is estimated at + 50%

for values between 10 and 30 ppm, and £10% for vaiues exceeding 30 ppm.

Detection limits for the trace elements analyzed by XRF are 10 ppm. Values

less than 10 ppm are reported as zero. For the Simberi suite all Nb values are less

than 10 ppm.

Accuracy was estimated by Langshur {1990) based on 8 analyses of the
internal diorite standard DR-N. All major element oxides were within 1% of
accepted values (Abbey, 1983) except for MgO, TiQ, and P,0, which were within
4%. The trace elements Ba, Cr, V and Zn were within 15%. Nicke! values for DR-

N (16 ppm} are close to the limit of detection by XRF and therefore the reported

accuracy of Ni was only 40%.

A.3 Loss on ignition and FeO/Fe,Q, determination
H,0 (total), CO, (total) and S (total) were determined via combustion/infrared
detection and ferric/ferrous iron by the Pratt Method in the laboratories of the

Geological Survey of Canada (GSC). Estimates of the validity of results are +0.2%
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+ 5% of the total concentration for FeO and Fe,0,, +0.1% + 5% of the total

concentration for H,0 and CO,, and +0.04 + 5% of the total concentration of

sulphur.
A.4 Instrumental Neutron Actliv_ati;:m' Anélysis {INAA)

A suite of trace elements was analyzed .on whole rock powders via INAA by
the Ottawa laboratories of Bondar-Clegg. The Simberi samples contained the
following elements above the limit of detection for this method (detection Iirﬁit; +
estimated relative errors based on limited duplicate analysis): Sc (0.2 ppm; <5%}),
Co (6 ppm; <5%), As (0.5 ppm; <10%), W (1 ppm; <50%), Au (1 ppb; <5%), U
(0.2 ppm; <20%), Th (0.2 ppm; <20%), Cs (0.5 ppm: < 100%]}, Hf {1 ppm;
<10%) and Ta (0.5 ppm; <60%). INAA was aléo able to determine the maximum
concentration of the follrowing elements which were all reported as below the limit
of detection: Se (6 ppm), Ag (2 ppm), Cd (5 ppm), Sn (100 ppm) and Te (10 ppm).
Analysis of the rare earth elements (REE) La (2 ppm}, Ce (5 ppm), Sm (0.1 ppm), Eu
(1 ppmj, Tb (0.5 ppm), Yb (2 ppm) and Lu (0.2 ppm) by INAA is reported for
several samples in Appendix A.8, however INAA is less sensitive, precise and

accurate for REE than induced coupled plasma-mass spectrometry (ICP-MS)

techniques.

A.5 Induced Coupled Plasma-Emission and Mass Spectrometry Analysis (ICP-ES

and MS)

A suite of samples was selected for precise platinum-group element (PGE},

gold and REE analysis using advanced mass spectrometry techniques at the GSC.
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Analysts for PGE + Au were N.J. Evans and D.C. Gregoire and for REE, N.

Bertrand.

Platinum (Pt}, palladium (Pd), ruthenium {Ru) ang iridium (Ir) were measured
by isotope dilution induced coupled plasma mass spectrometry (ICP-MS)}, whereas
rhodium (Rh) and gold (Au) were determined-py external calibration ICP-MS. Total
PGE contents were determined using an hydrofluoric acid and aqua regia digestion
procedure (Gregoire, 1988}, but with spike solutions added to solid material at the
start of the procedure. Prior to anaiysis by ICP-MS, Te co-precipitation was used to
pre-concentrate and separate analyte from matrix components (Elson and Chatt,
1983). Detection limits using a 5 g sample for Pt, Pd were 0.1 ppb, Ru and Ir were
0.05 ppb, Rh (0.02 ppb) and Au 0.2 ppb. The average of four determinations of
USGS standard W-1 by this method, in ppb, are: Pt, 11.5 (13}; Pd, 13.1 (14); Ru,
0.17 {0.2); Ir, 0.30 (0.3); Rh, 0.042 (no data); Au, 4.0 (4.3). Data in parentheses
are accepted values. Precision was determined to be 13% (Pt), 7% {Pd}, 6% (Ru),

7% {Ir), 21% (Rh} and 16% (Au).

Cu and Be were determi—ned by ICP-ES following acid (10% HCI) dissolution
and fusion of the remaining residue of a 1 g sample. The estimated validity of the
results are = 10 ppm + 5% of total concentration for Cu, and 0.5 ppm + 5% of

total concentration for Be.

The entire suite of REE from La to Lu were analyzed along with Y by ICP-MS.

REE were determined on the remaining solution used for Cu and Be determination



after 10x prefconcentration and separation of major elements using an ion
exchange resin.” The detection limit for REE is about 20 ppb (D.C. Gregoire, 1991,

pers. comm.). Repeated analysis of rock standard PCR-1 allowed precision

measurements of £5% for all the REE.

A.6 [sotopic Analysis of Who!é Rock and Mineral Separates
A.6.1 Silicate Rocks and Minerals

.Six fresh whole rock samples were washed in hydrochloric acid, rinsed in
distilled water and sent to F. Ghazban at McMaster University for oxygen and

strontium isotope analysis.

For strontium isotope analysis of whole rock samples, the samples were
dissolved and strontium separated by wet chemical techniques (adapted from
Beakhouse and Heéman, 1980). The E""Sr/"".‘f‘Sr was determined on a VG 354 five-
collector solid-source mass spectrometer with computer controlled magnetic field
switching and data processing capabilities. The error reported in the 8Sr/®®Sr ratio

is £0.00002 at the 207 level based on the rock standard NBS 987, which returned

a 9Sr/%Sr ratio of 0.71024.

For oxygen isotope analysis of silicate rocks and minerals, samples were
reacted with BrF, to produce Q,, which was reacted with a carbon rod at 550°C tg
produce CO,, following the method of Longs.affe (1977), modified from Clayton
and Mayeda (1963). All 6'°C values are reported relative to standard mean ocean

water (SMOW). Duplicate analysis of standard NBS 28 returned 6'%Q (SMOW) of
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9.58 and 9.59 %a.. Duplicate analysis of Simberi rock sample SCRD PLUT returned

&80 values of 11.03 and 10.86 %o. Nine mineral separates of olivine,
clinopyroxene and magnetite were also determined as above. Duplicate analysis of

an olivine separate returned &'°0 values of 4.94 and 5.00 %o.

A.6.2 Carbonate minerals

Carbonate in the carbonate-amphibole-rpagnesiochromite. in the amphibole
nodule and in vesicular lavas was sampled via micro-drilling and subsequently
analvzed for 6'°C, §'°0 and *7Sr/%Sr. The oxygen and carbon isotope compositions
were determined at the University of Ottawa by G. St.-Jean and M. McLarén using
the method of McCrea (1950}, where calcite is dissolved in 100% H,PQ, and the

degassed CO, analyzed by mass spectrometry.

Strontium isotopic analyses of four of the carbonate separates from the
massive carbonate portion of the carbonate-amphibole-magnesiochromite nodule
was conducted by Krueger Enterprises Inc. of Cambridge, Massachusetts. The
samples were digested briefly in coid weak HCI, and immediately centrifuged, to
avoid leaching any Sr from silicate mineral impurities which may have been present,
During the analysis procedure, three determinations of the SrCO, standard E&A

gave a ¥7Sr/%Sr ratio of 0.70802 + 0.00002 (20 error).

A.7 Microprobe Analysis

Microanalysis of mineral and giass phases via electron probe was conducted

using a Cameca MB-1 unit at McGill University, a Cameca SX-50 unit at the
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Geological Survey of Canada and a JEQL 733 Superprobe unit at the Mineral

Sciences Division of the Canadian Museum of Nature (CMON]}. Each probe was
calibrated using natural and synthetic mineral standards (ZAF data reduction).

