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SUMMARY

Late Cainozoic volcanoes at the southern margin of the

Bismarck Sea can be grouped into western and eastern arcs. The

volcanoes of the western arc form a narrow zone which is associated

with a broad zone of seismicity that marks t~le boundary between

the South Bismarck and lndo-Australian plates. The western arc

is conside:ed to o\'erlie a near-vertical rlO\vngcing :,lab which,

throughout th~ late Cainozoic, may have feen characterized by

generally higher rates of subduction nea~c: its eastern end. The

eastern arc consists of volcanoes arranged on three principal

1 in e s : ( 1 ) an eas t - west 1 i ne form e d by the Wit u I s 1ands (e x c 1uding

Unea), (2) a north-south chain of volcanoes forming Willaumez

Peninsula, and (3) a broad, northeast-southwest belt along the

north central coast of New Britain between the southern end of

Willaumez Peninsula and Likuruanga. At the present day, the

volcanoes of the eastern arc overlie the northward d!pping

New Britain Benioff zone, which is thought to represent subduction

of the Solomon Sea plate beneath the South Bismarck ~late. To

account fo~ the distribution of these eastern volcanoes, an imbricate

thrust slice (the Vitiaz slice) in the northwestern corner ef the

Solomon Sea is believed to have exerted an important influence

on the geodynamics of the region throughout the late Cainozoic.

The volcanic rocks of both arcs are hypersthene­

no:mative and highly porphyritic, especially in plagioclase.

Other phenocrysts are olivine, clinopyroxene, pleochroic

orthopyroxene, amphibole, iron-titanium oxides, quartz, and

minor apatite and biotite. Basalts (<:53 percent Si02 ) and low­

silica andesites (53:::;:;Si0
2

<57 ptC'rcent) are common in the western

arc, high-silica andesites (57~Si02<62 percent) .lre less cO!TlIr.on,

dacites (62~SiO,..,<70 percent) are rare, and rhyolites (>70 percent
:.:::

Si0
2

) have not been found. The volcanoes of the Schouten Islands,

at the western end of the western arc, ~:~ unusual because basalts

appear to be absent. The range of rock Tvpes in the eastern al'C
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andesitL's are cormnon, basalts and dacites are less

-

common, and rhyolites are rare. Basalts in both arcs are either

quartz-normative or olivine-normative. Rocks havin§: high

I /
2+ - . d

~g (Mg + Fe ) values are also present In hoth arcs, an may

represent approximations to primary magmas that were in equilibrium

with the 01ivin0 er up~er mantle peridotite.

In comparing the compositions of rocks containing the

same amounts of sil iea, pronounced cLanges can be demonstrated

(1) along the western arc - in a direction parallel to the plate

boundary, and (2) across the eastern arc - in a direction mere

or less at right-angles to the plate boundary. The

compositional changes in the eastern arc appear to be retated to

depth to the pr?sent-day Benioff zone. A favoured mod~l for

petrogenesis in both arcs is the partial melting of u~per mantle

peridotite (not nece~sarily of uniform composition) under

hydrous condi tiOll:::> to generate mafic primary :-.Jugmr.s which rise

and fractionate to form magmas of lower magllesLI. and higher

silica contents.

In parts of the eastern arc, and where the downgoing

slab is at a shal low depth (less than about 100 km), water may

have been released from hydrated oceanic l:rust in the upper part

of the Solomon Sea slab by subsolidus dehydration of amphib0le,

and may have risen into the overlying mantle and generated

~rimary magmas by partial melting of peridotite. It is

:~:::s~:~w:::lt::e::u:~::~r:n:a~~a:i~~~:m:~s;e:~n:::av:~:ar-ic
Likuruanga. \At depths slightly greater than about 100 km, a

hydrous eclog~te part of the slab may have melted; derived

water-rich siliceous melts may have risen into and partially

melted the mantle to generate the primary magmas. Conditions of

magma genesis over the deepest parts of the New Britain Benioff

zone are as yet unc~~tain, although as the depth increases the

magma compositions are thought to be governed increasingly by

inhomogeneities in the source peridotite rather than by the

influence of slab-derived melts.
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Beneath Willaumez Peninsu~a, the descending Solomon

Sea plate may move past the descending Vitiaz slice; reductions

in total pressure, and possible heating by shear strain, in the

drag zone between them may have enhanced dehydration or nlelting

of subduc~ed oceanic crust (hydrous eclogite). Water-rich

fluids rose into the overlying mantle (which was not necessarily

homogeneous), and generated and mixed with primary magmas that sub­

sequently fractionated and erupted from the volcanoes of the peninsula.

The changes in rock compositions along the western arc

are considered to be related to differences in the rates of

subduction between different parts of the arc. Comparisons

between the compositions of rocks from the eastern and western

arcs suggest that primary magmas in the western arc (excluding

those beneath Viai and Vokeo) may have been fanned by partial

melting of mantle peridotite under conditions similar to those

that existed over tbe deeper parts of the New Britain Benioff

zone. Owing to a predominance of basalts and andesites in the

western arc, the primary magmas may have risen more rapidly

there than in the eastern arc, where slower rates of magma

asce~t may tave enhanced fractionation resulting in a greater

proportion of acid rocks among the eastern volcanoes.

Alternatively, the abundance of basalt in the western arc, and

in some of the Witu Islands in the eastern arc, may be due to

upwelling of hot mantle peridotite which partially melted at

relatively sr-allow depths (possibly in a dil~~~tional

environment), so that little time was available for the magmas

to fractionate during their relatively short ascent to the

surface. Anatexis of yOUDg crustal rocks in the Soutb Bismarck

plate cannot yet be ruled out as a possible process for the

derivation of at least some acid roc~s.
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INTRODUCTION

Papua New GUinea, at the southwestern margin of the

Pacific plate, contains about 110 principal late Cainozoic

vl)lcanoes (Fig. 1), of which 30 have been classified as 'active'

(Fisher, 1957) and l~ have erupted this century (Cooke, McKee,

Dent, & Wallace, 1976). The volcanoes are in a variety of tectonic

environments; many of them are associated with active island arcs.

This Report details the distribution and petrology 0f

the volcanoes bordering the southern margin of the Bismarck Sea

(Fig. 1). The purpose of the Report is to describe regional

variations in major-element chemistry, to show how these relate

to tectonic setting, and to discuss petrogpnesis in the light of

plate theory and the publishpd results of experimental

petrology. 348 whole-rock chemical analyses (major oxides) are

available, of waich 260 are unpublished analyses of rocks

collected by Bureau of Min~ral Resources (BMR) field parties;

about 1200 BMR rocks have been examined in thin section.

Trace-element studies are underway and will be presented

elsewhere. Detailed descriptions of the geology and pe~rography

of individual volcanoes were presented by Ball & Johnson (1976),

Blake & Bleeker (1970), Blake & Ewart (1974), Johnson (1970a, b,

1971), Johnson & Blake (1973), Johnson, Davies, & Palfreyman

(1971), Johnson, Davies, & White (1972), and Johnson, Taylor, &
Davies (1972).

The Report is divided roughly into three parts. In

the first part. the distribution of the volcanoes and the nature

of the associated plate boundaries are described, and the

framework of a plate model is est~blished. The geology,

petrography, Rnd major-Alement chemistry of the volcanoes are

described in the second part of the Report. In the last part,

the relation between the composition of the volcanoes and the

nature of the plate boundaries is discussed and a model for

petrogenesis is presented; using the chemical relaticns,

attempts are made to refine a late Cainozoic plate model for the

south Bismarck Sea.



l
fN

.1-~"

~

.~

o 400km
I I r I I

.- '"7-- .., ...j~"\

~---'-~-TO

--------''''~.- ~.L"---"""'I \......,\

t'O 1(,,-,'" , '-
e \~ ~V,

o ~,:,'",
-y "-""\. ....... "'----"

v

o

O·E.ntrecdst.
~ ~ $~__r:::--.... v+ 0--- ~\

-- -,-- --- ---

~

.....-"'. /_ ..
---- .._.- .'"~ ~...J \.i: ~- 'O-C)00'"-- -~.l-(J;J: --S~----::._,' ---- 0 "

~C=:JJ <"
·~'4---..l.o0()ri::-J..-- ~'-.L. ~\~_______ v

~'-.J. •. (

o ..., \
S "-..~

(J

Wau

...
~ et

-~~rj<, ~
"

,

~

•
•

-'?";..,,
~'?

.0 "'"

• 1-::/0 '\\"'. f..tt..

• 0-<11110
~

o

I

o

la

---- --, -----

•

~ 00

~-<1f'1 0

SI' •
Port MoreSb..~t?• Lafe Catna:olc vOlcanoes ' Ii;

o Seff1emenfs (the sJfe of .'?OOO;';I '-o",nsnlp IS 0 VOICo.'lo)

~ Bathymefry from DIvISion of lIorlonol Mappmq
15 million map. f,c,s on def'Cer slC/e

6
0

S

gOS

~ Manus I

____' -.l.-.

~
.'>-/.., __ , .... "70: ~ ••

o '_. '-" '-1'" ?;IJ S (20 -- .... "'- •,-,00,), _ illty • r 'h ./

. ~ .. O,,-<T,Y\...-c;---,. .-- IslandS

~
~.s'C'.<. ., •.~

-'0 , A ~.",.r. ' ' ""0:,,<
S"p,k R ,,." 8 2 .~~..r ~oo J-....\ .. I,·~,rn~,'-J a r C k

-~

Principal ]~.te Cainozoic volC8l1oes of Papua New Guinea.Fig. 1.

144° E 147C'::: 1500 E 1530 E 156°c I
" I ! I I ,:::J

PIA 422



-5-

Acknowledgem~nts

R.P. Macnab and R.J. Ryburn participated in two field

trips in 1969; R.A. Davies took part in a third field season in

1970; and the late G.A.M. Ta:}7lor collec-red samples from Karkar

Island in 1962 and 1965. The valuable contributions made in the

field by these BMR geolu~ists, and by field assistants P.

Diambari and ~f.A. Gillfillan, are gratefully acknowledged.

Discussions on the geology and geophysics of Papua New Guine~

with many colleagues in the Bureau of Mineral Resources and

Geological Survey of F-apua New Guinea, and with J .S. Milsun',

have contributed greatly towards the sections d~aling with plate

tectonics.

A first draft of this Report was written in 1973 at

Imp~rial Calleg:, London, during the tenure of an Australian

Government Public Service Board Overseas Scholarship. This

s~holarship and the hospitality of Professor J.S. Sutton and his

staff at Imperial College are gratefully acknowledged. I.A.

Nicholls, W.B. Dallwitz, and G.M. Bladon provided many useful

criticisms of the first draft of the Report.

VOLCANOES OF PAPUA NEW GUINEA

Apart from the south Bismarck Sea volcanoes, most of

the late Cainozoic volcanoes in Papua New Guinea (Fig. 1) may,

owing to. their tectonic setting and chemistry, be classified

broadly iuto six groups. ~he wide ranges of volcanic rock

compositions and tectonic styles in these s~x groups demonstrate

that exceptionally complex geodynamic events have governed magma

genesis in Papua New Guinea.
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1. Volcanoes between the southwest:rn coast and centTal

ranges of mainland Papua New Guinea constitute a 'Highlands

group. The rocks are mainly basalts and andesites which have

been classified into calcalkaline and shoshonitic associations

(Jake~ & WhIte, 1969: Mackenzie & Chappell, 1972; Johnson,

Mackenzie, Smith, & Taylor, 1973; Mackenzie, 1976). Chemically,

these rocks are broadly of island-arc type, although there is

little seismic evidence that they are directly related to a

downgoing lithospheric slab (Joh~son, Mackenzie, & Smith, 1971).

2. Late Cain020ic volcanoes of eastern Papua consist of rocks

~ also identified as calcalkaline and shoshonitic (Ruxton, 1966;

Morgan, 1966; Jakes & Sm~th, 1970), and again - as in the Highlands

there is little suggestion from seismic evidence that they are

directly related to subducted lithosphere (Johnson, Mackenzie, &
Smith, 1971). The~e volcanoes include Mount Lamington, whose

eruption in 1951 j.s widely recognized as a classi c example of

Pelean-type activity (Taylor, 1958).

3. The volcanic islandG in the southwestern part of the

Solomon ~ea (off the coast of eastern Papua) are made up of rOCJ.~

whose compositions are in striking contrast to those of the main­

land volcanoes. In the D'Entrecasteaux Islands, comendites are

the voluminous end-members of a. transitional-basalt/hawaiite/trachyte

lineage (Morgan, 1966; Smith, 1976). This association of rocks

is consistent with the presence of these volcanoes within a zone

of extension (cf. Mi Isom, 1970; Luyendyk, MacDonald, & Br~ '.1, 1973).

4. Volcanoes in the Admiralty Islands southeast of Manus

Island consist mainly of acid rocks (Johnson & Smith, 1974), which ­

unlike the D'Entrecasteaux comendites - are not peralkaline. They

are associated with transitional basalts, quartz tholeiites, and

dacites. Adequate petrological data are not yet available for the

other volcanoes in the Admiralty Islands.
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5. Despite their small size and number, the Tabar, Lihir,

Tanga, and Feni Islands - off the northeast coast of New Ireland ­

have an exceptionally wide range of volcanic rock compositions

(Johnson, Wallace, & Ellis, 1976). Most of the rocks are under­

saturated, and they in01ude strongly undersaturated and fraction­

ated types such as tephritic phonolites and phonolitic trachytes.

Quartz trachy~es are present on some islands, but tholeiitic basalts,

andesites, and dacites appear to be absent.

6. The late Cainozoic volcanoes of Bougainville Island appear

to havE erupted mainly calcalkaline andesites (Baker, 1949; Blake &
Miezitis, 1967; Blake, 1968; Taylor, Capp, Graham, & Blake, 1963;

Bultitude, 1976), although petrologi~al data are either incomplete

or non-existent for many volcanoes. Picritic basalts of the type

found in the Solomon Islands (e.g., Stanton & Bell, 1969; Cox &
Bell, 1972) have not been reported from Bougainville Island.

The volcanoes of the south Bismarck Sea, which are des­

cribed in this Report, have been referred to as the 'Bismarck ~olcanic

arc' (Johnson et al., 1973), and could he considered as ~ severth

group. However, although this name is geographically convenient

(cf. Cooke, McKee, Dent, & Wallace, 1976), it overlooks the geo­

dynamic complexities of this region and the important differences

in tectonic setting bE~tw~en different parts of the 'arc'. In this

Report, two distinct volcanic arcs are recognized within the

'Bismarck volcanic arc', and it is further suggested that the

volcanoes 0f the Rabaul area, in the extreme east, be considered

as a provin~~ separate from those to the west.