Beam width varied from spot analyses {approximately 2 ym) for non-volatile mineral
phases to a defocussed beam of approximately 10 to 15 ym diameter width for
volatile and alkali-bearing minerals, glass and carbonafe. The wide beam width was
necessary to minimize Na and K mobility, particularly from glass phases which often
yield apparent concentrations less than the true value. Small diameter (ca. <20

p#m) melt inclusions and glass phases required spot analyses, and K and Na loss

under these circumstances is a distinct possibility.

All elements were determined by wavelength dispersive techniques.
Accuracy of determination for major elements is +1% and + 10% for trace
elements relative to standards. The McGill probe was operated using an 8nA beam
current, 15 kV accelerating voltage and counting times were a maximum of 25
seconds. Backgrounds were counted for 5 seconds. Data reduction was carried
out using the ONQUANT resident software of Cameca. The CMON probe was
operated under 20 nA beam current and 15 kV accelerating voltage conditions.
Count times ranged from 5§ to 50 seconds depending on the elemental
concentration and background was counted for 5 seconds. Reduction of X-ray
spectra was performed using full ZAF correction methods using Tracor Northern
software. The GSC probe was operated under 10 and 30 nA beam current and 15
KV accelerating voltage. Count times ranged from 10 to 20 seconds depending on

elemental concentration and background was counted for 5 seconds.
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Recalculation of mine: af analyses into cation units was accomplished
following the methods of Deer et a/. (1966) and assisted by the computer program
MINFILE by A.M. Afifi and E.J. Essene of the University of Michigan. A complete
listing of analysed minzral and glass phases is provided below along with their
calculated cation units and CIPW norms:

{a) Olivine data are presented on pages 233-235,

(b) Pyroxenes data are presented on pages 236-241,
{c) Phlogopite data are presented on page 242,

{(d} Amphibole data are presented on page 243 and

{e) Glass data are presented on pages 244-245.
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Olivine data

310.01x1

310.01x%2
310.01x%x3
310.4
310.6a
310.6a
310.6a
310.01x4
310.01:5
310.0lx6
310.01x%7
316.0l1lx8
310.01x9
311d.3a
311d.3a
3lid.3ar
311d4.4
311d.14
311d.01x1
311d.01x2
311d.01x3
10.2K
10.2
10.12M
10.2P
10.2H
10.14A
10.5A
10.5B
10.5¢C
10.6A
10.6B
10.12A

phenox core
phenox core
phenox core
phenox core
phenox core
phenox core
phenox rim
phenox core
phenox core
megax core
megax core
ol core near 2dary inclusions
ol gn rim near 2dary incs
phenox core
duplicate of 311d.3a
phenox rim
core
small phenox in glass
small phenox
small-med gd ol phenox
med-crse ol phenox
OLIVINE ADJACENT TO MELT INCLUSION
OLIVINE CORE NEAR MELT INCLUSION
OLIVINE CORE ADJACENT TO MELT INCLUSTON
OLIVINE ADJACENT TO PHLOGOPITE IN MELT INC
OLIVINE ADJACENT TQ PHLOGOPITE IN MELT INCLUSION

OLIVINE CORE ADJACENT TO PHLOGOPITE IN MELT INCLUSION

TWINNED OLIVINE CORE
INNER PORTION OF REMOVED RIM OF TWINNED OLIVINE

OUTERMOST PORTION OF REMOVED RIM OF TWINNED OLIVINE

QLIVINE MEGAX CORE
OUTER RIM QOF OLIVINE MEGAX
CLIVINE ADJACENT TO PHLOGOPITE 10.12B
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Olivine data

0.0lxl O.olx2 0.0lx3 - 310.4 310.6a 310.6a 310.6a 0.01lx4 0.01lx5 0.o0lxs

—————— ) S —— e w——

— —— v ——— —— i ———— ——

. .84 7.79 7.92 10.74 11.10 14.17 12.13 14.34 9.20

iig 18.;2 13.25 0.10 0.14 °~ 0.26 0.29 0.55 0.35 0.57 0.19
Sio2 40.98 40.83 41.49 41.30 40.81 40.73 40.32 40.47 40.27 41.24
MgO 48.20 46.61 52.12 51.37 47.70 47.00 44.83 47.77 44.77 49.32
cao 0.09 0.10 ©0.09 ©0.07 0.0% 0.08 0.23 0.14 0.25 0.11
Tio2 - 0.02 0.01 - - 0.02 0.01 - 0.01 0.01
Nio 0.24 0.24 0.33 0.35 0.25 0.27 0.11 0.23 0.09 0.26
TOTAL  100.22 99.99 101.93 101.15 99.85 99.49 100.22 101.09 100.30 100.33
. 0.25 0.16 0.16 0.22 ©.23 0.30 0.25 0.30 0.19

ﬁgiig g.gi 0.01 0.00 ©0.00 ©0.01 0.01 0.01 0.01 ©0.0L 0.00
#5i+a 1.00 1.01 0.99 ©0.99 1,01 1.01 1.01 ©.9% 1.01 1.00
#Mg+2 1.76 1.72 1.85 1.84 1.75 1.74 1.67 1.75 1.67 1.79
#ca+2 0.00 0.00 0.00 ©0.00 ©0.00 ©0.00 0.01 ©.00 0.01 0.00
#Ni+2 0.00 .0.00 0.01 0.01 0.00 0.01 0.00 ©0.00 0.00 0.01
#TOTAL 2.¢9 2.99 3.01 3.01 2.89 2,99 2,99 3.01 2.39 3.00
#0-2 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

0.0lx7 0.0lx8 0.01x9 11d.3a 11d.3a 1d.3ar 311d.4

11d.1d d.olxl d.olx2

FeO 10.66 13.88 13.48 8.28 8.33 18.18 9.48 18.80 19.99 19.38
Mno 0.23 0.45 g.42 0.13 0.13 0.67 0.11 ¢.85 -0.87 0.75
sioz2 40.97 40.36 40.49 41.44 41,62 39.77 41.35 39.42 139.24 39.30
Mg0O 47.42 45.37 45.99 50.05 50.34 41.%4 49.56 40.55 39.76 40.12
Cao 0.08 .21 0.19 0.10 0.09 0.28 0.07 0.26 0.33 0.32
Tig2 0.02 - - 0.01 - 0.01 0.02 0.02 - 0.03
Nio 0.27 0.14 0.16 0.31 0.32 0.08 0.32 0.07 0.02 0.05
TOTAL 99.65 100.41 100.73 100.32 100.83 100.93 100.91 99.97 100.21 99.85
#Fe+2 0.22 0.29 .28 0.17 0.17 0.38 0.19 0.40 0.43 0.42
#FMn+2 Q.00 0.01 ¢.01 0.0n 0.00 c.01 0.00 0.02 0.02 0.02
#31+4 l1.01 1.00 1.00 l.01 l1.00 1.01 1.00 1.01 1.01 1.01
#Mg+2 1.75 1.68 1.70 | 1.81 1.381 1.58 1.79 1.55 1.52 1.54
#Ca+2 0.00 0.01 0.01 0.00 0.00 0.01 ¢.00 0.01 0.01 ¢.01
#Ni+2 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 Q.00 0.00
#TCTAL 2.599 3.00 3.00 2.99 3.00 2.589 3.00 2.99 2.99 2.99
#G=-2 4,00 4.00 4.00 4.00 4.00 4.00 4.Q0 4.00 4.00 4.00
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Olivine data

d.olx3 10.2K  10.2 10.12M 10.2P

TR e e o ———— et e —— — —

Feo 10.40 7.20 7.7% 13.81 8.01 8.77 12,38 8.30 12.36 13.57
Mno 0.17 - = - - - - - - -
sioz 41.08 40.64 40.17 39.36 39.66 41.09 41.37 '40.24 39.66 40.80
Mgo 48.43 50.56 50.11 45.80 51.37 50.67 48.05 52.20 47.99 4§.90
Cao 0.28 0.09 0.11 0.23 0.12 0.16 0.19 0.10 0.13 0.17
Tio2 - 0.01 0.01 - - 0.01 - - - -
Nio 0.15 - - - - - - - - -
TOTAL  100.51 98.50 98.15 99.20 99.1§ 100.70 101.99 100.84 100.14 101.44
#Fe+2 0.21  0.15 0.16 0.29 0.16 0.18 0.25 0.17 0.26 0.28
#Mn+2 0.00 - - - - _ - - - <
#8i+4q 1.00 1.00 0.99 - 0.99 0.97 0.99 1.00 0.97 0.98 1.00
#FMg+2 1.77 1.85 1.85 1.72 1.88 1.83 1.74 1.88 1.77 1.72
#Ca+2 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
#FNi+2 0.00 - - - - - - - - -
#TOTAL 3.00 3.00 3.01 3.01  3.03 3.01 3.00 3.03 3.02 3.00
#0-2 4.00 4.00 4.00 4.00 4.00  -4.00