PLATE BOUNDARIES AND GEODYNAMICS

Seismic zones and minor plates

The volcanoes of the south Bismarck Sea and of Bougainville

Island coincide with a major zone of seismicity (Denham, 1969, 1973).
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This zone continues westwaras into Indonesia, and southeastwards

through the Solomon Islands and New Hebrides, where it defines part

of the boundary between the Pacific and lndo-Australian plates

(Le Pichon, 1968, 1970).

In Papua New Guinea, the pattern of earthquake zones is

complex, and two, or possiblv three, minor plates trapped between

the Pacif~c and lndo-Australian p~~tes h~ve been proposed to

explain present-day tectonic activity in the region (Fig. 2).

Johnson & Molnar (1972), Curtis (1973b), and Krause (1973) differed

in their locations of many of the plate bouildaries in this region,

but they all agreed that one minor plate underlies the Solomon

Sea, and th~t another underlies the southern half of the Bismarck

Sea. These minor plates will be referred to as the Solomon Sea

and South Bismarck plates (Johnson & Molnar, 1972; Figs. 2 and 3).

The late Cainozoic volcanoes described in this Report

coincide with the r.ajor zone of s8ismicity associated with the

southern margin 01 the South Bismarck plate (Fig. 3). The northern

margin of this plate is markpd hy a narrow zone of shallow seismicity

that crosses the Bismarck Sea from the Schouten Islands to Rabaul

(Denham, 1969); focal mechanism solutions of earthquakes in this

zone have been interpreted as indicating left-lateral strike-slip

fault movements (Johnson & Molnar, 1972; Curtis, i973b; Ripper,

1975, in prep. a). ,.
~ ..

The southern margin of the South Bismarck plate is

adjacent to the lndo-Australian plate in the west and to the Solomon

Sea plate in the east; the sou~h Bismarck Sea volcanoes are there­

fore associated with two plate boundaries (Fig. 3). Because

movements at these boundaries have proba\)ly had an important influence

0n magma genesis througnout the late Cainozoi2, it is advantageous

to discuss firstly the general boundary configurations that may

have existed during this time. These configurations must be com­

patible with the present-day seismicity, but they sho~ld also be

capable of accounting for the distribution pattern of the volcanoes.
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Fig. 3. Preferred loc<'"'..ttc)i')S of plate boundaries and sane related tectonic features in Papua

New Guinea and part of the Solaron Islands, in part adapted fran Johnson & Molnar (1972),

Curtis (1973b) , Krause (1973), and Luyendyk et al. (1973). Solid lines are axes ·:.Jf submarine

trenches. Stippling indicates currently active plate boundaries which are :wnes of seis­

micity that cannot be accurately portrayed by single lines. Single-dash line rep:-~~eht"s

a -ooundary (or boundaries) which may ha'-e been more active during the earlier part of i..i~",

la.te Cainozoic than at the present day; Johnson & Molnar (1972) and Curtis (1973) considel'e:l

that this line, or part of it, represents the nort:hern margin of a third minor plate - cf.

Fig. 2. Double-dash line represents an old plate boundary that was destroyed by collision

of the Australian continent (part of the lndo-Australian plate) with an Adelbert-Huon

i.sland arc (see text and Fig. 9 for details). D::>tted line is a strike-line for the upper

surface of the prcposed lithospheric slab which dips steeply northv,:ards beneath the western

arc (see text and Fig. 39 for details). Thick I ine running southwa-rd..., from near Kandrian

is the ship's track of the seismic reflection profile given in Figure 8.
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The distribution of earthquakes in the Papua New Guinea region

during the last ten or twenty years is known in reasonable detail,

and earthquake cross-sections such as those presented by Denham

(1969), Johnson, Mackenzie, & Smith (1971), and Curtis (1973a), and

in Appendix 1, indicate the plate boundary coniigurations at the

present day. These configurations serve as a starting point for

extrapolating possible configurations of plate boundaries in the

early part of the late Cainozoic - that is, in the Pleistocene

and late Pliocene.

South Bismarck Sea plate boundaries

At the South Bismarck/Solomon Sea plate boundary, a

Benioff zone dips northwards at about 700 beneath New Britain

(Denham, 1969; Johnson, Mackenzie, & Smith, 1971; Curtis, 1973a;

Fig. 4). Focal mecnanism solutions indicate northw~rd underthrusting

of the Solomon Sea ?late beneath the South Bismarck plate (Ripper,

1970, 1975, in prep. a; Johnson & Molnar, 1972; Curtis, 1973b).

In this Report, a northward-dipping Benioff zone is considered to

have been in existence throughout the late Cainozoic.

West of New Britain, the nature of the South Bismarck/Indo­

Australian plate boundary is uncertain, because the seismic

evidence is more obscure. Johnson & Molnar (1972), among others,

claimed that a Benioff zone dips southwestwards at a low angle

beneath the coastal ranges of mainland Papua New Guinea (see also:

Jakes & White, 1969; Dewey & Bird, 1970; Karig, 1972). However,

this interpretation is questionable, as the significance of the

earthquake cross-sections and focal mechanism solutions for this

area is far from certain (cf. Johnscn, Mackenzie, & Smith, 1971;

Curtis, 1973b). Moreover, if a Benioff zone dipped southwestwards

beneath the coastal ranges, a submarine trench - not a volcanic

arc - would be expected north of the ranges.



Fig. 4. Benioff zone beneath central N~v Britain

(adapted from Figure B6 in Appendix 1), showing

the limits of zones E to H (Figc 10) and an

I envelope I of constant thickness and constant dip

enclosing the deeper earthquake foci. Depth

ranges: zone E ;:: 70-160 km, zone F = 95-230,

southern part of zone G = 130-285, northern

part of zone G = 185-385, zone H = 295-580.
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The interpretation adopted here is that throughout the

late Cainozoic the narrow zone of volcanoes off the north coast of

mainland Papua New Guinea has been associated with a continuous,

near-vertical lithospheric slab immediately south of the volcanic

arc (Fig. 3). Prese~t-day seismicity is consistent with this

interpretation. Intermedia~e-depth earthquakes recorded up to 1974

have been focussed in a narrow zone parallel to, but up to a few

tens of kilometres south of, the volcanoes between Karkar Island

and the west end of New Britain (Fig. 1); these earthquakes are

especially common a few kilometres south of Long Island, but appear

to be absent west of Karkar Island (Fig. A, Appendix 1). The

earthquakes are concentrated in a zone which dips steeply northwards

from depths of about 120 km down to more than 200 km, increasing

in dip downwards to more than 800 beneath the arc (Figs. B2 and B3,

Appendix 1). Focal mechanism solutions for a few of these inter­

mediate earthquakes give steep dip-slip underthrust senses of

motion (Isacks & Molnar, 1971; Ripper, 1975, in prep. a). In this

account a similarly steep northward d~p is assumed to have existed

throughout the late Cainozoic.

~vo south Bismarck Sea volcanic drcs

Because the south Bismarck Sea volcanoes are thought to

be associated with two plate boundaries, two vol~anic arcs are

recognized jn this Report.

-'
1. A 'western' arc ccnsists of the volcanic centres between

the Schouten Islands and the Care Gloucester area of west New Britain

(Fig. 5), and is associated with the South Bismarck/lndo-Australian

plate boundary (Fig. 3).

2. An 'eastern' arc of volcanoes along the north central

coast of New Britain, and including the Witu Islands (Fig. 6), is

associated with the South Bismarck/Solomon Sea plate boundary (Fig. 3),

but, as discussed below, this apparently simple correlation is shown

to be complicated by the proposed thrust slice in the northwestern

eorn8r of the Solomon Sea.
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One of the main purposes of this Report is to draw attention

to the differences in rock chemistry between the volcanoes of each

arc, and to discuss how the relative motions between the associated

plates may have influenced petrogenesis.

The Rabaul volcanoes, in the extreme east (Fig. ]), are

also associated with the boundary between the South Bismarck and

Solomon Sea plates (Fig. 3). However, because they are separated

from the volcanoes in the eastern arc by the complexly faulted

Gazelle PeniDsula (~avies, 1973; Fir.. 1), these volcanoes are con­

sidered to occupy a structural environment distinct from those of

the other south Bismarck Sea volcanoes. Consequently, the chemistry

of their rocks is not discussed here in detail, but - using the

chemical analyses published by Heming & Cannichael (1973), Heming

(1974), and Matsumoto (197'3) -- is compared with the rock chemistry

of the other south Bismarck Sea volcanoes (pp. 78-80).

The chemistry of rocks from Uvo (Fig. 5) 0nd Andewa and

Schrader (Fig. 6) is not discussed in this account. These volcanic

centres have not beeG adequately studied by ground surveys, but

their degrees of dissection indicate that they are 01d8r, at

least in part, than the other south Bismarck Sea volcanoas. It

is important to note, however, that the results of future studies

of Andewa and Schrader may necessitate some amendments to the

general plate model proposed in the final sections of this Report,

as these two volcanic centres occupy critical positions between the

eastern and western volcanic arcs as defined above.

Tectonic features of the Solomon Sea area

The submarine trench south of ~ew Britain is more than

8000 m deep in the east, but it shallows in the west, where it

branches into a southern part that extends towar~s Huon Gulf. and

a northern part that extends into Vitiaz Strait. This branching of
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the trench is shown in Figure 7 (see also Fig. 1), and also by the

results of a B1ffi seismic traverse south of Kandrian, New Britain

(Figs. 3 and 8; see also Krause, White, Piper, & Heezen, 1970). The

sedimentary sequence in the southern branch is much thicker than

that in the northern branch, which by implication is younger ­

assuming that sedimen~ation rates have not been much greater in the

south than in the nor~h. This ~plitting of the New Britain trench

suggests that the nor~hwes~ corner of the Solomon Sea plate has not

underthrust the Sout~ Bismarck plate along a single line, but rather

may carry an imbricate slice (termed the 'Vi~iaz slice' in Fig. 3)

beneath west New Bri~ain (see below).

The structure of the western and southern margins 0; the

Solomon Sea plate are complex, and their nature is much more obscure

than either tLe eastern or northern margins, which are clearly defined

by the axis of the New 3ritain-Bougainville submarine trench (Figs.

1 and 7). Thf.:: sei srnJ-C' i t.y 0 f the wes tern and southern margins

appears to b~ much mure diffuse and of a lower order of intensity

than that of the eas t ~rn and nOJrthern margins (e. g., Denham, 1973).

The southern margin (the Woodlark Basin, Fig. 3) was interpreted by

Milsom (1970), and others, to be a zone ef rifting (the 'Louisiade

Sphenochasm' of Carey, 1958), but because the western margin has a

different orientation the sense of relative motion there is believed

to be more strongly transcurrent (cf. Krause, 1973). However, the

western margin cannot be satisfactorily located using tectonic

features on land, or the distribution of earthquakes, or bathymetric

features, and the position of the zone representing the margic in

Figure 3 should therefore be regarded as speculative. This zone is

drawn passing northwards through Cape Ward Hunt, and corresponding

with the major offset between the Adelbert-Huon coastal rallb'°s and

Npw Brit~in; it is considered to mark tbe present-day western

extremity of the New Britain trench system, and to define the present­

day junction between the western and eastern ar~s (Fig. 3).
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Continent/island-arc collision and development of the western arc

The mainlptid of Papua New Guinea south of the western arc

may b~ divided into three broad physiographic units: (1) the coastal

ranges, consisting of the Adelbert and Finisterre Ranges and Huon

Peninsula (Fig. 3); (2) the broad valleys of the Ramu and Markham

Rivers (Figs. 1 and 3); and (3) the Highlands region (Fig. 1). Inter­

pretations of the geological evolution of mainland Papua New Guinea

are still at a speculative stage, but there appears to he general

agreement that the coastal ranges are a Tertiary island arc (cf.

Thompson & Fisher, 1965), and that the Highlands represent an old

continental margin which collided with the arc in mid-Tertiary times

producing a suture represented by the R~mu and Markham valleys

(see: Dewey & Bird, 1970; Karig, 1972; Johnson & Molnar, 1972).

Jaques & Robinson (in prep.) envisaged The collision taking place in

late Oligocene to early Miocene time, after a period of plate con­

vergence during which island-arc \'olcanism (see Jaques, 1976) pre­

vailed between late Eocene and early Miocene time in the region now

represented by the coastal ranges. This collision hypothesis forms

the basis for the evolutionary interpretation illustrated in Figure

9. However, two further opinions held by several adherents of the

hypothesis are not accepted in this interpretation.

Dewey & Bird (1970), Karig (1972), and Johnson & Molnar

(1972) believed that the collision caused the 'flipping' (McKenzie,

1969) of a Benioff zone - that is, that a zone dipped northwards

beneath the Tprtiary island arc, but that after the collison the arc

polarity reversed, and a zone dips southwards beneath the coastal

ranges and th~ ITighlands at the present day. As discussed above,

there is little evidence for a simple southward-dipping Benioff

zone, and the distribution of earthquakes su~gests that the present­

day tectonics of the area are more complicated than previously

envisaged (for further details see Figs. 3 and 9).

Previous studies of plate tectonics in Papua New Guinea

concluded that the present-day boundary between the South Bismarck

and lndo-Australian plates could be represented by a single line
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Fig. 9. Schematic representation of the tectonic evolution of mainland Papua New
Guinea in a northeast-south\\'est section through the western arc, coastal ranges, and
Highlands (see Figs. 1-3). Johnson, Mackenzie, & &nith (in prep. b) used these dia­
grams to illustrate the evolution of late Cainozoic volcanisrn in ooth the western arc
and Highlands province (Fig. 1 ), but in the follO\Ving description emphasis is given to
those aspects of the interpretation that apply particularly to the development of the
western arc. Black bands represent oceanic crust. Stippling represents cheni.cal modi­
fication of mantle by slab-derived fluids. Short-line pattern in diagrams 2 and 3
represents post-Jurassic thickening of crust. The true thicknesses of the lithosphere
and low-velocity zone (LVZ) throughout this region are unknown, and the aSSUJ~d values
are those determined by Brooks (1969) for the southern part of mainland Papua New
Guinea.

L Southward-dipping subduction in the rnid-Cretaceous resulted in arc-trench­
type volcani911, and chemically modified the mantle underlying the northern edge of
the Australian continent.

2. In the Eocene the southward-dipping slab may have becane detached. In the
late Eocene, volcanisrn started in an island arc several hundreds of kilanetres to the
north as a result of northward subduction of the Indo-Australian plate, which carried
the Australian continent northwards from Antarctica.

3. By the late Oligocene or early Miocene the continent had reached the
island arc and, because it was too buoyant to descend into the subduction zOl1e, began
to collide with the arc. Subduction was arrested and island-arc volcanisrn ceased,
but plate convergence continued, and the continental margin and arc were warped and
raised. Middle Miocene magmatisn south of the collision zone was initiated by
partial rrelting of mantle which had been chemically IT:0dified during the Cretaceous
subduction.

4. By the late Pliocene the slab beneath the Tertiary island arc had becorre
steepened, and (X)ntinuing subduction gave rise to the volcanoes of the western arc in
the south Bismarck Sea (SBS volcanoes). Upltft and warping in the Highlands reg::'on led
to partial melting in the chemically modified muntle.
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passing along the axis of the Ramu and Markham valleys (Curtis, 1973b;

Krause, 1973; Luyendyk nt al., 1973), or along the Ramu valley and

north of the Finisterre Range and Huon Peninsula (Johnson & Molnar,

1972), as shown in Figure 2. However, there is no linear concen­

tration of earthquakes beneath the valleys; rather, the epicentres are

spread more or less evenly over a wide zone covering the coastal

ranges, the Ramu and Markham valleys, and the northern foothills of

the Highlands region (Fig. A in Appendix 1). In addition, extensive

Holocene faulting has not been reported from the Ramu and Markham

valleys, and there is no evidence that Holocene f:lults are more common

in these valleys than they are in other parts of the wide zone of

present-day earthquake activity (Bain et al., 1972). Furthermore,

studies in which the Ramu and Markham valleys arc identified a~ a

present-day plate boundary offer no convincing explanation for the

existence of the active island-arc volcanoes of the western arc north

of the coastal ranges. In this Report, the Ramu and Markham valleys

are considered to represent a former plate boundary destroyed by the

continent/island-arc collision - not a present-day plate boundary.

The interpretation adopted in this Report for the tectonic

evolution of this area is given in Figure 9. The most important

points to note are: (1) that the continent/island-arc collision

destroyed the plate boundary which had existed south of the Tertiary

island-arc although its eastern extension may be represented by the

southern trough of the Vitiaz imbricate slice (Fig. 3); and (2) that

post-Miocene plate convergence and foreshortening caused (i) the

uplift of the Highlands and the coastal ranges, and (ii) the

steepening of the subducted slab beneath the island/arc, which

was followed by Quaternary volcanism in tile western arc (see below

for furthor details). Note also that no single line at the Earth's

surface is identified as the present-day plate boundary in this

region; rather, the contact between the Indo-Australian and South

Bismarck plates is visualized as a broad zone of foreshortening

characterized by earthquakes which show compressional focal mec­

hanism solutions, but which beneath mainland Papua New Guinea are

not concentrated along a single well defined inclined seismic zone.
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Another outcome of the continent/island-arc collision may

have been the formation of the Vitiaz imbricate slice (Fig. 3).

Because of its relatively thin accumulation of sediment, the trough

along the northern edge of the slice may be younger than that

along the southern edge, and may have formed about the same time as

thA collision to the west.

One other notable feature (Fig. 3) is a well defined sub­

marine valley parallel to the coastline of mainland Papua New Guinea

west of Wewak (cf. Krause, 1965). The floor of this valley is about

2500 m below sea level, and slopes westwards for about 175 km from

an area east of Vokeo Island and north of Wewak (Fig. 5). The

southern side of the valley i~ steeper and much more prominent than

the northern side, which is simply the southwest-dippi~g floor of the

Bismarck Sea. Erlandson et al. (1976) called the valley the 'New

Guinea trench', and regarded it as a subduction Z0ne formed during

a period of crustal spreading in the East Caroline Basin (Fig. 3) in

pre-Miocene time. However, they offered no explanation for the

limited extent and specific features of the valley; nor did they

explain why it has not been filled by sediments during at least the

last 20 million years. The valley appears to be a much younger

feature, and may have originated through differences in tectonic

elevation between the regions on either side of it. The present-day

sAismicity west of Wewak is also of uncertain significance, although

Ripper (in prep. b) suggests that it marks the eastern corne~ of

an Irian Jaya 'buffer' plate that accomodates movements between the

converging Indo-Australian and Pacific plates. The nature of late

Cainozoic tectonics west of Wewak is therefore unclear, although

it is obviously in marked contrast to that east of Wewak, where

island-arc volcanism has prevailed.

Rates of convergence and poles of rotation

Johnson & Molnar (1972) and Curt is (1973b) independently

calculated the magnitude and direction of the present-day relative

velocity vectors between the South Bismarck and Tndo-Australian plates
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(equivalent to the boundary at the western arc in this account) and

between the South Bismarck and Solomon Sea plates (the boundary assoc­

iated with the eastern arc). They assumed that the relative poles

of rotation for the plates were a long way from the Papua New Guinea

region, and showed that the rate of convergence of tte South Bismarck

and Solomon Sea plates is between 2 and 5 times as great as that of

the South Bismarck and Indo-Australian plates (Table 1). These faster

rates correlate with the shallower dip (700
) of the New Britain

Benioff zone (compared with the near-vertical attitude of the

seismic zone beneath the western arc, where rate~ of convergence

are slower), and are therefore consistent with the general relation

between dip and rate of conv2rgence proposed by Luyendyk (1970).

The series of calculations by Curtis (1973b, see Table 1)

showed that, at the South Bismarck/Indo-Australian plate boundary,

the rate of convergence was twice as great at the eastern end than

at the western end, suggesting the proximity of a pole of rotation.

This phenomenon was described in greater detail by Krause (1973), who

calculated a series of possible motions between the South Bismarck

plate and the Indo-Australian and Pacific plates. Using different

positions for the pole of rotation between the South Bismarck and

Pacific plates, and using different rates of left-lateral transcurrent

motion along the northern margin of the South Bismarck plate, Krause

calculated corresponding positions for the South Bismarck/Indo-Aust­

ralian pole of rotation. He concluded that a point at latitude 140 S

and longitude 1480 or 1470 E was probably the most satisfactory position

for the South Bismarck/Pacific pole, and that values between 12 and

17 cm/year were the most likely rates of transcurrent motion at the

South Bismarck/Pacific plate boundary. The calculated positions of

these poles of rotation are shownn Figure 2~, where they forma line

whicll is part of a pole great circle containing the South Bismarck/

Pacific pole (at 140 S, 1480 E) and the Indo-Australian/Pacific pole at

580 S, 1690 W (the 'model I' pole of Christoffel, 1971).



TABLE 1. RATES AND AZIMUTHS OF CONVERGENCE
OF THE INDO-AUSTRALIAN AND SOLOMON SEA PLATES WITH THE

SOUTH BISMARCK PLATE

Reference I S

Rate Azimuth Rate A~imuth

( cm/yr) (oE of N) ( cm/yr) ( E of N)

Johnson & Molnar 3.3 23 9.2 343
(1972 )

Curtis ( 1973) 2.60 at IBP 18 12.02 352
5.22 at IBS 7.5

Krause (1973)* 0 at IBP 6.2 at IBS 5 or 327
6.2 at IBS 31 12.4 at BP') 327

Taylor (1975, 8.04 at IBP 29 11.65 at rBS 11
unpublished) 9.3 at IBS 29 J2.5 at BPS 8

*values calculated for a 'preferred' model in which BI pole is at IBP
triple junction, and left-lateral slip rate between Band P is 13.5 cm
per year (see text).

r = rndo-Australian plate

B = South Bismarck plate

S = Solomon Sea plate

P = Pacific plate
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Krause (1::: 73) also proposE:::,. that the present-day pole of

rotation for ~the Solomon Sea and South Bismarck plates lies within

the Papua New Guinea rEgion. In his preferred triple-junction

analysis of the region, he calculated a position for this pole at

lOOS, 143.50 E ('bs' in Fig. 2c): Other positions, however, are

possible, and, for the purposes of this account, the instantaneous

poles of rotation throughout the late Cainozoic are assumed to have

lain somewhere withi~ a few hundred kilometres of the position cal­

culated by Krause for present-day plate motions. Rotation of the

Solomon Sea plate about these pcle positions during th2 late

Cainozoic will have caused grpacer rates of convergence at the

eastern part of the South Bismarck/Solomon Sea plate boundary than

beneath the western part (c;. Table 1).

Johnson & Molnar (19'I''2),.rCuJ;:tis (1973b), an'i Krause (1973)

a:!.l regarded the seismic zone cru",.sing the.Bismarck Sea a.s that of

a pure left-lateral transcurrent fault. However, Connelly (1976)

and Taylor (1975) both 'provided evidence from magnetic recording

surveys that movement across at least two sector~ of the seis~i~ zone

was divergent, and that the Bismarck Sea floor is a marginal basin

The implications of this conclusion are discussed in a later section

(p. 113).

VOLCfu~O DISTRIBUTION AND GEOLOGICAL S?TTING

Cordl reefs and submarine peaks

All the principal and some of the minor late Cainozoic

volcanic centres along the southern margin of the Bismarck Sea are

shown in Figures 5 and 6, together with the principal coral islands

and isolated coral reefs associated with the western and eastern

arcs. Because most, if not all, of the principal reefs an~ coral

islands may have volcanic foundations, their locatio~s are taken

into account in the following descriptions of volcano distribu~ion.
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The main coral islands and reefs are, from west to east:

(1) Koil Island, one of the Schouten Islands, (2) Hankow Reef, north­

west of Crown Island, (3) the Siassi Islands, southeast of Umboi

Island, and (4) Ottilien Reef, west of the Witu Islands. Numerous

areas of reef and a few coral-sand islands are also present in Kimbe

Bay, east of Willaumez Peninsula.

Other prominent areas of coral in the Bisffiarck Sea are:

Whirlwind Reefs, about 400 km west of the Witu Islands (Fig. 5);

Circular and Sherburne Reefs, which appear to straddle the boundary

between the South Bismarck and Pacific plates (Figs. 3 and 5); and

the Purdy Islands and Alim Island, about 75 km so~th of Manus Island.

All these islands and reefs, and the Witu Islands and Ottiljen Reef,

surmount a broad submarine rise that crosses the Bismarck Sea from

the Admiralty Islands to the central no~th coast of New Britain

(Connelly, 1974; Fig. 1). Although volcanism may have played a

prominent role in the formation of the rise, this topic is beyond the

scope of the present account.

The distribution patterns in Figures 5 and 6 are defined

solely by subaerial volcanic centres and areas of coral, and the

contribution made by sUbmar}ne volcanoes is largely unknown. A

submarine volcano is thought tobe present 35 km north-northeast of

Karkar Island, wher~ marine disturbances were observed in 1951

(Taylor, 1956; Fig. 3). Moreover, the resulti (largely unpublished)

of a BMR marine geophysical survey of the Bismarck Sea in 1970 (see

Connelly, 1974), and the bathymetric map ol Krause (1965), identify

peaks which may be submarine volcanoes. However, more bathymetric

data are needed before submarine peaks associated wich ~he western

and eastern arcs can be confidently recognized as late Cainozoic

volcanoes, aDd b€;ore the significance of their distribution can be

evaluated.
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Eastern arc

New Britain has the familiar features of an active island

arc: a sUbmarine trench, over 8000 m deep and showing negative

free-air gravity anomalies; an incliti8d Benioff zone (Fig. 4)

underlying an arcuate geanticlinal island ridgo which shows positive

free-air and Bouguer anolnalies (Finlayson & CulJ, 1973; Wiebengu,

1973); and active volcanoes on the concave side of the arcuate ridge.

In the vicin~ ty of the Witu Islands, crustal thicknesses are atout

20 km, but they increase to a maximum of about 45 km beneath .... ·le

south central coast of New Britain (Finlayson & Cull, 1973;

Wiebenga, 1973). In the Solomon Sea area, the base of the 8rust is

11.5 to 14 km below sea level (Furumoto et al., 1970).

Unusual features of the New Britain island arc are, firstly,

the spli tting of the submarine trench fQ;..t. its western end (see above),

and, secondly, the distribution pattern of the volcanoes (Fig. 6).

In the south, a prominent belt of volcanoes runs westwards along

the north coast of New Britain, from Likuruanga and Lolobau Island

in the east. as far as Willaumez Peninsula: where the belt terminates

abruptly. The peninsula itself is an impressive north-south chain

of volcanoes, 60 km long, which trends perpendicular to the central

axis of New Britain. As shown in Figure 3, the line of the

peninsula, when extrapolated southwards, passes more or less through

the area where the New Britain trench divides into two branches.

Kimbe Island is associated with neither ~he Willaumez Peninsula chain,

nor with the north coast volcanic zone (Fig. 6), although, as demon­

strated below, its rocks are chemically analogous to the volcanoes

of the northern part of the peninsula.

The most northerly of the volcanoes of the eastern arc are

those of the Wit~ Islands. They lie opposite a section of New Britain

where late Cainozo.ic volcanoes are conspicuously absent (between

Andewa and Willal~ez Peninsula), and opposite the two western

branches of the New Britain trench. Apart from Dnea, the Witu Islands
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(and Ottilien Reef) form a zone which extrapolated 170 km s0uth­

southeastwards cc,fnc1des - presumably by chance - with the volcanic

line of Hanban, Lolobau, and Likuruanga on the north CORSt of New

Britain (Fig. 4). The eastern vel canoes are therefore not arranged

randomly; rather, they mostly lie on three well defined zones.

Western arc

In contrast to the eastern arc, the volc~noes of the

western arc occupy a much narrower zone (Fig. 3). This is consistent

with the interpretation presen~ed above of a steeply dipping (almost

vertical) slab of downgoing lithosphere beneath the western volcanoes,

because magmas generated at or above the upper surface of the

steeply incline,'2, lab will presumably all t0nd to rise vertically',

and have little ~r~ortunity to move away from the slab and erupt

from centres over a wide volcanic zone.

Like the volcanoes of the eastern arc, the- western volca.noes

are arranged in a series of lines, not all of which are parallel to

the general trend of the arc. Talawe, Aimaga, and Tangi form a

north-south line in the Cape Gioucester area of west New Britain

(Fig. 5). In addition, two parallel lines of islands trend north­

westwards and intersect the general trend of the western arc at an

angle of about 300 (cf. Carey, 1938); these are (1) the Siassi

Islands (coral)-Umboi-Tolokiwa line, and (2) the Long-Crown-Hankow

Reef (coral) line (Fig. 3). Both lines appear to be rel~ted to the

fault pattern on Ruon Peninsula to the SJuth, suggesting they

represent the surface traces of underlying fractures (cf. Bain et

al., 1972; Robinson, 1973).

Bagabag, Karkar, 1.1anam, and Aris Is lands f or!!~ a fourth

line that more or less coincides with the main trend of the western

arc and is parallel to the north coast of mainland Papua New Guinea.