4.00 4.00 4.00 4.00

D S lh — —— - —— ot v

FeO 7.1 12.37 13.76
Mno - - -
sio2 40.80 40.10 40.17
Mgo © 51.83 47.94 46.40
Cao ©0.10 0.14 0.25
Ti02 - - -
Nio - - -
TOTAL 99.92 100.55 100.58
#Fe+2 0.15 0.26 0.29
#FMn+2 - - -
#8i+4 0.99 0.99 1.00
#Mg+2 1.87 1.76 1.72
#Ca+2 0.00 0.00 0.01
FNi+2 - - -

#TOTAL 3.01 3.01 3.00
#0-2 4.00 4.00 4.00



310.8
310.8
310.8
310.8
310.1A4
310.2A
310.2A
310.258
310.2A
310.3a
310.5
310.6b
310.6b
310.7b
310.7b
22¢C
22C.1A
22C.3
22C.3
22C.3
22C.4
22C.5A
22C.5B
22C.5C
22¢C.7¢C
22C.7¢C
22C.9A
22C10D
45B.2A
45B.3B
45B.3B
45B.3B
45B.4A
311D.1A
31l1idib
311d1b
31id2a
311d2b
311ldx
311dx
305.1a
305.4A
305.4B
22.7px
10.2g

310.8X

Clinopyroxene data

BROWN ROD
MASSIVE GN
CPX TNIGN W FSPAR
TI-AL RCH AUGIT
cp¥x in met hb
CPX CORE NR SPINEL

'GRN CORE CFX

CPX CLEAR RIM

CPX GREEN CORE

CPX GREEN CORE

Cpx core
GROUNDMASS CPX

cpx rplc cl

cp rplec oi2

cpx core

px rim

CPX RIM CF CARE XEN
PX GMASS

BRN RCD IN HB GHOST
PX ROD IN HB GHOST
CRSE GRN ROCD

CPX CORE

OL GRN CPX CORE
DRK QL GN CPX MIDDLE
LIGHT CPX RIM

PX CORE SURR AMPH
GREEN CPX SUR AMPH
LRG CPX NR CALCITE
CPX SURR BY AMPH
CPX BNG RP EBY HB
CPX MEGAX CORE

MD GRN ZONE IN CPX
CLEAR CPX RIM

CPX

GROUNDMASS CPX CORE

CPX RIM ADJACENT TO GLASS
CPX RIM ADJACENT TO GLASS

GMASS CPX CORE

GMASS CPX RIM ADJACENT TO GLASS
CLEAR CORE OF GMASS CPX
GREEN GROWTH ZONE IN GMASS CPX

GROUNDMASS CPX CORE
GRCUNDMASS CPX CORE
GROUNDMASS CPX RIM

melt inclusion daughter cpx

236



5io2
. Tio2.
Al203
Cr203
Fel203
Fel
Mno
Nio
Mgo
cao
Naz0
‘K20
Total
#8i IV
#A1l IV
T site
#A1 VI
#Ti
#Cr
#Fe +3
#Fe +2
FMn +2
#FNi
#Mg
#Ca
#Na
#K
Ml,M2

Charge

310.8%

Tl ——— o —— — — iy

310.8 310.1A 310.2A
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310.2A 310.2A 310.2A

T ——— e i e e o s s e v - —rp ———— —

0.02
99.62
l.85
0.15
2.00
0.06
0.02
0.00
0.08
0.11
0.00

.78
0.90
0.03
0.00
2.00
6.00



s5i0o2
Tio2
AL203
Crz03
Fe20Q3
FeO
MnoC
NiQ
MgOo
cao
Nazo
K20
Total
#S1i IV
#al IV
T site
#al VI
#T1
#Cr
#Fe +3
#Fe +2
#Mn +2
#N1
#Mg
#Ca
#Na

#K
M1,M2
#0
Charge

310.3a

99.12
1.90
0.10
2.00
0.05
0.01
.02
0.03
0.11
0.00

0.85
0.91
.02
0.00
2.00
6.00

Clinopyroxene data

310.5 310.6b 310.6b 310.7b 310.7b

Tk okt A SRS M el e mm e e e e emme e s o — ———— v o o e e ~—

- 0.01 0.01

99.73 100.15 99.40

l1.91. 1.8% l.92
¢.09 0.11 0.08
2.00 2.00 2.00
0.04 0.04 0.05
0.01 0.01 0.01
0.01 0.03 0.00
0.04 0.05 0.05
0.10 0.08 0.186
0.00 0.00 0.01
0.00 - -
0.87 0.86 0.84
0.91 0.91 0.88
.02 0.02 0.02

- 0.00 ¢.00
2.00 2.00 2.00
6.00 6.00 6.00

- 0.00 -1E-06

100.03
1.91
0.09
2.00
0.04
0.01
6.00
0.11
0.23
0.02

0.62
0.87
0.09
0.00
2.00
5.00

22C

22C.1Aa

100.21
1.89
0.11
2.00
0.02
0.01

0.08
0.11
0.00
0.85
0.90
0.02
2.00
56.00
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101.28
1.07
0.72
1.79

102.60
0.99
.78
1.77
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Clinopyroxene data

122C.3  22C.4 22C.5A 22C.5B 22C.5C 22C.7C 22C.7C 22C.9A 22C10D 45B.2A

O N STl Sk e e e .

sioz 48.03 52.59 51.92. 51.18 49.73 48.52 46.10 54.99 55.46 51.92
Ti02 1.04  0.14  0.33 0.24° 0.53 0.62 0.69 0,02 0.03 .0.25
Al203 6.95 1.08  2.37 2.34 4.86 6.62 8.77 0.57 0.65 2.76
Cr203 - - - - - - - - - -
Fe203 §.44 3.16 3.02 . 4.45 4.14 3.44 5.s54 - - 3.59
FeO 1.50  8.67 5.11 8.34 2.24 4.10 3.38 4.18 '3.73  4.38
Mno ©.32 0.1 0.47 0.80 0.11 0.11 0.14 0.43 0.36 Q.16
Nio - - - - - - - - - -
Mgo 14.63 11.13 13.70 9.91 14.55 13.13 11.70 16.37 16.34 13.01
Cao 21.05 21.54 22.66 20.60 23.69 22.97 23.43 22.74 23.08 22.91
Na20 . 0.74  1.27 0.72 1.77 0.28 0.33  0.29 0.59 0.61 1.12
K20 °~  0.02 0.03 - - - - - - 0.01  0.01
Total 99.73 100.53 100.30 99.63 100.13 99.85 100.05 99.89 100.31 100.11