Between Karkar and Manam is a gap 100 km long where subaerial vol­

canoes are conspicuously absent, where submarine volcanoes have not

been reported, and where the m~inland coastline extends closer to the

western arc than at any other point.

"~

"I
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The Schouten Islands make up a fif~h line of volcanoes.

This line is parallel to the Bagabag-Aris line, but is about 25 km

northeast of its western extensioc; it lies opposi~e the gap

between the Prince Alexander Mountains and the Adelbert Range

(Fig. 5). Barn, about 620 m above sea level, is the highest of the

Schouten Islands; as the bases of most of the volcanoes in the

western arc are at a constant depth of about 1000 ill below sea level,

and many of the volcanoes elst~~ere in the weste~n arc are higher

than 1000 m above sea level, the volumes of magma produced by each

of the Schouten Islands volcanoes are apparently considerably less

than those produced by most of the other weste."n volcanoes.

The distribution of the volcanoes in the western arc

suggests that the underlying lithospheric slab may have two features

additional to those mentioned above. Firstly, the northward offset

of the Schouten Islands from the Bagabag-Aris line indicates that the

western end of the slab may be bent, or offset bv a hinge fault

(Fig. 3). Secondly, the eastern end of the slab may dip northwards

at a slightly lower angle than the western end, as the ~'olcanic

arc appears to bp wider in the east, possibly because (as discussed

above) rates of plate convergence are greater there.

Available bathymetri~ data do not indicate the presence of

a submarine trench associated with the volcanoes of the western arc.

Broad sedimentary troughs parallel to, and to the north and south

of, the eastern part of the arc have been reported (Connelly, 1974),

but they appear t.o be Tertiary features, and are not considered to

be submarine trenches in the generally accepted sense.

VOLCANIC ACTIVITY, STRUcrURE, AND MORPHOLOGY

The south Bismarck Sea volcanoes are made up of lava flows,

coulees, cumulodomes, and air-fall, pyroclastic-flow, outwash, and

talus deposits. The air-fall deposits consist of dust, lapilli,
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bombs, pumice, scoria, and angular accessory blocks. Because of high

rainfall, most of the air-fall deposjts have probably been reworked,

at least to some extent. The pyroclastic-flow deposits are of nu6es

ardentes (including some of basaltic composition), possible lahars,

'ash-hurricane' (or ground-surge) deposits, and scoria avalanches.

Welding has been observed in pyroclastic-flow deposits on Witori/Pago

(Blake & Bleeker, 1970) and on Hargy/Galloseulo.

The principal volcanoes of both the western and eastern

arcs are central-type stratovolcanoes. Their summits do not exceed

about 2500 m above sea level, and their flanks show an upward increase

in slope to a maximum of about 350
. Most of the volcanoes have craters

or calderas. Dykes and sills are exposed in the crater (or caldera)

walls of a few volcanoes, notably in Likuruanga, Garove, and Ritter.

Many of the large stratovolcanoes have satellite cones. There are,

however, several minor cones, cou16es, and cumulodomes, which do not

appear to be related to any of the major ct~tres. Many of these

smaller volcanoes consist of silica-rich rock~ (dacites and rhyolit~s).

Examples are Banban Island, Kakolan Island, Capb Deschamps, Cape

Reilnitz, centres around Talasea harbour, and the s~~allite cone on

the Dorthwest coast of Umboi Island (Figs. 5 and 6).

All the volcanoes, both principal fLnd minor, were probably

active in the Quaternary; some, however, mlY have commenced activity

in the Pliocene (e.g., Andewa and Schrader), although this has not

yet been confirmed by isotopic dating or fossil evidence. K-Ar dating

of ten rocks from the Cape Hoskins area shows ages of less than one

million years (Blake & McDougall, 1973).

Literate observers have recorded and dated subaerial erupt­

ions from six western and three eastern volcanic centres during the

last one hundred years (see Figs. 5 and 6).* Two other eastern

volcanoes probably erupted during this time, and one SUbmarine

*In the western arc, the period 1972-75 was unprecedented during the

last 100 years for the number of volcanoes in eruption: Manam, Karkar,

Long, Ritter, and Langila were all active. Ulawun, in the eastern

arc, also erupted in 1973. See Cooke et al. (1976).
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volcano is also known to have erupted in thp western arc (Fig. 5).

Pyroclastic materials were erupted at all the active subaerial centres,

and lava flows issued from all but two of them (Barn and Ritter). The

explosive eruptions, and the large proportions of clastic deposits

air-fall, pyroclastic-flow, and reworked - testify to the important

role of volatiles in determining the geology of these volcanoes.

Thermal areas are widesprea?, and at some volcanoes rocks are severely

altered. The most extensive thermal area (and one of the largest

single areas in the whole of Papua New Guinea) is on Garbuna, in the

southern part of Willaumez Peninsula (Fig. 6).

The volcanoes show a range in degrees of dissection, but

constructional slopes or 'planezes' (Cotton, 1944) are preserved on

most of them. Contrasting degrees of dissection between the

volcanoes in each of three lines of volcanoes suggest a linear,

unidirectional migration of volcanism. The three lines of volcanoes

are:

(1) The Schouten Islands (Fig. 5). Vokeo, and probably Viai,

are the remnants of dissected cones, and appear to be older than

Blupblup and Kadovar farther east, both of which show well preserved

constructional volcanic landforms. Barn, at the eastern end of the

line, is an active volcano which has erupted several times this

century (Fisher, 1957). Volcanism therefore appears to have migrated

eastwards along the Schouten Islands line. Another geological

featl1re of the Schouten Islands is that Vokeo and Koil, in the west,

have been raised. Vokeo has a peripheral coral reef raised 1-5 m

above sea level, and Koil is an elevated coral island a few tens of

metres high. Viai, Blupblup, Kadovar, and Barn show no signs of having

been raised.

(2) The Cape Gloucester area (Fig. 5). Langila is an active

volcano on the northeastern flank of the extinct stratovolcano,

Talawe, which is much less dissected than the volcanoes of the

Aimaga volcanic complex and of Tangi to the south. In these volcanoes,

therefore, activity may have migrated northwards, and then north­

eastwards.
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(3) Willaumez Peninsula (Fig. 6). The large stratovolcanoes

at the southern end of the peninsula are more dissected than cones

farther north. Makalia, at the northern tip of the peninsula, is

believed to have erupted in the late nineteenth century (Branch, 1967).

Volcanism, therefore, seems to have been act~ve later in the more

northerly parts of the chain. Makalia and Dakataua constitute a large

volcanic centre which appears to have had a long and complex history

(Lowder & Carmichael, 1970). Available bathymetric data do not

indicate the presence of submarine volcanoes north of DakatauajMakalia,

and it therefore seems reasonable to conclude that the northward

migration of volcanism along Willaumez Peninsula has terminated at

Dakataua/Makalia, or at least that volcanism shows no signs of

proceeding beyond it.

PRELIMINARY PETROLOGY

The rocks of the south Bismarck Sea volcanoes constitute

a hypersthene-normative association of basalts, andesites, dacites,

and rhyolites. No nepheline-normative rocks have been found. Rocks

of the same silica content show a wide range of alkali contents, and,

according to the alkali:silica-based classifications of other writers,

the rocks cover the compositional fields of 'tholciitic', 'calc­

alkaline', 'calcic I, 'high-alumina basal t', 'high-K calcalkaline',

and 'shoshonitic' associations. The rocks range between rare aphyric

types and more common highly porphyritic types (containing up to about

50 percent by volume of total phenocrysts) in ~hich plagiocalse,

clinopyroxene, pleochroic orthopyroxene, oJivine, and amphibole are

the most abundant phenocrysts.

The greatest absolute variation of all the major oxides

is shown by silica (Table 2). It is therefore used here as the

principal means of defining the following five rock types:
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<:53 percent by weight silica

~53, <'57

~57, <.62

~62, <.70

~70

basal t

low-silica andesite

high-silica andesite

dacite

rhyolite

Similar schemes of rock classification were used by Taylor et al.

(1969), Bryan, Stice, & Ewart (1972), Oversby & Ewart (1972), and

others.

MgO values for rocks containing less tnan 53 percent silica

range from !~ss than 5 percent to mor8 than 15 percent (see Fig. 23).

In oceanic and continental regions, rocks with MgO values as low as

4-5 percent are generally not called basalts (see, for example,

Thompson, 1973, who suggested that only rocks containing more than

6 percent MgO are true basalts). To draw attention to the wide range

in MgO values, the basalts of the south Bismarck Sea are therefore

subdivided as fo~lows:

<:7 percent by weight MgO

:>7 percent by weight MgO

low-magnesia basalt

high-magnesia basalt

The low-magnesia variety is by far the most common basalt type in the

south Bismarck Sea volcanoes (see Fig. 23). Many of the basalts are

olivine-normative (in particular, the high-magnesia varieties), but

most are silica over-saturated - that is, they are olivine tholeiites

and quartz tholeiites respectively (Yo1er & Tilley, 1962).

Of the 348 available chemical analyses, 143 are of western

rocks and 205 are of eastern rocks. The chemical analyses are listed

in Appendix 2, and some general statistics are given in Table 2.

Chemical and modal analyses, CIPW norms, and locality descriptions of

20 selected rocks, ate set out in Tables 3 and 4. Eighty-eight of

the analyses were pUblished previously by Morgan (1966), Lowder &
Carmichael (1970), Johnson, Davies, & White (1972), and Blake &
Ewart (1974). Most of the 260 unpublished analyses were supplied by



TABLE 2. SOME STATISTICS OF THE 348 CHEMICAL ANALYSES
OF ROCKS FROM THE WESTERN AND EASTERN ARCS

Arc Number Oxide Mean Standard Minimum Maximum
of deviation value value

analyses

Western 143 Si02 54.93 3.92 47.47 66.76

Ti02 0.52 0.15 0.24 0.89

A1 20 3 16.40 1.6S 11.69 21. 56

Fe20 3 2.02 0.18 1. 09 2.41

FeO 6.90 1.61 1.92 10.38

MnO 0.17 0,03 0.06 0.26

MgO 5.72 2.50 1. 51 15.22

CaO 9.55 1.75 4.37 13.65
Na20 2.44 0.53 0.94 3.82

K20 1.14 0.51 0.13 :).14

P205 0.20 0.08 0.08 0.63

Eastern 205 Si02 58.60 6.29 48.24 76.19

Ti02 0.66 0.28 0.24 1.93

A1 20 3 16.60 1.65 12.57 20.44

Fe20 3 2.02 0.38 0.33 3.28

FeO 5.81 1. 82 0.85 9.05

MnO 0.15 0.03 0.05 0.24

MgO 4.07 2.21 0.24 11.35

CaO 8.13 2.58 1.23 13.10

Na20 2.98 0.80 1. 52 5.74

K20 0.85 0.67 0.16 3.88

P205 0.12 0.07 0.02 0.41

All analyses have been recalculat~i to 100 percent without volatiles
using the Irvine & Baragar (1971) transform. See Appendix 2 for full
list of chemical analyses.
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0
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MnO
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0.36
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0.09

5-L.9
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0.33

H.19

G.18

4.02
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0.76 0.G9 0.52 0.53

16.C~) 15.00 14.:10 1G.8
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0.17 O.W 0.15 0.18

~4,'O

Cno
Nn.p
ISO
P205

~O+
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CD2

4.95

8.00
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o.m
0.13

0.66

0.36

<0.05

S.40

9.40

2.25

1.36

O.lH

0.36

0.10

0.04

3.45

7. SS

3.05

1.16

0.16

0.07

0.09

0.08

A.73

1O.5H

2.50

0.83

0.1.9

0.13

0.08

4.90

9.05

2.45

0.65

0.15

0.49

0.47

0.05

6.85

11.50

1.99

0.72

0.15

0.40

0.09

<0,05

6.80

10.00

2.35

1.301

0.27

0.2,1

0.16

<0.05

3.80

3.00

0.37

0.19

0.07

0.10

8.35

11. :30

1.D7

0.83

0.18

0.20

0.06

<0.05

'1.10

8.8

2.75

1.58

0.18

0.70

0.01

0.05

Total 99.97 100.09 99.94 99.71 99.82 99.96 99.&1 99.89 99.76 99.78
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0.31

7.22

8.09
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3.28
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0.45
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2.55
1.42
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0.55

2.61

0.38

4.96

21.32

25.29

11.04
6.59
3.88

12.56
7.39

1.95
1.27

0.63

2.68

0.45
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20.97

34.73

4.06
2.23
1.68

10.12
7.63

1.14

3.07

0.313

4.31

17.00

38.05

7.71
4.10
3.313

6.69
5.48

4.48
4.05

1.27

3.16

0.36

0.32

7.98

20.05

31.11

8.85
5.-12
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11.66
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17.57
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3.19
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0.88

2.45

1.96

16.75

2'1.93

11.42
7.01
3.75
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7.45
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6.92

9.45

23.51

29.61

5.77
2.82
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7.52
7.61

1.03

2.97

0.43

Plagioclase

Olivine

Orthopyroxene

Clinopyroxene

FeITi rnides

Arrphibole

Total

26

<1

4

4

<1

34

27

3

9

1

40

28

<1

1

2

2

1

34

28

1

8

6

1

44

27

3

<1

<1

30

23

3

21

1

48

3 25

<1 <1

4

1 21

<...1

4 50

26

<1

3

9

2
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1. High-silica andesiteb , Vokeo (lSNG1037)c.

2. J:.cm..·silica andesite, Barn (HNG101O).

3. High-silica andesite, Aris (19NG0965).

4. High-lmgl1esia olivine-tholeiite basalt, Manam
{Morg;U1, 1966; his sarrple 12). TIlis sarrple
:is quartz-nolmative when Fc.p /FdJ value of the
original Malysis is used in ~p. nom calculation.
No modal analysis avail~)le.

5. I.o.v-silica anclesi te, Bababng (~lXiC'{)792).

6. Low-magnesia 01 i vine-tlnleii te
ba.c;al t, LDng (32NG075<1).

7. Low-magnesia qU.Ui;z-thold He
ba.s;tl t, Tolokiwa (3Z'G0719).

1:-. Dacite, liThoi (32Nc,ol100.l.

9. Iligh-m.'lgTlcsia qllilrtz-cholpii te
bnsalt, Ri t ter (:32:-1(',0((1'\,\).

10. lr.v-silica andesit~. L'1.I1gila
(32:'Jr.o02-lB) •

iUiiAAA

a. Calculated without volatiles using the Fe20iFL<J tF.lIL<:;fonn of Irvine F. u.:Lr~2..l· (H171 \.

b. Rock n::1m3S based Oll cla..,sificaticn sh<::r"'71 on pnge 25, using the silica value' "btair:,-,,\ r:;"ter re­
calculating to 100 percent without volatiles usir.r; the Irvine & BrLr:lf;::tr (19"fl) t 1·:U1"·fol1'l.

c. aiR sarrple nUTbers shm'll in parentheses for sa'Tplffi 1-3, and 5-10.