F8i 1V 1.77 1.97 1.92 1.54 1.83 1.80
#Al 1V 0.23 0.03 0.08 0.06 0.17 0.20 0.28 - 0.08
T site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.01 2.02 2.00
#A1 VI 0.07 0.02 0.03 0.05 0.04 0.09 0.11 0.02 0.03 0.04

#FTi 0.03 0.00 0.01 0.01 0.01 0.02 0.02 0.00 C.00 0.01
#Ccr - - - -

#Fe +3 0.15 0.09 g.08 0.13 0.11 0.10 0.16 - 0.10

#Fe +2 .05 0.27 0.16 0.26 0.07 0.13 0.11 0.13 0.11 0.14
#Mn +2 ¢.01 0.03 0.01 0.03 0.00 0.00 0.00

1.72 2.01 2.02 1.92

0.01 0.01 0.01
#FNi - - - - - - - - - -
#Mg / 0.80 0.62 0.76 0.56 0.80 0.73 0.65 0.89 0.89 0.72
#Ca 0.83 0.87 0.90 0.84 0.94 0.91 0.94 0.89 0.90 0.91
#Na 0.05 0.08 0.05 0.13 0.02 0.02 0.02 0.04 0.04 0.08
#K 0.00 0.00 - - - - - - 0.00 0.00
M1,M2 2.00 2.00 2.00 2.00 2.00 2.00 2.00 1.98 1.98 2.00
#0 6.00 6.00 6.00 §.00 6.00 6,00 6.00 6.00 6.01 6.00
Charge - - - -

- - =1lE-06 0.00 0.02 -
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Clinopyruxene data

45B.3B 45B.3B 45B.3B 45B.4A 11D.12 311dib 311dlb.311d2a 311d2b 31idx

. —— — — - - — - ————— - e ——— s

sio2 48.88 45.29 49.52 48.935 46.41 49.76 49.81 46.98 52.67 651.12
Ti02 0.56 g.81 0.58 0.68 .33 0.69 0.67 0.99 0.42 0.50
Al203 4.72 7.95 4.79 4.4¢6 8.20 . 4.63 4.95 7.70 3.86 3.74
cr203 - - - - 0.02 ©0.03 = = 0.08 0.15 0.22
Fe203 4.90 6.16 3.43 4.78 4.88 4.22 2.04 5.18 1.52 2.08
FeO 4.51 6.47 5.69 6.17 4.13 3.60 5.62 3.41 4.42 3.13 .
Mno ©0.32  0.28 0.17 0.54 0.24 0.19 0.13 0.12 0.10 0.09
Nio - - ) - - - - - 0.03 - . 0.08
MgoO 12.29 9.35 12.47 10.50 11.82 14.22 13.48 12.49 15.48 15.31
cao 23.15 22.92 22.83 22.67 22.40 22.40 22.22 22.58 22.83 .23.19
Na20 0.55 0.44 0.51 1.00 0.55 0.48 0.42 0.50 0.43 0.28
K20 - 0.02 0.01 0.01 - 0.02 -

Total . 99.88 99.69 100.00 99.76 99.98 100.24 99.32 100.05 101.98 99.71"
#si 1V l1.83 1.73 1.85 1.85 1.73 1.84 1.86 1.75 1.90 l.88
#al IV 0.17 0.27 0.15 0.15 0.27 0.16 0.14 0.25 0.10 0.12

T site  2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
#A1 VI 0.04 0.08 0.06 0.05 0.09 0.04 0.08 0.09 0.06 0.05
#Ti 0.02° 0.02 0.02 0.02 0.04 0.02 0.02 0.03 0.01 0.01
#Cr - - - = 0,00 0.00 - 0.00 0.00 0.01

#Fe +3 0.14 0.18 0.10 0.14 0.14 0.12 0.06 0.15 0.04 0.06
#Fe +2 0.14 0.21 0.18 0.19 0.13 0.11 0.18 0.11 0.13 c.10
#Mn +2 0.01 0.01 0.01 -0.02 0.01 0.01 0.00 0.00 0.00 .00

#Ni - - - - . 0.00 1 0.00
#Mg ; 0.69 0.53 0.69 0.59 0.66 0.78 0.75 0.69 0.83 0.84
#a . 0.93 0.94 0.91 0.92 0.90 ©0.89 0.89 0.90 0.88 0.92
#Na 0.04 0.03 0.04 0.07 0.04 0.03 0.03 0.04 0.03 0.02
#K - 0.00 0.00 0.00 -~ 0.00 - - - -
M1,M2 2.00 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
#0 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 §.00

Charge - - - - - 0.00 -



Sio2
Ti02
Al203
Cr203
Fe203
FeQ
Mno
Nio
Mgo
cao
Naz20
K20
Total
#s5i IV
#Al1 IV
T site
#Al VI
#T1i
#Cr
#Fe +3
#Fe +2
#Mn +2
FNi
#Mg
#Ca
#Na

#K
M1,M2

Charge

Clinopyroxene data

g e
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§5ioz2
Tio2
21203
Cra203
Fe203
FeO
Mno
MgO

. Liz20
BaO
cao
Naz20Q
K20
Rb20
Cs20
H20

F

cl

o=F
0=Cl
Total
#s5i IV
#FAl IV
#Fe IV
#Ti 1V
T site
#1 VI
#Fri VI
#Cr
#Fe +3
#Fe +2
#Mn +2
#Mg
#FLi

0 site
#Ba
#Ca
#Na

#K

#Rb
#Cs

A site
#0

FOH

#F

#Cl
Charge

r

Phlogopite data

10.2J 10.12B 310.1a 310.1la 310.2b 310.3a

.37.85
7.41
13.12
0.00
5.37

20.40

0.08
1.20
S9.47

3.49
1.238
0.04
0.58
0.01
99.22
5.47
2.24
.00
0.30
.00

0.51

0.65
4.39
5.55
0.01
0.34
1.75

2.09

20.00
3.36
0.63
0.01
0.00

38.26
4.16
13.69

7.04-

20.72

0.06
0.95
9.60

3.44
1.45
0.04
0.61
0.01

98.79
5.58
2.35
0.07
8.00

0.39

0.86

4.50
5.75
0.01
0.27
1.7%

2.06
20.00
3,32
0.87
0.01
0.00

34.58
8.01
14.72
0.04
9.07
0.06
16.07

0.30
0.34
9.95

3.47
1.20
0.06
0.50
0.01
97.35
5.22
2.62
0.17
8.00
0.74
0.00
1.14
0.01
3.61

5.51
.05
0.10
1.91

2.06
20.00
3.41
0.57
0.02

36.53
7.35
14.72
0.04
- 0.00
8.99
0.086
17.09

0.24
0.26
0.33
9.71

3.36
1.50
0.05
0.63
0.01
99.58
5.35
2.54
0.00
g.10
8.00
0.71
0.00
1.10
0.01
3.73

5.85
0.01
0.04
0.09
1.82

-—

l.%e6
20.00
3.29
G.69
0.01

39.51
" 4.73
13.03
" 0.01
0.00
7.05
0.15
21.18

'0.22
0.086
0.56

10.13

2.82
2.74
0.05
1.15
0.01
101.06
5.65
2.20
0.00
0.18
8.00
0.35
0.00
0.84
0.02
4.51

5.73
0.01
0.01
G.15
1.85

2.02
20.00
2.75
1.24
0.01

0.00 -1E-Q6 =2E-0s6

36.82
8.06
14,33
0.27
0.00
10.09

16.29

0.77
0.13
0.58
9.46

3.77
0.55
0.14
0.23
0.03
101.00
5.36
2.46
0.00
0.18
g.00
0.70
0.03
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Amphibole data

22c.7§ 22.8a  22.9 45b.2b 337.23 313.4b

§i02 . 39.95 .40.50 41.39 40.45 40.57 42.50
Tio2 1.55 1.70 1.89 ° 1.48 1.06 1.15
Al1203 14.10 14.09 13.72 13.46 13.77 11.91
Cr203 C - - - - - -
Fe203 - 0.00 - 0.00 - 0.00
Fel 11.90 11.09 9.75 14.90 9.89 13.01
MnO 0.12 .01 0.16 0.21 - -
Mg0O " 14.10 14.86 15.43 11.84 15.32 13.77
Zno - - - . - - -
cao 12.50 12.29 12.19 1i.66 12.06 11.1§
Naz20 2.18 2.11 | 2.18 2.74 2.44 3.12
K20 1.57 1.55 1l.44 1.38 1.70 1.14
H20 ' 2.02 2.04 2.05 2.00Q 1.92 1.92
F . - - - - 0.20 0.20
Ccl - - - - - -
O=F - - - - "0.08 0.08
0=C1 -

Total 99.99 100.24 100.20 100.12 ©8.85 99.80
#8i IV 5.94 5.97 6.05 6.07 6.04 6.31
#FA1 IV 2.06 2.03 1.95 1,93 1.96 1.69

#Fe +3 - - - - -
#Ti IV - - - - - -
T site - 8.00 8.00 8.00 8.00 8.00 8.00
#Al VI 0.41 0.41 0.42 0.45 0.45 0.39
#Fe +3 - 0.00 - 0.00 - 0.00
#Ti 0.17 0.19 0.21 0.17 0.12 0.13
#Cr - - - - - -
#Mg 3.12  3.26 3.36 2.65 3.40 3.05
#Fe +2 1.29 1.13 1.01 1.73 1.03 1.43
#Zn - - - - - -
#Mn - - - - - -
#Ca - - - - - -
M1i,2,3 5.00 5.00 5.00 5.00 5.00 5.00
#Mg - - - - - -
#Fe +2 ¢.18 0.23 0.18 0.14 0.20 0.19
#Zn - - - - - -
FMn 0.02 0.00 0.02 0.03 - -
#Ca 1.80 1.77 1.80 1.83 1.80 1.78

- #Na - - - - - 0.04
M4 site 2.00 2.00 2.00 2.00 2.00 2.00
#Ca 0.19 0.17 0.11 0.04 0.12 -
#Na 0.63 0.60 0.62 0.80 0.70 0.86
#K 0.30 0.29 0.27 0.26 0.32 0.22
A site 1.12 1.07 1.00 1.10 1.15 1.08
#0 22.00 " 22.00 22.00 22.00 22.00 22.00
#OH ‘ 2.00 2.00 2.00 2.00 1.91 1.91
#F - - - - 0.09 0.09
#C1 - .- - -

Charge 0.00 - 0.00 - =3E-06 =-7E-07
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Glass analyses
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Glass analyses
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A.8 Whole Rock Analyses

The following pages contain analytical data for major elements, trace
elements and Sr and O isotopic ratios for the Simberi volcanic rocks. Samples are
grouped into compositional categories according to the IUGS chemical classification
system. The first two rows are grid location descriptors in metres based on the
Kennecott Exploration (Australia) Ltd. detailed survey grid system. Major elements
are expressed in wt.%; trace elements in parts per million {(ppm), unless otherwise
indicated as parts per hbillion (ppb}. Elements which were not determined or below
the leve! of detection are noted by the abbreviations ND and BLD, respectively. The
ferric/ferrous ratio was not determined on two rock sampies, 326 and 332, and the -

iron is reported as total Fe,0,.

Also included in the data table are rock samples collected on Simberi Island

and reported by Johnson et a/. {(1975) and Wallace et a/. (1983).



SAMPLE # 22 301 303 306 311 312
mE 9525 . 10090 9790 13030 go%o 11300
mN 7135 8175 7945 8920 9790 8550
Hawaiite MugeariteHawaiite AOB ACB AOB
sio2 49.73  50.50 49,56  49.66  46.94  45.13
Tio2 0.70 0.62 ° 0,87 0.85 0.78 0.9%
AlL203 17.06 18.61 16.42 19.87 12.79 15.90
Fe203 (t) 3.98 4.86 6.42 5.30 4.97 4,50
Fed 3.03 2.44 4.17 1.59 4.38 5.96
MnO 0.16 0.22 0.21 g.10 0.17 0.18
Mgo 4.10 2.79 4.67 3.76 10.53 5.74
Ca0 11.35 9.05 8.18 9.28 13.42 13.09
Na20 3.83 4.72 31.83 2.70 3.17 2.53
20 1.99 2.77 2.81 1.77 0.42 1.42
P205 0.38 0.51 0.12 0.49 0.29 0.40
s 0.01 0.02 0.01 0.0 0.00 0.00
H2o 2.20 1.50 2.90 4.20 2.40 1.80
to2 1.30 1.50 0.00 0.00 0.10 1.10
Total 99.82 100.51 100.17 99.59 100.34 100.70
100Mg/{Hg+Fe!t) 70.69 67.08 66.62 80.82 81.15 66.84
100Mg/(Mg+Fe"total  52.50 42,19 45.56 51.31 68.00 54.55
875r/845r 0.70372 HD ND ND  0.70354 ND
1807160 12.38 ND ¥D ND 11.35 HD
Trace Elements (ppm unless indicated otherwise)
Sc 16 7 20 17 27 32
cr 197 43 32 114 397 149
Co 44 n 30 23 43 41
Ni 289 24 19 52 149 124
v 332 296 462 353 240 430
Rb 45 45 35 18 23 15
sr 2889 2473 1359 2270 1516 1583
ir 68 84 S8 71 57 41
Ba 613 323 238 317 102 166
Cs 18.00 4.90 BLD 0.80 5.40 BLD
Th 2.00 2.90 1.40 2.20 0.80 1.10
U 2.10 3.10 1.50 1.50 0.90 G.80
Be 1.40 2.00 1.30 1.50 1.20 1.10
Y 21.00 26.00 18.00 25.00 19.00 19.00
Hf BLD 2.00 1.00 3.400 1.00 2.00
Ta 1.10 0.70 0.50 BLD 0.50 0.60
Nb BLD BLD BLD 8LD BLD BLD
La 23 37 20 34 18 21
Ce 45 66 36 59 39 44
pr 6.30 8.60 5.00 8.50 5.60 6.20
Nd 25 35 22 36 25 27
S 5.80 6.60 4.90 7.20 5.40 5.60
Eu 2.30 2.50 1.70 2.40 2.40 2.50
Gd 4.80 5.10 4.20 5.80 4.90 5.40
Tb 0.62 0.72 0.56 0.79 0.80 0.70
Dy 3.30 3.80 3.00 3.90 3.30 3.70
fo 0.65 0.76 0.57 0.74 0.65 0.68
Er 1.75 2.04 1.47 2.02 1.58 1.73
Tm 0.22 0.30 0.22 0.27 0.22 0.25
Yb 1.60 2.10 1.50 1.90 1.50 1.60
Lu 0.28 0.36 0.25 0.34 0.26 g.28
Cu 110 120 140 64 9% 176
n &5 90 83 82 60 120
As 2.30 2.50 2.80 3.30 BLD BLD
°] 129 70 45 17 1 59
Au (ppb) 3.60 3.60 6.90 0.33 2.20 4.10
Ir (ppb) BLD BLD BLD BLD 0.05 BLD
Ru (ppb) BLD 0.07 0.05 BLD 0.05 0.12
Rh (ppb) 0.03 BLD BLD BLD 0.02 BLD
Pt (ppb) 2.10 1.90 32.90 12.40 2.90 3.10
Pd (ppb) 3.80 1.30 “4.10 2.10 3.60 3.70
BLD = below limit detection; ND = not determined
CIPW Norm
Ap 0.87 1.16 0.27 1.18 0.45 0.90
It 1.38 1.22 1.70 1.72 1.52 1.85
Mt 6.00 7.00 9.59 I.n 7.37 6.48
or 12.20 16.85 17.06 10.97 2.53 B8.57
Ab 25.68 £9.19 28.30 23.96 16.97 13.87
An 26.37 22.05 19.84 38.67 19.84 28.49
Di 24.92 15.48 16.62 4.78 36.47 28,32
Hy 7.59
ot 0.26 3. 9.01 7.02
Ne 4.31 6.47 2.7 5.64 4.29
c
[+ 4.81
Hm 3.43