LG.
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TAnI,E 4. CHEMICAL AND MODAL AN,\LYSES AND C Il'l\" NOHMS OF' 10 HOCKS SELi';CTEIl
FRO'I 205 ANALYSED ROCKS FROM THE EflSTEHN flHe

1 2 .1 4 5 6 7 8 !J 10

S102
72.4 52.·;3 53.9 53.85 58.30 63.9 59.0 51.57 53.7 49.2

Ti02 0.31 0.77 0.61 0.52 0.46 0.80 0.51 0.80 1. ~)4 1.1·1

'\}20 3 13.4 17.80 18.5 17.30 15.9 14.50 1 '3.9 15.91 15.10 15.0

Fe
2

0 3 0.88 3.32 2.95 3.68 3.65 1. 81 3.15 2.7-1 3.95 3. ·\5

FeD 1. 48 6.55 5.70 5.53 3.75 :';.55 3.90 7.0'l 7 . !J~, 6.05

MnO 0.07 0.18 0.15 0.15 0.13 0.15 0.13 (J. 17 0.2-l 0.18

MgO 0.81 5.17 3.90 4.82 4.70 1. 95 3.40 6.73 4.15 11.3

CaD 2.75 10.61 9.70 9.45 8.15 5.70 6.70 11.7-1 7.90 10.8

Na 2
0 4.05 2.3:; 2.50 2.55 2.85 3.60 2.9fJ 2.41 3.60 2.2

"20 1.64 0.36 0.36 0.56 0.88 0.99 1.3,1 0.44 0.45 0.25

P2 05 0.03 0.08 0.07 0.12 0.13 0.18 0.14 0.11 O. HJ 0.11

H
2

O+- 1.98 0.19 0.86 0.45 0.54 1.07 0.35 O. ·13 <::0.01

H2O- 0.11 0.07 0.48 0.72 0.47 0.09 0.59 0.10 0.55 0.27

CO
2

0.04 0.05 <0.05 O. l>-I <0.05 0.05 <0.05 0.05

Total 99.95 99.93 99.74 99.25 99.86 99.76 99.78 100.11 99.75 100.00

CIPW
a

norms

Q 35.6J 5.51 9.63 7.66 13.51 22.'i'l 15.91 1.79 6.37

or 9.93 2.13 2.19 3.37 5.26 5.95 8.09 2.60 2.72 1. ·18

ab 35.01 19.96 21.48 21. 91 24.44 30.70 25.04 20.47 30.87 18.69

an 13.74 37.16 38.86 34.69 28.33 20.69 29.74 31.42 24.01 30.44

C 0.04

wo 6.34 4.02 5.09 4.90 2.78 1,37 10.98 6.0-1 9.44
di en 3.32 2.03 2.62 2.84 1.10 0.73 6.37 2.83 6.60

fs 2.84 1. 90 2.33 1.83 1.72 0.59 4.09 3.15 2.05

hy en 2.07 9.60 7.86 9.57 9.01 3.81 7.91 10. ·15 7.Oc. 12.65
fs 1.63 8.19 7.38 8.51 5.80 5.99 6.34 6.71 8.50 3.93

01 fo 6.31
fa 2.16

iI 0.61 1, 46 1.29 1. 01 0.89 1.54 0.99 1. 52 2.9G 2.17

mt 1. 30 3.3: 3.20 2.97 2.89 2.65 2.97 3.35 <\ .·17 3.8'1

ap 0.07 0.19 0.17 (").28 0.31 0.43 0.33 0.26 0.·15 O.:'W

Volume percent
Rtlenocrysts

Plagioclasfl 20 26 27 29 23 14 26 3 <:1

Olivine 2 <1 1 10

Orthopyroxene <1 1 1 5 3 1 2

Cl inopyroxene <1 <1 4 11 ~ 10 3 <:1

Fe/Ti oxides 1 1 1 1 2

Amphibolc 2

Quartz 13

Total 36 29 28 40 38 18 .;0 (j La.1 10

1. Rhyolite b Sulu Range \ 51NG3032A) c . 6. Daeite, Lolobau (52NGIO-l~J)_,
2. Low-magnesia quartz-tho1eiitc basalt, Ulawun 7. High-si 1 lea a n dl~S 1 t (', Ban~:llm

(Johnson, Davies, '" White, 1972; 51NG0156) . (51NG2708).

3. Low-s i I i ca andcsi te, Likuruanga 8. Low-ma~nesia q u a f' t z - l. 11' , 1•. I I l. •• tJ:.,., .• ll , i):t Io.a la lIa
( 53;.lGO 852,\). ( Lowdcr & Car"1:"leha .. l, l~li{J; t 1"'1 r ~~ ;I rll i' 1'.' :Ill ) .

4. 1,ow-5! I i ca andcsite, Ilataleloeh, Cape 9. Low-silica andt~s 1 tt", Cia 1';) \ f' (-I K:;cil) ;.:37) •
Hoskins area (13lake &: Ewart, 1l:J7oI ; their 10. Hip;h-map;nesia 01 i \' 1 n ,,- t 11<1 I. - i i t ,- h;IS:' 1 l,
sample 77). Mundua Group \>~ S:\C05S:!) .

5. High-s i I ica andesite, Dufaure (5 L';G2GR58) .

a,b. See footnotes for Table 3.

c. mm sample numbers shown in parentheses for sa.':lples 1-3, 5-7, ~l , and 10.
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the Australian Mineral Development Laboratories (AMDL, Adelaide),

who used mainly 'wet chemical' analytical methods (MgO, CaO, Na
2
0, K

2
0

were determined by atomic absorption). Four unpublished analyses

(using mainly X-ray fluorescence methods) were kindly provided by

Professor A.J.R. White (Latrobe University, Melbourne). Chemical

data for Manam Island are incomplete*; the only analyses of Manam

rocks used in this Rep~rt are those given by Morgan (1966), but these

are almost entirely of rocks erupted in 1957-62. One of the 25

analyses given by 1Iorgan (op. c it., his sample number 23, from Karkar)

is not used here as it is known to contain secondary silica (G.A.M.

Taylor, pers. cornm., 1972). The groundmass analysis of an andesite

given by Lowder & CarQichael (1970) is also excluded.

One of the principal purposes of this Report is to draw

attention to regional differences in chemical composition between

different groups of volcanoes in both the western and eastern arcs,

and between the volcanoes of each arc. To facilitate a description

uf these differences, the volcanoes have been grouped into eight zones,

as shown in Figure 10: the western volcanoes are grouped into zones

A, B, C, and D; the eastern volcanoes are grou~ed into zones E, F,

G, and H.

Zones A, B, C, and D are sectors of the western arc. The

line of volcano~s making up the Schouten Islands defines zone A, but

note that zones B, C, and D do not correspond to the lines of volcanic

centres described earlier, on page 20 , for the other weste~n volcanoes:

Long and Tolokiwa, which belong to different structural lines, are

grouped in the same zone, C; Crown is included in zone B with Aris,

Manam, Karkar, and Bagabag; Umboi, Sakar, Ritter, and the volcanoes

of the Cape Gloucester area are grouped together in zone D.

*This volcano was being studied independently by G.A.M. Taylor,

whose sudden death on the island in August 1972 prevented his

contribution to this Report.
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Wago, and Krurrrnel. Zone G - Willaumez Peninsula (excluding Krunnel) and KiniJe Island; the '9Juthern' volcanoes of zone G are

Garbuna, Welcker, Bangum, and all those south of Lot~ near Talasea Harbour o Zone H - the Wi tu Islands.
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The volcanoes of the eastern zones, in the order E, F, G,

and H, overlie progressively deeper parts of the present-day New

Britain Benioff zone (Fig. 4), and in Figure 10 the boundaries between

these zones are taken to be more or less parallel to the strike of the

Benioff zone. The vclcanoes of the Witu Islands are grouped as zone

H. Except for Krummel, all the volcanoes of Willaumez Peninsula,

and Kimbe Island, are grouped together in zonA G. The remaining

eastern volcanoes are divided into zones E and F. Note, however, that

whereas zones E, F, and H contain belts of volcanoes which are more

or less parallel to the strike of the New Britain Benioff zone, zone

G consists of a chain of volcanoes at right-angles to the strike.

Therefore, the use of the tp:rm 'zone' for the volcanoes of Willaumez

Peninsula and Kimb~ Island has a different connotation from that used

for zones E, F, and H. Within zone G there are some striking differ­

ences in chemistry between'volcanoes in northern Willaumez Peninsula

(including Kimbe Island) and those in the south; a subdivision Of

zone G is therefore made into 'northern' and 'southern' parts

(Fig. 10).

RELATIVE ABUNDANCES OF ROCK TYPES

An attempt has been made to calculate the relative abund­

ances of rock types among the south Bismarck Sea volcanoes. As in

other volcanic provin~es, this attempt is greatly hindered by the

problem of selecting a statistically representative suite of samples,

and the calculations given here are therefore considered to be no

more than rough estimates.

Several factors prevent the collection of a truly repre­

sentative suite of rocks. The most important of these factors are

probably (1) poor rock exposure (tropical rainforest covers much of

the country), (2) juvenile dissection (which is inadequate to expose

the cores of many volcanoes), (3) the inaccessibility of Lile submarine
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parts of island volcanoes, and (4) in the search for unweathered rocks,

lava flows were sampled more often than pyroclastic deposits. Never­

theless, be~ause a large number (1200) of rocks has been examined in

thin section, and because a large nU~lber (348) of chemical analyses

is available, the estimateF given here are considered to be not wholly

unrealistic.

The analyses have been culled so that (1) the number of

analysed rocks from anyone volcano is roughly proportional to the

volume of the subaerial rart of the volcano, and (2) in anyone

volcano, the analysed rocks represent as uniform a range of compos­

itions as pos~ ible. Applying these constraints, 316 rocks are used in

the following frequency diagrams. The analyses of Lowder & Calmichael

(1970) and of Blake & Ewert (1974) are all included, but all those

of Morgan (1966) and a few of those of Johnson, Davjes, & White (1972)

are omitted, because they are biased towards recently erupted rocks .

. No rocks from Manam, Dvo, Andewa, and Schrader ar~ represented.

Cumulative frequency curves - I and 11 for 124 western and

192 eastern rocks respectively - are shown in Figure 11. These curves

show that (1) basalts are more common in the west than in the east,

(2) low-silica andesite is the mo~t common rock type in both arcs

(compare the median values in Fig. 11; see also Table 2), (3) almost

15 percent of the eastern rocks have sj~ica contents greater than

the highest silica content of all the western rocks, and (4) in the

western arc, dacites are uncommon and rhyolites are absent. A

distinctive feature of the zone A volcanoes (FiF. 10) is the absence

of basalts. When the zone A analyses are eliminated from the western

suite, the corresponding frequency curve - III (Fig. 11) -- is dis­

placed to the left of ~u~ve 1, emphasizing further the pronounced

difference in the relative abundances of rock types between the

western and eastern arcs.

Another striking feature of Figure 11 is the difference in

shape between curve I (or Ill), which shows a positively skewed dis­

tribution, and curve 11, which shows a bimodal dis~ribution. Curve
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II has an inflexion ~etween about 61 and 62 percent silica, which

corresponds roughly to the andesite/dacite boundary (see p. 25); this

indicatAs that (1) rocks of this composition are relatively uncommon

among the eastern rocks, and (2) dacites and rhyolites of the eastern

volcanoes seem to constitute a population separa;e from that of the

basalts and andesites. When analyses of rocks containing more than

61.5 percent silica are eliminated from the eastern suite, the

corresponding frequency curve - IV (Fig. 11) - of the remaining 138

analyses is remarkably close to being a straight line, indicating

(because of the vprtical probabili ty scale) that: this sui te of rocks

shows - for all practical purposes - 'normal' or Gaussian distribution.

(See p.127 for discussion on acid rocks.)

Among the c~stern volcanoes, three other aspects of rock­

type distribution are noteworthy. The first is that although dacites

and rhyolites appear to be distributed tbroughout the eastern arc,

a large proportion of them appears to be present in the volcanoes of

the southern part of zone G (Fig. 10): of the 17 analysed rocks from

these volcanoes, only two contain less than 60 percent silica, and one

of these is a gabbroic inclusion. Secondly, the only dacites and

rhyolites which have been found in the volcanoes of zone H are from

Garove Island. Thirdly, as shown by curve V in Figure 11. basalts

appear to be more common in the volcanoes of zone H than they are in

the other eastern zones. Many of these zone H basalts are high­

magnesia types (Fig. 23). However, Unea, the most southerly zone H

volcano, appears to have few basalts, and, furthermore, in contrast to

the other zone H volcanoes, to have the fullest development of

andesites.

STRATIGRAPHIC CHANGES IN ROCK TYPE

Marked differences in rock type havp been nf)ted at dif­

ferent stratigraphic levels in each of five western and five eastern

volcanoes; each of the zcnes, except G, contains at least one of

these volcanoes. The stratigraphic changes are listed in simplified

I
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form in Table 5, which shows that in seven of the ten volcanoes the

younger rocks are consistently richer in siLLca than the older rocks.

The three exceptions are Long, in the western arc, and Garove and

Lolobau, in the easterp arc. On Garove, the sequence appears to be

reversed, as dacites and rhyolites are the oldest exposed rocks, and

basal ts seem to be the youngest. The 0lder parts 0 f Long s how a

basalt-to-andesitp sequence, b0t basalts were again erupted in 1968

and 1973-74 (Cooke et ai., 1976). On Lolobau the sequence is

andesi te-basal t-d,~cite ; it is th,9 only example found in the south

Bismarck Sea of a 'divergent-type' af volcano (McBirney, 1968), in

which one group of younger rocks is more siliceous and another group

is less siliceous than the oldest rocks of the same eruptive sequence.

A comparatively l<l.rge number of samples from different parts

of Ulawun and Umboi have established no large-scale stratigraphic

differences in rock type in either volcano. Both, therefore, appear

to be equiva18nt to McBirney's 'coherent-type' of volcano. Witorij

Pago (Blake & Bleeker, 1970; Blak~ & Ewart, 1974) and DakatauajMakalia

(Lowder & Carmichael, 1970) may be other examples of coherent-type

volcanoes. The stratigraphies of the other south Bismarck Sea

volcanoes are unknown because exposure is insufficient, or hecause

additional field studies are required to establish them.

PETROGRAPHY

The rocks of the south Bismarck Sea volcanoes are petro­

graphically similar to those of many other island arcs. In this

section,her(~fore, a summary of petrography is pr,~sented rather than

a detailed account; differences betwee~ the rocks of the western and

eastern arcs and between those of zones A to H are emphasized, as well

as the more unusual aspects of petrography shown by the rocks of

individual volcanoes. Petrographic details are presented in the re-

ports listed on page 4 A comprehensive mineralogical study of these

rocks has yet to be undertaken, but electron microprobe analyses are

available for the minerals of some rocks (Lowder, 1970; McKee, Cooke,

& Wallace, 1976; R.N. England, unpublished data) .

•__II IIIISll_.........._Iri.....__.rbTIEIII5IIZ i1ra�lWllIIII l!!!!:'liiBI .:lil_r.-IIIC;I__glJ!:iiilEl_.._l!!'llilII_~_.



TABLE 5. SIMPLIFIED STRATIGRAPHIES OF TEN VOLCANOES

Volcano Sequence

Kadovar*
(Zone A)

Aris*
(Zone B)

Long+
(Zone C)

Sakar*
(Zone D)

Talawe/
Langila*
(Zone D)

Hargy/
Galloseulo*
(Zone E)

Bamus*
(Zone E)

Lolobau
(Zone F)

Unea:k
(Zone H)

G:::..rove
(Zone H)

low-si lica andesi tes --? crater format ion~ high-silica
andesite (only slightly richer in sLlica).

low-silj.ca andesites ---?crater formation~ high-silica
andesi tes.

basalts, type 1~ basalts, type 2 (richer in silica),
and andesites associated with cauldron subsidence~
basalts, type 2.

basalts~ crater formation~ high-silica andesi tes.

Talawe basal ts and low-silica andesi tes~ Langila low­
silica andesites (richer in silica). Langila is a
satellite volcano on the northeastern flank of Talawe.

andesi tes~ cauldron subsidence --? andesi tes (mainly
richer in silica)~ Galloseulo daci tes.

andesi tes (mainly low-silica) -?- collapse event~
high-silica andesites.

andesi tes and (?)dacites~basalt -?- cauldron subsid­
ence ~basalt (poorer in Fe) dacites and rhyolites.
Several samples of uncertain relative age.

basal ts and andesi. tes~ cauldron subsidence~ andesi tes
(mainly richer in silica).

daci tes and rhyoli. tes ----;;.low-silica andesi tes ~cauldron
subsidence~ basalts. Several samples of uncertain
relative age, including the basalts, which are only
~ssumed to be post-caldera in age.

The prefixes 'low-silica' and 'high-silica' are omitted where both
varieties of andesite are represented. Comments in parentheses describe
rocks in relation to those of the same name in an earlier part of the
same eruptive sequence. Zones A-H are shown in Figure 10.

*Volcanoes in which younger rocks are consistently more siliceous than
older ones.

+Long should be considered as three volcanoes because two older basalt
(type 1) cones flank a mainly younger central caldera complex (basalts
type 2 and andesi tes).
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Probably the most striking petrographic feature of the south

Bismarck Sea rocks is their wide range in total phenocryst contents.

Some rocks contain only a few percent phenocrysts (a few are virtually

aphyric), whereas others contain more than 50 percent*. The pheno­

cryst minerals are, in order of decrrasing abundance, plagioclase,

augite (sensu lato), pleochroic orthopyroxene, olivine, amphibole,

iron-titanium oxides, 10w-2V clinopyroxene, quartz, apatite, and

biotite. These minerals are present as individual phenocrysts, but

phenocrysts of one or more of these minerals mostly form aggregates ­

the glomeroporphyritic texture commonly found in island-arc rocks.

In general, the rocks of the eastern arc contain fewer

phenocrysts (mainly 20-40%) than those of the western arc (mainly

30-50%, Fig. 12). Most of the rocks containing less than 15 percent

phenocrysts are from the eastern arc, and most of these are from

zone Hand Dakataua volcano: in Figure 12, 18 out of 27 rocks from

zone H, and 5 out of 7 rocks from Dakataua, are shown to contain less

than 15 percent phenocrysts. In the eastern arc, therefore, the

least porphyritic rocks overlie the deepest part of the New Britain

Benioff zone. Western rocks containing less than 15 percent pheno­

crysts are mainly from clastic deposits on Long Island.

In both the western and eastern arcs, high-silica rocks

contain fewer phenocrysts than low·-silica rocks (rig. 12). Among the

eastern rocks, lower phenocryst conten~s are chara~teristic of rocks

*Modal analyses for the BMR rocks were made by counting 2000-2500

points for each sample (excluding vesicles) nsing a 1/3 mm grid.

'l'hese values are probably reasonably accurs te est ima t(~S for most

rocks, but some samp'es - particularly those from thn western arc ­

cont2:n phenocrysts or phenocryst aggregates of cJ.inopyroxene several

millimetres wide and ir: these the area used for point-counting is not,
necessarily representa1.;ive of the entire rock. (Using the visual

esti.mation charts of Terry & Chilingar, 1955, estimation of hand

specimens shows that the clinopyroxene contents are probably accurate

to within about 5 percent absolute.) Moreover, in some samples there

is no well defined limit between phenocryst' and 'groundmass' grains,

and a more or less arbitrary limit was chosen between the two in

each sample.
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containing more than about 64 percent silica, whereas in the western

arc phenocrysts are less abundant in rocks containing more than about

59 percent silica. Rhyolites in the eastern arc contain less than

20 percent phenocrysts, except for three unusually quartz-rich s amp 1 es

from the Sulu Range (Fig. 12).

Plagioclase is by far the most common phenocryst: and shows

the characteristic features of plagioclase in other island-arc rocks:

normal and c·.Jmplex oscillatory zoning is common; I dust '-like inclusions

~rp. concentrated in bands parallel to the zoning; and the cores of

many crystals cuut~;n abundant irregular areas of groundmass material

(mostly glass which in many exampl28 ;s laden with opaque minerals),

suggesting that the phenocrysts have grown rapidly. T~p. compositions

of plagioclase pnen0crysts from many basalts and andesites ~. determined

optically by the Carlsb~d-Albite twin method - are predominantly by­

towni te-labradori te; p lagioclase s.:J'lliJu.-:;i tions are 1 ess calcic in the

more acid rocks. In common wi t ~L other island-arc andesi tes, therefore,

the south Bismarck Sea andesites are characterized by plagioclase

phenocrysts of high anorthite content.

Augite phenocrysts are also common. The term 'augite' is

used here in a broad sense for all calcium-rich and iron-poor clino­

pyroxenes that have moderate 2V (25-60°) and cover the compositional

fields of augite (sensu stricto), diopside, endiopside, and salite

(Deer, Howie, & Zussman, 1966). The augite phenocrysts are pale brown

or pale green, and some show oscillatory zoning. They commonly form

aggregates (with or without other minerals), and in many rocks they

have cores of pleochroic orthopyroxene. Some western rocks contain

augite aggregates 0.5-1 cm in diameter; these rocks, which are well

developed on Aris, Long, Sakar, and Ritter, are distinctive in the

field, and in hand specimen appear to be identical with rocks described

by Stanton 8; Bell (1969) from the New Georgia group in the Solomon

Islands (Fig. 3), where - like the western volcanoes - they overlie

a near-vertical Benioff zone (cf. Cox & Bell, 1972), and where - un­

like the western volcanoes - they are associated with picrite basalts.
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Probably the most striking petrographic difference between

the rocks of the western and eastern arcs is the generally higher

proportion of augite phenocrysts in the western rocks. Most easte~n

rocks contain less than 5 percent clinopyroxene phenocrysts, whereas

western rocks containing more than 5 percent are common, and some

contain more than 15 percent (Fig. 13). The amount of clinopyroxene

phenocTysts also shows a pronounced decrease as the silica content

of the rocks increases, and the rocks of the Schouten Islands, zone A

(Fig. 10), are richer in clinopyroxene phenocrysts than are those of

the same silica content from other parts of the western arc (Fig. 13).

Low-2V (0-250
) clinopyroxene microphenocrysts are present in

several basalts and low-silica andesites, particularly from zones E

and F (cf. Johnson, Davies, & White, 1972; Blake & Ewart, 1974). These

pyroxenes are probably pigeonite or subcalcic augite. They rarely

constitute more than 1 percent of a rock, and they are included in

the clinopyroxene abundances given in Figure 13.

Phenocrysts of pleochroic orthopyroxene (probably mainly

hypersthene) are common, particularly in the andesites and dacites.

They are, however, comparatively rare, or absent, in the rocks of

zones C and H. With a few exceptions, orthopyroxene phenocrysts are

less abundant than augite phenocrysts in the same rock. In many

samples, orthopyroxene phenocrysts are jacketed by augite which in

some rocks, is restricted to the prism faces of the orthopyroxene

crystals; in a few samples, the augite and the orthopyroxene jackets

are intergrown. Aggregates of orthopyroxene phenocrysts are common,

and in some rocks they enclose phenocrysts of iron-titanium oxides.

Relative abundances of olivine phenocrysts are inversely

proportional to those of orthopyroxene. Olivine phen0crysts are

common in the basalts, and are present in lesser amounts in the

andesites. The petrographic character of the olivine phenocrysts

appears to depend on two main factors: (1) the degree of silica sat­

uration of the rock containing them, and (2) the degree of crystal­

linity of the groundmass. Olivine phenocrysts are most abundant (up

to 18%) in the olivine tholeiites, in which many of them are euhedral
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Fig. 13. Volume percent clinopyroxene (Cpx) phenocryst contents v. weight percent Si02 for

rocks fron "the western and eastern arcs. Rare (about 2 percent, or less) low-2V clino­

pyroxene phenocrysts are present in a fen rocks, and their abundances are included in the

Cpx values.
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and show no evidence of resorption; olivine is also present in the

grou~dmass,indicating that it continued to crystallize throughout

mose of the cooling history of the rocks. In contrast, olivine pheno­

crysts are, as would be expected, less common in the quartz tholeiites

and andesites, in which they show clear evidence of resorption partic­

ularly in coarsegrained lavas which have apparently cooled more

slowly than those of finer grainsize. Reaction coronas of low-calcium

pyroxene are abundant in these rocks, especially in those from zones E

and F, and they have almost certainly originated by the familiar

tholeiitic relation in which olivine reacts with silica-rich liquid

(e.g., MacDonald & Katsura, 1964):

(1)

In some rocks, zones of iron-titanium o~ides are commonly preser.t

between the pyroxene coronas and olivine cores. Both the pyroxe~~

and the oxides may be the result of oxidation of olivine, as expressed

by the following equation (Muir, Tilley, & SCvon, 1957):

(2)

Kuno (1950) and Presnall (1966), however, suggested that the iron­

titanium oxides surrounding olivine phenocrysts are also the product

of a crystal/liquid-reaction relation, analogous to equation (1) above.

In some south Bismarck Sea rocks, olivine phenocrysts are rimmed,

or appear to be completely pseudomorphed by, iron-titanium oxides

alone. These relations are found in both fine-grained and coarse­

grained rocks, which suggests they are not due to slow rates of cooling

and did not result from crystal/liquid equilibria. It is assumed,

therefore, that the iron-titanium oxide rims and pseudomorphs orig­

inated by oxidation of olivine, as shown by equation (2), and that

the pyroxene components of the reaction are present but not visible

between the oxide grains, or are concentrated in the surrounding

groundmass.

The pyroxere of the olivine reaction coronas is ortho­

pyroxene, or . - in many zone E rocks - low-2V clinopyroxene (pro-
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bably pigeonite or subcalcic augite). In some rocks, the grainsize

is too small to identify the ~y:oxene specie~ by optical means alone.

The olivine phenocrysts in a few rocks, particularly from the western

arc, have rims of augite; these phenocrysts may have acted as nuc­

leation sites for the growth of augite grains, or they may indicate

a second type of olivine/liquid-reaction relation observed in

experiments on synthetic sy~tems (O'Rara, 1968):

Olivine + quartz-normative liqUid ~ diopside

'Iddingsite' partly or completely pseudomorphs olivine

phenocrysts in some rocks. In many of these, the absence of a pyr­

oxene corona around the pseudomorphs suggests the olivine was re­

placed at a higher temperature than the reaction of equation

(1), as the olivine phenocrysts of other rocks of similar compos­

ition from the same volcano have pyroxene coronas but are not re­

placed by 'iddingsite'.

(3)

Amphibole phenocrysts are present in some rocks from both

the western and eastern arcs. Their green/brown pleochroism differs

in hue and intensity from one rock to another, but most, it not aJl,

are probahly hornblende (cf. Lowder, 1970). In many of these rocks,

the amphibole is rimmed, or pseudomorphed, by iron-titanium

oxides - accompanied in some samples by pyroxene, or pyroxene and

feldspar; these are the familiar breakdown products of amphibole

in a low-pressure volcanic environment (e.g., Lambert & Wyllie, 1970;

Stewart, 1975). Rocks containing amphibole (or its pseudomorphs) are

found in all the zones, A to R (Fig. 10), but they appear to be

extremely rare in zones C and H.

Amphibole phenocrysts appear to be more common in the

wester~ arc than in the eastern arc. They are found in post-crater

rocks on Aris and Sakar (Table 5); in several samples from Vokeo

(mainly as pseudomorphs) and Crown; as uncommon constituents in

rocks from Blupblup and Kadovar; and in one rock from Tolokiwa.
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These rocks are either high-silica andesites or dacites. In contrast,

p3enocrysts of primary amphibole have not been found in any andesites

from the eastern arc; they appear to be restricted to the rhyolites

~nd, possibly to a lesser extent, to the dacites. They are, for

example, present in quartz-phyric rhyolites from the Sulu Range;

in pumices from WitorijPago (Blake & Ewart, 1974); in rhyolites from

northern Willaumez Peninsula (Lowder & Carmichael, 1970); and in

som~ dacites from Dufaure, Welcker, and Garbuna.

A few rocks from both the western and eastern arcs contain

polymineralic clusters that show prismatic habit. These have a wide

range of composition and texture, but severa] examples consist of a

pyroxene host (augite or orthopyroxene) containing laths of another

pyroxene (orthopyroxene or augite) or plagioclase, or both, and

grains of iron-titanium oxides. These are probably coarse-grained

pseudomorphs of amphibole (cf. Stewart, 1975).