I13xe 320 326
10230 9875 10080
7950 8350 8320
MugeariteMugeariteMugearite
55.30 49.79 49.75
Q.41 0.63 0.64
19.78 18.40 18.24
3.76 4.76 8.26
1.62 3.55 nd
0,17 g.20 0.21
1.33 3.30 3.04
6,19 8.63 8.05
5.3 5.35 4.18
3.21 2.00 3.25
0.26 0.42 0.57
0.01 0.16 0.04
1.20 2.30 2.20
0.70 0.10 1.30
$9.30 99.59 99.72
59.41 62.36 ND
32.1% 42.89 42.22
ND ND ND
ND ND HD
4 13 8
8 16 19
20 30 3
27 13 12
223 345 306
32 29 50
2837 2227 2505
43 &7 84
357 281 518
2.40 2.70 15.00
2.70 2.60 3.10
1.70 2.70 3.20
1.80 1.80 1.90
23.00 19.00 24.00
1.00 2.00 BLD
1.10 0.70 0.50
BLD BLD BLD
34 29 38
&9 52 70
2.00 6.90 9.20
36 i 37
6.30 £.20 7.29
2.40 2.30 2.60
5.90 5.80 6.10
0.72 0.78 0.81
3.60 3.40 4.00
0.65 0.55 0.77
1.95 1.80 2.33
0.27 0.25 0.33
1.70 1.70 2.30
0.32 0.31 0.38
85 120 120
63 140 90
8.20 1.90 5.40
62 &4 54
0.10 6.80 1.00
BLD BLD ND
0.086 BLD ND
BLD BLD L]
0.70 2.90 ND
2.30 2.80 ND
0.59 0.97 1.29
0.80 1.26 0.46
4.72 7.28
19.47 12.43 19.71
44 .87 26.85 31.9
20.98 21.34 21.98
6.88 16.60 10.78
0.16 2.00 1.96
0.92 11.25 2.38
0.61 8.48
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SAMPLE #
mE
mN

sig2
Ti02
AL203
Fe203 (t)
Fed

Mn0

Mgo

Ca0

NaZ0
X20

P205

4

H20

co2
Total
100Mg/ (Mg+Fe")
100Kg/{Mg+Fe"total
875r /8651
180/160
Trace Elements {(pp
Sc

cr

Co

N§

v

Rb

sr

ir

Ba

Cs

Th

1]

Be

Y

Hf

Ta

Nb

La

Ce

Pr

Hd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Ten

;-]

Lu

Cu

in

As

W

Au (ppb}
Ir (ppb}
Ru (ppb)
Rh {ppb}
Pt (ppb)
Pd (pph)

CIPW Norm
Ap
Il
Mt
or
Ab
An
0i
Hy
oL
Ke
C
Q
Hm

332

335 337
9710 9300 9735
9540 7780 7485
BenmoreitMugeariteawaiite
53.45 53.02 48.06
0.43 0.47 0.7¢
19.29 19.60 17.24
&.11 3.74 5.89
nd 1.88 &6.28
0.20 0.19 0.33
1.87 2.36 3.36
5.26 7.44 7.13
4.12 4.62 3.31
5.57 3.21 2.99
0.31 0.38 0.35
0.08 0.00 0.01
- 1.50 2.80 2.10
1.9¢ 0.20 2.40
100.09 99.91  100.15
ND 62.11 48,81
37.74 44,51 34.09
ND ND ND
ND ND ND
5 5 17
18 10 32
17 15 &5
19 19 48
225 207 363
13 50 46
2077 2592 1700
104 &0 52
708 349 277
11.00 BLD 4.40
4.00 3.20 1.70
3.90 3.20 1.70
2.20 1.80 1.90
18.00 22.00 25.00
2.00 3.00 1.00
BLD 0.50 BLD
BLD BLD BLD
33 35 22
58 51 40
7.50 8.10 5.560
29 34 25
5.80 6.50 5.70
2.30 2.40 2.20
4.20 5.30 S.80
0.40 0.77 0.69
3.00 3.40 3.70
0.58 0.67 .72
1.74 1.86 1.95
0.2% 0.28 0.28
1.60 1.90 2.00
0.29 0.32 0.33
70 65 140
87 70 260
4.00 2.29 2.40
52 30 23
2.70 2.40 1.30
BLD BLD BLD
BLD BLD BLD
BLD BLD BLD
2.10 2.60 3.80
1.90 5.50 3.10
0.73 0.86 0.81
0.88 0.92 1.39
0.25 5.50 B.95
35.39 19.57 18.47
28.58 36.82 29.28
19.03 26.01 26.41
$.45 B.99 8.3%
0.88
4.65 1.34 7.47
4.83 1.90
0.08

347
10170
7380
ADB
48.39
8.77
16.89
5.30
3.28
0.18
5.26
11.02
3.00
2.52
0.356
0.02
2.20
0.20
99.39
74.08
53.81
KD
ND

23
71
37
34
352
36
2505
67
360
5.20
1.70
2.00
1.40
20.00
2.00
1.20
BLD
23
43
6.10
26
5.60
2.30
5.30
0.68
3.40
0.65
1.67
0.26
1.460
0.28
110
7
1.00
79
1.00
BLD
BLD
BLD
1.60
6.30

0.82
1.51
7.94
15.34
20.65
25.95
21.96

2.84
2.99

SORD PLUTBOTSOR-1

10000
9820
Mugearite
55.00
0.42
19.20
3.80
1.70
0.17
1.92
6.42
5.30
3.63
g.28
o.M
1.50
1.30
100.45
66.81
40.07
0.70391%
10.94

-]

16
42
18
130
37
2100
a0
420
12.00
5.00
4.60
2.10
18.00
BLD
1.20
19.00
33
58
7.30
28
3.30
2.00
4.60
0.64
2.80
Q.55
1.60
0.24
1.60
0.31
85
190
2.30
187
9.30
BLD
BLD
8LD
2.40
3.10

0.63
0.32
4.93
21.92
39.57
18.27
9.69

0.29
3.39

0.49

8100
9800
A0B
46.00
0.66
12.50
5.10
4.40
0.16
13.50
10.90
3.30
1.20
0.40
0.00
2,00
0.20
100.32
84.54
72.80
0.70370
10.89

32
a30
130
400
230

38

1500

50
160
BLD

1.40
1.20
1.40
42.00
BLD
2.20
17.00

20

39

ND

ND

ND

6.90
BLD
NO
1.00

ND

KD

KD

ND
8LD
110
170
BLD
502

24.40
BLD
0.12
0.02
3.40
6.30

0.96
1.28
7.5
7.22
13.19
16.03
28.48

17.04
8.2%

310
8110
9890
AODB

45.70
0.65

12.43
4.33
4.74
6.17

13.73

10.57
3.19
1.03
0.38
Q.00
1.90
0.10

99.12

85.77

73.52

0.70362

10.05

19
637
52
449
307
32
1480
5&
144
8LD
1.30
1.10
ND
15.00
2.00
0.60
BLD
15
39
Ko
ND
9.40
1.00
HD
0.89
ND
NO
KD
ND
BLD
BLD
15
73
0.50
69
6.00
0.a7