Iron-titanium oxide phenocrysts are present in most rocks,

but in amounts that rarely exceed 1 to 2 percent. They are present

in most high-silica andesites, dacites, and rhyolites, but they are

absent, rare, or present only as microphenocrysts, in many basalts

and low-silica andesites. In general, therefore, iroil-titanium

oxide phenocrysts are best developed in rocks containing ortho­

pyroxene, rather than olivine, phenocrysts. In many of these rocks,

orthopyroxene and ~ron-titanium oxides form conspicuous bimineralic

aggregates. On the other hand, the basalts from some volcanoes

contain prominent oxide phenocrysts - notably those from Long and

Tolokiwa (the volcanoes of zone C), most of which dre characterized

by the absence of orthopyroxene. Except for those of Vokeo, the

rocks of zone A (the Schouten Islands) contain relatively high

abundances of iron-titanium oxide phenocrysts: Blupblup rocks

contain 1 to 3 percent; and those of Kadovar contain 2 to 4

percent, whicn is higher than for any other rocks in both the

western and eastern arcs.

I
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Apatite phenocrysts ai~
- ;

ularly in silica-rich ones.~They

'.:. ~'.::

conspicuous ip,s~~e ro~~s,partic-,f
~ .' .' .• ' -' ". , ' ''''. -c.t-- : _.- - .:: ' :

are,:;::l:ess easily idleit'tLfied,,-:i.n
. :r • 'j .' .,.. '.

basal ts and 1 mv-'.::':" 1 ica. Rndesi t~s,' because~pati te .grains ".~'special1y.
. • to ':.=,.1. ..:.... . _ '

where small, may be easily mistaken for,pyroxen~. Apat1te pherro-
• ,f •

crysts are, for example, expecially prominent· in t:hE!~rocks o·fzone
. ~ -

H, and in the amphibole,-bearing lavas o:f S'·akar.

Quartz phenocrysts are present,in~eve:ral.>rhyolites,in

some daci tes, and in a fl:~w andesi tes. Amoun tso.i'irely lFxce~d 1 to 2

percent, except in t:he rocks of the Sul~Range, som~of which 6ont~in

several percent' (up to 13% in one sample, see Fig.i2). Rare

biotite phenocrysts Rre also restrict:ed to rocks of high-silica

content. Slake & Ewart ('1974) identified them in the matri~ of an

agglomerate from t:he Cape Hoskins area, and Lowder &'Carmichael

(1970) described them from rhyolites in the Talasea area.

The groundmasses of the sou th Bismarck Sea roclcs s how a

wide range in texturA and mineralogy. In most rocks, the common

constituents are plagioclase, augite, orthopyroxene~ iron-titanium

oxides, and interst:it:ial glass. In many of the basalts (especially

in those of zone E) t:he calcium-poor pyroxene is low-2V clinopyroxene

(pigeonite or subcalcic augite)J rather than orthopyroxene. Olivine

is present in the groundmass of the 0 livine t holeii tes. In rocks

richer in silica, high-temperature polymorphs of silica (tridynite

and cristobalite) are present in the groundmass, or in small vesicles,

and alkali feldspar is present interstitially. Apatite i~ probably

ubiquitous, although it is difficult to recognize optically

because of its small grainsize. A distinctive groundmass texture

is found in many acid rocks: colourless, more or less circular ar~as

up to about 0.1 mm in diameter and consisting mainly of salic miner,als
,

are enclosed by a darker, more glassy matrix; grains of iron-

titanium oxides are scattered throughout the rocks, but in some

the oxides areconcentrated·at the edges of the colourless areas.
~..., '1' "

~~herul~tic structures are preserved tn some glassy rocks. True

6bsidians are found.Jnlyin the Talasea: area.
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,,( Some silica-TicIl lava flows contain i.nclusions of material

coarser in grainsize than the ra~a~ containing them. Similarly

coarse-grained rocks are found as fragnients in pyroclastic-flow and

air-fall deposits. These inclu~1on~ are thought to be fragments torD

from· ,the condui ts of the volcanoes. The grainsiz~.. of some samples

'suggests the rocks are ~~obably"from dykes and~§ills, or from the
".:",

.'.~ ."
centres of slowly cooled lava.flows, bt.It others have a coarser

• , ': "; 'j~'-•• '

grain suggesting derivatic>~ from~)trger i.ntrilsive bodies, or from

slowly c60led material ~oristituting the conduit walls.

. .
Chemical analyses are available tor three sets of host-

lava!io';lclusion pairs: (1) amphibole-bearing gabbrojc inclusions

(49.4~-51;62% SiO r ) in. an amphibole-bea~inghigh-silica andesite
, ..:::.

cumulodOme on A!is, (2~ a gahbroic inclusion (51.97 % 5102) ina

dactte on Ba.ngui~;, and (3) '~in andesttic inclusi-on in a da~lte lav~1.

flow at Cape DeschaI\lps.·· In each of these sampl<.:Js the hOS1: lava

con tains more si l':lca: . than'. it he inclusions. The Aris inclusion.::::; a re.

especially striking; they consist of. zoned plagioclase,augite,

brown amphibole in grains up to 3 cm long, rare pleochroic ortho­

pyroxene, olivine, iron-titanium oxides, and int8rs~itial

cristobalite. At least one inclusion ftom Aris is olivine­

normative; it contains about 1 percent alkalis, which Is the lowest

value of all the analysed rocks from b0th the western and eastern

arcs (Fig. 18).

VARIATION. DIAGRAMS

Types of diagrams

Many studies of island arcs have demonstrated that in

rocks of the same silica content, total alkalis (Na
2

0 + K
2
0) andK

2
0

show systematic changes as depth to the Benioff zone increases. In

this study, variations in all the major oxides (excludi~g water ahd
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carbon dioxide) relative to silica are described. Total alkalis and

K ° are shown to ch.ange. systematically throughout both the western2
and eastern ~trcs, and it 'is also demonstrated that Na 20, K20/Na

2
0,

Ti02 , P 20
S

' CaO, A1 20 3 , MgO, and MnO show systematic variations.

Unless ~tated otherwise, the oxide and normative values
'"used in the variation diagrams are those obtained after the analyses

~have been recalculated to 100 percent without volatiles, and after

the oyidation state of iron has been standardized by the procedure

recommended by In· ine & Baragar (1971) - t hat is, if Fe2 0 3 > Ti02 + 1. 5,

sufficient 1"e2 0 3 is converted to FeO for 1"e20
3

to equal Ti02 + 1.5.

Statistics of these ~ransformed oxide values are given in Table 2. To

avoid unnecessary congestion, a few rocks are not plotted on many

Jf the variation diagrams, and natural logarithmic scales are used

1.n some diagrams to disperse points in are<.lS of high density.

Limitations of the method of data presentation

In all the variation diagrams, each rock-point symbol.~s

identified with either one or more volcanoes or one or more of the

zones A to H (Fig. 10). To identify the rocks of every volcano in

each variation diagram is impraeticable, and therefore the only vol­

canoes distinguished are those whose rocks appear to be chemically

distinct irom those of all the other volcanoes in the salne arc. This,

however, is a biased procedure, beca~se the rocks of each volcano are

'distinct'from the other rocks to the extent thJt all depart, in

different degrees, from an 'average' set of compositions for an entire

arc. To define these departures statistically is beyond the purpose
. .

of this study, but note that in each of the variation dia~rams a

single rock-point symbol identified with more than one volcano in

one or more zones does not imply that the rocks of each volcano

~annot be statistically distinguished in the variation diagrams.

AnothJr'~im{tationof the method of data presentation is

in the grouping of the volcanoes into zones, A to H (Fig~' 10).' This

grouping was fOllDd by trial and error to be the most useful for

describing overall chemical differences, but it is not ,l1ecessar:i,ly
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Fig. 10. South Bismarck Sea volcanoes (solid circles) grouped into westenl zones - A, B, C, D - and eastern zones - E, F, G,

H. Zone A - Schouten Islands. Zone B - Aris to Cro.m. Zone C - LDng and:Tolokiwa. Zone D - Umboi to Cape Gloucester area.

Zone E - Kakolan Island, Cape Deschamps, Likuruanga, Ulawun, Bamus, Hargy!Galloseulo, Sulu, WitorijPago, and Buru. ZoneF­

Lolobau Island, Banban Island, Cape Reilni tz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, Dufaure,

Wago, and Krunmel. Zone G - Willaumez Peninsula (excluding KrlllIl1el) and Kirrbe Island; the I southern' volcanoes of zone G are

Garbuna, Welcker, Bangum, and all those south of Lotangan near Talasea Harbour. Zone H - the Wi tu Islands.
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TABLE 2. SOME STATISTICS OF THE 348 CHEMICAL A.:.'l"ALYSES
OF ROCKS FROM THE WESTER.t\T AND E...\STERN ARCS

Arc Number Oxide Mean Standard Minimum Maximum
of' deviation value value

analyses

Western 143 Si02 54.93 3.92 47.47 66.76

Ti02 0.52 0.15 0.24 0.89

Al ..,O..., 16.40 1.69 11.69 21. 56
.,;... .::>

Fe2 0 3 2.02 0.18 1.09 2.41

FeO 6.90 1. 61 1. 92 10.38

MnO 0.17 0.03 0.06 0.26

MgO 5.72 2.50 1.51 15.22

CaO 9.55 1.75 4.37 13.65

Na 20 2.44 0.53 0.94 3.82

K 0 1.14 0.51 0.13 3.142
P')O- 0.20 0.08 0.08 0.63
~ ;:)

Eastern 205 Si02 58.60 6.29 48.24 76.19

Ti02 0.66 0.28 0.24 1.93

A1 20 3 16.60 1.65 12.57 2 U; <1 L1

Fe2 0 3 2.02 0.38 0.33 3.28

FeO 5.81 1.82 0.85 9.05

~InO 0.15 0.03 0.05 0.24

MgO 4.07 2.21 0.24 11.35

CaO 8.13 2.58 1.23 13.10

Na2 0 2.98 0.80 1. 52 5.74

K 0 0.85 0.67 0.16 3.882
P?O~ 0.12 0.07 0.02 0.41

... :.;

All analyses have been recalculated to 100 percent without volatiles
using the Irvine & Baragar (1971) transform. See Appendix 2 for full
list of ch~mical analyses. .
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a satisfactory one for each of the diagrams. In some diagrams, the

rocks of one volcano may show the chemical features of rocks from one

zone, but in other diagrams they may show features more in common

with those of other zones. For example, the rocks of Unea are

chemically similar TO most other zone H rocks, buL as shown 1.n Figure

16 their Na20 contents are more similar to those of rocks from the

northern part of zone G. The rocks of Kimbe Island (Fig. 6) also

have an ambivalent status, and, although Kimbe is considered in all

the diagrams to belong to the northern part of zone G, in some

diagrams its rocks have closer chemical affinities with those

from the· southern part of zone G. In spite of these problems, and

instead of defining new sets of zones for each of the 4iagrams, it

has been found easier to retain the grouping A to H in all the

diagrams~. and to make reference in the 1: ext or figure captions

to anomalous aspects of the grouping.

Regression lines

Least-squares lines of best fit for the rocks of most

zones are shown on the two-axis variation diagrams, and in the

following sections are used to describe differences between the

'average' compos~1:ions of rocks from different zones. These

regression lines wer~ computed using program BMD05R (Dixon, 1971)

with modifications by Mayo & Long (1976). Silica (weight percent)

is plotted along the horizontal axis vi all but one of the two-

axis diagrams, and in the regression calc'lla tions is treated as the

independent variable; in Figure 25, a plot of MgO versus FeO + Fe
2

0 3 ,

MgO is the independent variable.

For any data set, program BlVID05R calculates a series of

lines of best fit, starting with a simple linear regression, and

successively increasing the degree or the polynomial - through

two-degree (quadratic), three-degree (cubic), and so on - to some

predetermined limit - in this study, to the fifth degree. F values

are calculat~d for each regression line, and are compared with one

another. If each of two successive term additions to the polynomial
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Fig. 6. Main volcanic centres of the eastern arc. Makalia, Page, and Galloseulo are post-caldera volcanoes which respectively

lie inside the older voleanoes of Dakataua, Witori, and Hargy.
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does not remove significantly more of the remaining sum of squares

produced by the data points about the regression line, the poly­

nomial obta'ined before the addi tion 01' "the two terms is assumed to

give the best fit throu~hthe data points. The significance of the

difference between the sum',of squares of two successive regression

lines is measured by dividing the difference by the fuean-square

value about the regression. This calculation gives an F value

which can be compared with the critical F value corresponding to the

appropriate number of degrees of freedom (i.e., the number of samples

in the data set, less one, less the degree of the higher-degree

polynomial) at the 95 percent confidence leve~. If the calculated

F value is greater than the critical F value, the higher-degree

regression is judged to be a significantly better fit of the data

points. In some data sets the calculated F value for linear

(one-degree) regressions is less than the corresponding critical

F value at the 95 percent confidence level, and, when the quadratic

regression does not give a significantly better fit, ,no regression

, line is obtai110d.

A measure of the closeness of fit about each regression

line is given by the ratio, RGS, of the Slilll of square~ due to the

fit of the polynomial and the total sum of squares. ass values

multipli~d by 103 are given in Table 6 for the rocks of each of the

zones, A.to H. The values are low for a poor fit; they increase as

the fit improves, and would be 1000 for a perfect fit. The separ­

ation between and the shapes of the regression lines, and the RSS

values, are used below to generalize the descriptions of regional

chemical variatiolls in the western and eastern arcs.

Othersta~istical tests

The abo~e mUltiple-regression program tests the relations

0etw~en only two variables at anyone time. '1"'0 enable differences in

the major-element chemical compositions of the whole rock to/be

~t~ti8cically evaluated, two other programs have heen used In this

study: one involves Q-mode factor analysis (Klovan & Imb~le, 1971);

the other uses nonlinear mapping (Howarth, 1973), for whiich techniques

_and results are discussed in Appendix 3.



'!'ABI.E G. HSS V" l.l;!·:S X 10:' OF HEGIH:SSION I, I N I':~; :,"'011 neCKS OF '.:ONCS i\ '1'0 l!
SI/OWN IN r ..'HI AT iON I) I M;RUIS

--------~_ .....-
Fh:lI 1"('

Number 1.:-> Jr; 17 ~8 1 ~) 20 " . ..,.) 2:1 :! ·1 ~ !) :~ n :~ 7•• I ~ ...

------_..---- -- .._--------
Val"iation K,yO Na~J,0 K.,(\! ~; 3. .,0 Ti0

2
P.,O:- CaD " 12()3 ~lgO Ft·a i ~lgO Ft-O/ ~11l0

diagram v:' v. N:T
2

O "K~O V. v":" .. ) V. V. \' . r".,o'l v. Ft'}':l v.
Si02 Si02 8i0

2
5i02 sT02

s""'O Si0
2

FeOt "'\0v. , . .. 1 ~
V,- • V • ...l :!

SJ0
2 SiO" SiO., "'''2°3 sIo".. ...