45A 302
10265 9940
8000 8120
MugeariteMugearite
49.34 $4.78
0,61 0.51
18.35 20.27
5.0% 3.78
2.67 1.09
0.20 0.1
2.70 1.23
8.7 4.75
4,54 4.25
3.2% 3.63
0.42 0.37
0.01 0.00
2.30 3.50
1.80 0.30
100.05 98.57
64.32 65.79
40.02 32.80
0.70400 ND
12.33 ND
9 5
9 18
35 18
10 9
299 227
57 59
2325 2043
Idd 100
294 1561
42.00 5.20
2.50 3.60
2.50 3.40
KD KD
27.00 17.00
BLD 2.00
0.70 0.80
BLD BLD
17 26
51 52
ND ND
ND ND
6.80 &.10
1.00 1.00
KD ND
1.00 0.80
ND HD
ND HD
ND NB
ND ND
BLD BLD
BLD BLD
27 17
89 81
20.00 13.00
70 26
BLD BLD
ND ND
ND L2}
ND ND
ND ND
ND ND
0.96 0.86
1.21 1.03
7.65 2.53
19.76 22.64
24.88 37.96
20.60 22.32
15.35
3.22
8.69
1.69
5.49
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SAMPLE #
mE
mi

sio2
TioZ
AL203
Fe203 (t)
Feo

Mr0

Mgl

Cad

Na20

K20

P205

S

H20

co2
Total
100Mg/ (Mg+Fe")
100Mg/(Mg+Fe"total
875r/86Sr
1807160
Trace Elements (pp
Sc

cr

Co

Ni

\)

Rb

sr

ir

Ba

Cs

Th

u

Be

Y

Hf

Ta

Nb

La

Ce

Pr

Nd

St

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Cu

n

As

W

Au (ppb)
Ir (ppb)
Ru (ppb)
Rh (ppb)
Pt (ppb)
Pd (ppb)

CIPW Horm
Ap
1l
Mt
or
Ab
An
i
Hy
ol
Ne
c
Q
Hm

305
13030

2

AOB

o &
Egrs

..
=
[+
wn

—

SWHOoOM®R
P

—

(7]

T DR
B5c8LUINESG

NOoOVIiOO -
h

4%
@
&

40.96

=
[~ =]

1.03
1.76
6.55
8.52
16.43
39.27
12.21
4,72

307

10650
9040

oL}
48.21
0.87
17.40
6.06
3.04
0.12
4.61
10.50
3.37
1.94
0.48
0.04
2.30
1.10
100.04
72.99
49.17

HD

HD

23
40
27
22
424
50
1850
48
284
23.00
2.20
1.70
ND
22.00
BLD
0.60

1.09
1.7
7.95
11.86
27.28
27.55
18.04

0.80

3084

10430
9210

A0B
46,65
0.88
17.75
6.19
3.45
0.16
4.82
10.77
3.42
1.57
0.48
0.00
2.40
8.50
99.04%
71.35
45.78

ND

KD

22
22
30
31
433
15
1850
59
201
21.00
1.90
1.20
ND
48.00
BLD
0.40
8LD
19
48

1.10
1.74
9.3
9.64
25.05
29.58
17.73

N W
Halt
o8

3088

10430
9215

AoB
49.66
0.92
18.19
7.42
3.33
¢.1n
4.27
B.88
2.4%
2.51
0.36
0.01
3.10
0.10
101.35
69.56
43.20

ND

RD

22
19
3
18
426
35
1748
69
222
50.00
1.80
1.70
ND
44.00
BLD
0.60
BLD
12

0.81
1.79
2.61
15.11
21.47
31.64
8.48
6.90

309

10775
§115

ACH
48.79
0.76
17.00
6.88
2.32
0.18
5.28
11.04
3.09
2.53
0.35
0.01
4.00
3.50
102.74
80.22
32.51

ND

ND

23
80
24
35
346
37
2508
72
336
16.00
2.10
1.70
ND
42.00
2,00
8LD
8LD
17
42

0.81
1.47
5.98
15.21
21.08
25.48
21.74

2.34
2.99

2.89

321 325 328
10050 10000 9730
8500 9930 7180
MugeariteMugesaritelawaiite
52.23 53.2% 45,62
0.55 0.41 0.46
18.31 18.75 17.04
5.41 4.29 3.92
1.54 1.87 3.96
0.18 0.22 0.20
3.03 1.97 3.82
5.91 6.01 8.34
3.68 4.89 3.59
4.35 3.8 3.02
0.30 0.3 0.48
0.01 0.0 0.18
1.90 2.10 3.10
1.30 1.90 4.80
98.79 99.80 9e.71
77.81 85.25 63.23
45.74 38.00 47.63
ND ND XD
ND ND KD
1 5 15
21 21 25
22 25 21
21 15 21
272 205 323
3 72 46
2015 1990 1430
85 99 73
518 435 245
1.50 52.80 1.50
3.20 4.10 - 2.30
3.10 4.30 2.30
ND ND ND
45.00 33.00 21.00
2.00 BLD 2.00
0.40 BLD 8LD
ELD BLD BLD
24 3 21
42 S7 44
ND ND ND
ND ND ND
5.70 6.60 5.90
1.00 1.00 1.00
ND KD ND
0.80 1.00 0.60
ND ND ND
ND HD ND
ND ND ND
ND HD ND
2.00 3.00 BLD
BLD BLD BLD
43 33 17
110 79 102
2.60 2.60 1.50
3R 49 16
4,00 BLD BLD
ND ND ND
ND ND ND
ND ND KD
ND ND ND
ND HD ND
0.90 0.7 1.16
1.10 0.81 1.38
4.15 5.81 8.24
26.89 23.50 19.54
32.59 38.21 24.53
21.55 18.78 24.88
5.08 7.99 13.58
3.56
1.40 1.00 5.37
2.70 3.33
2.81 0.48

85-32
17180
8788
AQB
49.01
-81
.71
.29
.94
.12
.22
76
84
.0
43
.00
.80
.20
.14
79.50
49.74
ND
ND

—
OWHWOoOOMNMMNOFEOD20DOO
.

s
[ =]
[=]

18
114
25
42
356
14
2040
64
316
1.30
1.90
1.60
ND
21.00
2.00

12.35
25.00
33.67

5.95
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SAMPLE # 85-34 85-39 P17-231 S011-228 Pp12-108
mE 10160 Tatau 9480 2193 9548
mN 10972 Table 1 8883 10290 8700
AOB Hawaiite MugearitMugeariteMugearite
$io2 47.62 47.43  50.36 50.70 51.80
Tio2 0.85 0.74 0.48 0.51% 0.50
AL203 15.90 18.55 17.87 18.70 19.00
Fe203 (t) 4.01 5.95 3.33 3.80 5.50
Fed : 5.81 3.12 2.32 2.90 4.50
“no 0.18 0..- 0.20 0.21 0.65
Mgo 7.39 L 3.60 2.30 1.71
Cal 12.15 3.80 6.12 6.55 2.95
Na20 2.80 4.47 4,41 4.50 3.70
K20 1.55 z2.28 3.7% 4.52 5.37
P205 0.34 0.43 0.40 0.40 0.40
H 0.00 0.02 - 0.0 0.06 0.02
H20 1.40 4.10 3.40 1.90 1.90
coz 0.00 0.20 3.40 3.60 2.20
Total 9¢.81  100.1% 99.569 100.6% 100.20
100Mg/ (Mg+Fe") 70.13 68.41 73.45 58.57 40.38
100Mg/ (Mg+Fe*total 58.83 44,36 54,49 39.35 26.39
875r/86S5¢ NO ND HD ND ND
180/160 KD ND HD ND ND
Trace Elements {pp
Sc 28 15 7 7 9
cr 180 17 19 16 17
Co 42 29 14 28 47
Ni 51 " 1A 14 27
v 386 359 246 180 200
Rb 16 23 64 75 88
Sr 1580 1450 1719 1700 2000
ir 45 &b 101 240 250
Ba 170 402 312 350 370
Cs BLD 1.00 7.90 g.90 3.90
Th 1.30 1.40 3.30 4.80 4,40
u 0.90 1.20 3.50 4.10 3.90
Be ND ND ND 2.10 2.80
Y 22,00 25.00 19.00 62.00 30.00
Kf 2.00 2.00 2.00 3.00 3.00
Ta 0.70 BLD 8LD 0.66 0.50
Kb BLD 8LD . 8LD 24.00 12.00
La 17 19 24 3 29
Ce 34 44 46 70 72
Pr KD HO ND HD ND
Nd KD ND HD D ND
Sm S.40 6.30 5.60 8.00 7.10
Eu 1.00 BLD 1.00 1.00 1.00
Gd ND ND ND ND ND
Tb 0.80 3.90 BLD "1.00 0.80
Py ND ND ND ND ND
Ho ND ND ND ND ND
Er ND ND ND ND ND
Tm ND ND ND ND ND
Yb BLD 2.00 BLD 3.00 3.00
Lu BLD BLD BLD 8LD BLD
Cu 18 22 ND -81 75
Zn 78 95 92 250 190
As 0.50 2.10 2.10 1.80 8.50
W 65 50 23 75 56
Au {ppb} 5.00 3.00 6.00 9.00 8.00
Ir {ppty) ND ND ND KD ND
Ru (ppb) ND ND ND W0 KD
Rh (ppt) ND NO ND HD HD
Pt (ppb) D ND ND ND ND
Pd (ppb) ND ND [NE ND ND
CIFW Norm
Ap 0.78 0.99 0.95 0.92 0.92
It 1.64 1.47 0.97 1.02 1.10
Ht 5.92 9.03 5.25 5.94 4.15
ar 2.30 16.06 24.23 28.06  26.89
Ab ) 17.21 25.97 32.00 25,26 32.59
An 26.65 264.86 21.72 18.3& 21.55
Di 25.93 13.38 6.48 10.44 5.05
Hy 3.96 \
ol 8.86 2.43 5.60 2.01 1.40
He in 7.3 2.75 7.99
c
Q

Hm 2.81



SAMPLE # 74400037 74400033 74400032 49400377 49400387 76400028
mE 9000 Boulder E
e

74400031
Viripats

8430 of TiripatsCaldera

ACB AOB ACR AOB Benmoreite Q-trachyte
sio2 46,580 45,00 48.70 48.20 56,20 &67.95
Tio2 0.75 1.07 0.87 0.81 0.51% 0.23
Alz03 12.90 15.10 16.80 17.10 19.50 17.20
Fe203 () 3.95 5.30 4.80 5.55 4,30 1.44
FeQ 5.10 5.30 4.10 3. 1.15 0.40
Mo 0.18 0.19 0.14 0.1¢9 0.17 0.04
Hgo 1.00 6.70 5.90 5.50 1.20 0.4
Ca0 12.30 1 10.80 10.20 4,25 0.74
Na20 2.70 3,20 . 3.6% 4.80 &.76
K20 1.60 1.62 2.00 4.40 4.18
P20S 0.38 0.33 0.37 0.33 0
5 0.03 0.02 . 0.06 0.02 0
H20 2.14 2.68 2.08 2.68 0.72
coz2 0.25 . 0.20 0.05 0.02 0
Total 99.88 99.73 99.96 99.51 99.53 100.34
100Mg/(Mg+Fe®) .36 69.26 71.95 72.33 63.03 66.22
100Mg/ (Mg+Fe"total 69.38 54.26 56.07 52.86 29.88
875r/868r Samples 74400037, 74400033, 74400032, 69400377 and 69400387
1807160 are from Johnson et al. (1976) and Wallace et al, (1983).
Trace Elements (pp
Sc 3
Cr 8
Ce 4
5

=00 ONW
P M

w
w:-obma

o=

Ni
v ' 70
Rb

1
ir . 164
Ba

Cs
Th
u

Be
Y 8
i

Ta
Kb
La 7
Ce

Pr
Hd
Sm
[

b
Dy
Ho
Er
Tra
b
Lu
Cu 12
Zn 20
As

W

Au (ppb)
Ir (ppb)
Ru {ppb)
Rh (ppb)
Pt (ppb)
Pd (ppb)

CIPW Narm
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Appendix B. *°Ar/*°Ar dating results for minerals separated from Simberi Island
volcanics

Lab# | Sample { Mineral 40/39 37/39 | 36/39 | 40*/39 % WVAr Age &
| Rad
Parameters; J=0.0001937; Analysed Feb/90
4 Sord P! ‘ 146.95 2.62 0.48 6.51 4.4 9.95 2.28 0.82
g | 315.03 {288 |1.06 [208 |07 |397 |073 |1.31
5b 22.54 3.92 0.07 1.62 7.2 0.24 0.57 0.91
I I N 55761335 Jo1s |1215 [217 |os [424 | 048
Most probable age 06-42 = 7
1 Sord Hb 27.75 3.09 0.08 8.41 33.8 1.24 3.29 0.386
2 | 1927 | 334 |oo0sa |7850 |388 |13 |282 |023
3 28.63 3.85 0.07 8.06 316 § 2.21 3.186 0.27
4 19.13 3.82 0.04 8.34 43.5 1.73 2.91 0.16
5 15.23 4.06 0.03 8.00 52.3 | 1.83 2.79 0.15
6 I | 17.65 348 [0.03 ¢ 8.18 | | 46.2 | 2.44 | 2.86 | 0.18
Mest probable age 2.94 + 0.25
1 Bc_)tsor Cpx 13.71 0.87 0.03 5.49 40 0.77 1.82 0.27
2 Hil 549.82 1.01 0.02 545.1 991 53.48 | 181.71 | 1.90
3 422.5% 0.81 0.03 412.8 897.6 54.06 | 138.8 | 1.34
4 438.62 1.18 0.04 428.5 976 | 80.77 | 143.9 | 1.62
5 167.93 0.89 0.02 151.3 95.7 | 14.21 | 52.7 0.53
L R 2063.3 ] 093 ]0.04 | 2082 1994 |135.1 | 603.8 | 5.96
Most probable age 1.92 = 0.277
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Lab# | Sample | Mineral | 40/39 37/39 | 36/39 | 40%/39 | % 0ar Age + i
T S Rad

Parameters: J=0.000187; Analysed Jun/91

1 22XEN | M-h 80.46 2.40 0.27 10.28 12.1 2.69 3.70 3.35

2 47.156 4.51 0.14 5.22 11.0 1.75 1.76 1.57

3 29.85 3.08 0.08 7.40 247 | 1.20 2.49 0.80

4 L1287 laos |oos 1004 [422 |09e | 338 | o063

Most probable age 29 £ 0.6

1 337 Hi 11.87 3.25 0.01 9.42 79.2 | 0.52 3.7 0.26

2 15.92 3.12 0.02 9.38 58.8 | 1.00 3.16 0.26

3 30.25 2.49 0.10 0.89 2.80 | 0.34 | 0.30 1.33

LS N | 1137 _|3s0 |01 908  |798 [o70 307 |03

Maost probable age 3.13 = 0.06

1 347 Hb 68.27 18.3 o.21 6.65 9.6 1.63 2.24 1.95

2 13.68 3.37 0.02 7.79 56.8 | 0.66 | 2.63 0.15

3 b2.12 14.5 0.14 11.26 22.7 | 0.87 4.03 0.71

4 | 3608 138 Joos [1230 |3s7 [oss 414 [0

Most probable age 36 =03

Numbers in italics were not included in the calculation of the most probable age.
Most probable age = Mean x 1 standard deviation on the mean age.
Abbreviations: Pl =plagioclase, Hb =hornblende, M-h = magnesio-hastingsite,
Cpx =clingpyroxene