Zone. " '17:.1 396 rJ 1:1 58'1 7·; ~) :lD2 757
n· = 2·\ (1) (::: ) ( 1 ) (1) (3 ) ( I ) ( <I)

Zone n 690 672 123 7·t?·1 155 891 274 7G7 579 281 118
0 :: 52 (2) (2) (I .) (J) (5) (2 ) (2) ( 3) ( 2 ) (2) ( 1 )

Zone C 8.l7 88u 644 SS:; 563 917 177 621 1313 1HZ
0 :: 23 ( 1) ( 1) (J) (l) (1 ) ( 1 ) (1) ( 1) (1) (2 )

Zone D 74'1 707 3G7 811 ·1" 7 872 320 529 772 Cl5 .)~.,

·1264>.14;

0 :: 44 (1) ( l) (1 ) ( ! , (3) ( 1 ) (2) (2) ( 3 ~ (5 ) (2 ) ( 1 )

Zone E 859 819 6-16 894 " 57 370 957 545 643 SS-! 81-1 73G
n :: 83 (1) ( 3) (1) (3) ( :3) (3) ( 1.) (5) (2) (::; ) (:l) (5)

Zone F 894 8'17 691 931 318 973 519 8·17 SH 728 5·H)
0 '= 58 (1) (2) (4) (Z) (2 ) ( 1) (1) ( 1) (1 ) (2) (3 ).

Zone Gs 078 933 886 986 892 682 990. 769 8:-,0 964 9 ~H:l 5:38 927
n '= 17 (1) (2) (1) ( 1) (5) (2 ) (2 ) (4 ) ( 1) (1) ( -I ) ( 1 ) ( 1 )

Zone Gn 827 970 63D 9·16 400 452 977 387 909 912 93D 5H2
n '= 18 (1) (2 ) (1) (2) (2) (2:) (2) (1) (2 ) (2) (5) (2)

Zone H 788 918 527 975 751 944 314 769 671 592 459
n '= 29 (<1 ) ( 1) ('1 ) (4) (5) (2) (l) (2 ) (2) (3 ) (4 )

*0 = number of samples

Numbers in parentheses indicate degrees of regression
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,,;\, / .
&ilicasaturatlon

The degree of silica saturation in the rocks of the south
<)

Bj,smarc!< Sea is illustrated in Fig:tre14 withreJerence to the norm-'

ative pseudoternary system Ol-~e-Q (the base of the 'basalt tetrn­

hedron', Ol-Ne-Q-Di, of Yodel' & Tilley, 1962; see inset in Fig. 14).
/

By plotting molecular percentages, and by using the joins Ab-Ol and

Ab-Hy as field boundaries, the three principal types of basali ­

alkali, olivine tholeiite, and quartz tholeiite - can be distinguislled.

The normative proportions of the south Bismarck Sea rocks have been

calcula tect using the oxidation adj ustment discu;3sed on page 39/

(Irvine & Baragar, 1971). Because' the' cr::ect of this adjustment i-s

to reduce the Fe20 3!FeO valu(!s of some rocks, tlH~ degree of. silica

saturation shown by the CIPW norm is lowered: 31 of the rocks shown

in Figure 14 are oli vi ne t ho;tei i tes (01- normati ve and h y-norrrmti ve) ,

but 12 of them are Q-normative (quartz tholeiites) wheh ~he

Fe20 3 /FeO values of the original analyses are used in the CIPW

calculation.

"

Figure 14 ~s a ternary variation diagram, and no regression

lines have been calculated for the rocks of zones A to H. However, to

faciIi tate description, g~neralized field boundar,ies h"tve been drawn.

to the di~gram. These boundaries have no precise statistical~ignif~-,,' .

icance, and to different extents all are drawn somewhat arbitra~ily.

The lower-case l~tters a to h in Figure 14 indicate that the approp­

riate compositional field is characterized by a relative abundance

of rocks from the respective ZOnes A to H. The field boundaries

define a series of compositional fields for the rocks of both the

western and eastern arcs, and show that the rocks 6f each zone differ

in their degrees of silica saturat~on. The ,Pields trend away fro~:
I

the 01 apex, and away from the Ab-Ol join.

Most of the rocks from zone A fall in field a (Fig. 14),

which represents the most silica-saturated conlrJositions of all l:~lf!

we~tern rocks; no basalts have been found on the volcanoes of ~one A.

The,j rocks of zones Band D define a joint field b-d; these rocks are

1ef;s silica-saturated than those p£ zone A, and include many basalts,

/



Western

I

PIA 431
Fig. 14. .Molecular percentages of rocks fran th13 western. and eastern arcs plotted in

Ji t-'.-

part of the nonnative pseudo-ternary systEm Ol--Nc-Q (see inset of right-hand diagram).
,.,.'~ ,"- ,,' -. ,,'- .'..

. 21 of ]t! zone A rocks define field~. 83 of 96 rocks fnxn zones Band D define field

b-d. 22 of 23 zone Crocks define fieldc:~ 156 of 158 rocks franzones Eant1 F,' a.nd

"fh:m the southern part of zone G, defin~ field~f::ffs. ;1.5 of. f8 rocks from the,:

northern part of zo,lle G define field ~n. All 29':~bne H rocks define field h .. N.is'

the one sample franNarage.



-43-

of which 14 are olivine tholeiites. Field c contains most of the

rocks£rom the two volcanoes in zone C; these rocks are the least

silica-saturated of the western rocks, and 9 of them (out of a total

of 21) are olivine tholeiites. Consistent changes in '~e degree of

sili~a saturation are therefore observed throllghout . :', .1 ength of

the western arc.

A similar pattern of chemical variation is shown by the

:.~

rocks of the eastern arc. Rocks from 7Jr~~s E and F, and from the

southern part of zone G, are combined in ~ single fi&ld e_f_gS
, within

which the rocks of the .southern part of zon~ G and of zone E - except

those of Ulawun - fall mainly in the (~-rich part whereas many of-
" .

those from zone F plot closer to the Ab-Ol join; these rocks are the

most silica-saturated of all the eastern rocks, and, although many

basalts are represented, none of them is olivine-normative. Field gn
.'_,

contains points representing rocks from the northern part of zone Q;
these.rocks are less silica-saturated than those of field e_f_gS

, ahd

they include one ("'iv5.netholE:iite - from Kimbe Island. All the

rocks of zone H fall in field h; they are the least silica-saturated~

,of all the eastern rocks, and they include seven olivine tholeiites,

of which five are from the Mundua Group. The one sample from Narage

Island, which is the most northeri.: vol~ano in the eastern arc, is th~~
"

elosest of all the 0 livine-normative bal~alts to the Ab-Olj oin, and\\
I:,

appears, therefore, to be the least silica-saturated; however, this ~
\.

rock has a high original Fe20 3/FeO value, and it is slightly Q- ~

normative when ~his value is used in the CIPW norm calculation.

In the eastern arc, therefore, pronounced decreases in the

degree of sil ca saturation are observed as depth to the New Britain

Benioff zone increases. Exceptibns to this general con61uSion are

the rocks of Ulawun and those 6f volcanoes in the soutti~rn part of
. s

zone G, which plot in inappropr.iateparts of field e-fig .

Whether or not many 6f the olivine tholeiitek meptioned

above represent the compositions of true magmasmcanncit be ascertain
IPi' "

for two reasons. Firstly, because of post-empl~cement oxVdation
ri, :
i1 1 i

effects, the Fe20 3 /FeO values of the rocks may ~ot repres~ptthose

;'"

jf
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of the magmas ~t the time of generation or eruption. Oxidation

adjustments - such as those used in the scheme of Irvine & Baragar

(1971) - sta.ndardize the rocks for petrological comparison, but

there is no certain way of knowing if the adjusted Fe
2

0
3

/FeO values

are accurate estimates of the original ratios in the magmas. Because

Fe203/FeO governs the appearance of olivine in the CIPW norm, the

recognition of true olivine tholeiite magmas is hindered by the

difficulties of choosing the most representative Fe20 3 /FeO values.

Secondly, olivine phenocrysts mayor may not have accumul­

ated in the rocks. Of the 19 south Bismarck Sea rocks which are

olivine-normative using the FeZ0 3/FeO value of the original analyses,

ail but two contain olivine pQlenocrysts. If these olivine crystals

are cumulates, the comPCbsi tions of the rocks p Jotted i. n Figure 14

will have been displaced t'owards the 01 apex from the true liquid

compositions, which for some rocks may have been Q-normative. The

proP9rportion (if any) of olivine phenocrysts that represents a
<5·:~·' .

cumulus fraction cannot be estimat~d, so some of the rocks may owe

their olivine-norma-rive character to the accumulation of olivine.

However, two of the 19 olivine-normat~ve rocks containl~ss than

1 percent total, phenocrysts, and almost certainly represent liquids

of true olivine tholeiite composition ..

In spite of these difficulties J there is little doubt that

real differences in the degree o£silica saturation exist betweentbe

most basic rocks in each of the zJnes, A to H. In the western arc,

no basalts have been found in zO.'1e A; quartz t holei i tes are common,

and olivine tholeiites much less common, in zones Band D; and both

olivine tholeiites and quartz tholeiites are common in zone C. In

the eastern arc, quartz tholeiites are common in zones E, F, and

the sou..;hern part of G, but olivine tholeiites appear to be absent.:

quartz tholeiites and rare olivin~ tholeiites are present in the

northern part of zone G; and olivine tholeiites and quartz thol­

eiites are common in zone H.
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K
2

0:'Si02

Because potassium is believed to be the most sensi ti ve of

the major elements to differences in thetectol'lic setting of island­

arc volcanoes, many studies have given considerr:~ble attention to

potash:silicarelations. Correlations between ~ncreasing potassium

c~>ntent (for rocks containing the same amounts 0'£ silica) and in­

~~easing depth to the underlying Benioff zone ar~ now recognized as

common features of island-arc geology (e.g., Dickinson & Hatherton,
\

1967), and some authors have used potassium as a l:~rincipal chemical

parameter in classifying island-arc rock associations (e.g., Taylor

kt al.,1969~ Jake§ & Gill, 1970; Mackenzie & Chapbell, 1972;
,\

Ninkovich & liays, 1972).

,variations in K20 in the rocks of the south Bismarck Sea

volcanpes are ~llustrated in Figure 15 with referenc~ to the zones

1 defined in Pigur~ 10. The regression lines for the rbcks of the

western zones B, C, and D show that zone Crocks have the highest

K20 conten,ts (comparing rock,s of the same siilica content), and that

the rocks (Of zone D are more potassic than! those of zone B. th9 K20

contents 6f rocks from zone'A show a comp~ratively wide1'"range:<two
;' " ;, I;

samples f/J:'0m Kadovar plot a.boye the zone,q regression line, but all

the o':hers~plot belm\' the z,one D l'egressi.6n line; and nLle samples
" !.' ,,' " , "i" //;<' ; ,,

from Vok~o and Vi'ai Is lands, in the west" have the lowest K20values

of all the western rocks dontaining the $ame amount of silica. This
I

scatter 'of poj,nts i6 so hroad that the c/alculated F value was too low
I ,,'

toallo~ a regression libe to be calcul~ted for these ~one A rocks.
i

scatter,Qnd except for the two
,I

, I

anomalqus samples from, ~:adovar, Figure /15 shows that, f or rocks of

the ~a1le silica con t.,en t; K20 contents €tenerally increase between zone
"~, "', '. IA and zone C,.. and decrease 1n zone D. I

I,
I,

:/;

Most eastern 'rocks contain :1/ess than half as much K2 0" as

rocks wi th the !same silica cOlhent, but there is considerable

~ompo~i't;i()rial overlap"~:':: Except for th6se 0,£ Ulawun, the rocks from
1:
1 'if "

II !
" I

~,j~, 1
"',: '/

n f

/f,(', :t'
, "r': - it

)i f!r :"r,
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the least K
2

0 of all the eastern rocks,

E, and the rocks of zotie F are generally

Ulawun, a zone E volcano, also have gen-

This general increase in K
2

0 content

volcanoes in zone E contain

as shown by regression line

.@:more potassic; the rocks of

erally higher K?O contents.
, ...

northwards (Ulawun excluded) is consistent with the generally accep-

ted view that rocks richer in K2 0 overlie the deeper parts of the

underlying Benioff zone. However, many of the rocks from the

southern part of zone G seem to contain more K2~ than rocks of the

same silica content from the northern part of zone G. Within zone

G, th~refore, lower K20 values correlate with the deeper parts of the

Beniol} zone. In the north, where the Beniof.! ZO:3e is deepest, the

recks of zone H show a wide .range of K20 values at any given silica

level; only 11 of 29 samples (mainly from Unea) plot above the two

zone G regression lines, and the four-degree regression line of zone

H cuts across both of them. The dac~tes and rhyolite ofzoneH (all

from Garovelsland) have K20 contents similar to those oL zoneF, and

the zone H regression line therefore has a pronounced minimwn at the

silica-rich end~

In common with the rocks in other island arcs, therefore,

rocks of the same silica content in the south Bismarck Sea generally

incre~se in K20 content as the depth to the Benioff zone increases.

However, Ulawun, the volcanoes in the southern part of zoneG, and

some volcanoes of ione H. all have rocks whose K20 values are incon­

sistent with a regular pattern of continuously increasing K20 as

depth to the Benioff zone ~ncreases. These rocks ~emonstratethat,

in this island arc, the correlation of K20 values with depth to the

Benioff zone is not a clear one, and. that the rocks of volcanoes

overlying one part of the Benioff zone cannot be expected to plot

con~istentlY in a predicted part of the K20:Si02 diagram (see p. 72

for further discussion).

A striking feature of Figure 15 is the wide range in K
2

0

'contents for:. most silica values in rocl<:s. from both the l,liestern and

eastern arcs. Some rocks have low K20ivalues - for example, some

of thos&"from zones A, E, and F - and could, therefore, be con-
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sidered as members of a 'tholeiitic' association (cf. Jakes & Gill,

1970). At the other extreme are rocks which are rich in K20 - for

example, theandesites of zone C. Some of these K20-rich rocks are

shown to be 'shoshonitic' when plotted on the K20:Si02 grid of

Mackenzie & Chappell (1972), but only two of them - both from
1-

Kadovar - ar~ found to be 'shoshonites' sensu stricto when Macken~i~

& Chappell's K20/Na20 limits are applied (greater than 0.6 at 50%

Si02 , greater than 1.0 at 60% Si02 ). Between the two extremes are

r?cks which can be termed 'calcalkaline' and 'high-K calcalkaline',

depending on which scheme of classification is used (cf. Taylor,

et al., 1969; Jakes & Gill, 1970; Mackenzie & Cbappell, 1972).

In Figure 15, points represeriting the rocks of the eastern

arc are not spread evenly across the variation diagram: a gap between

the F and northern G regression lines contains relatively few points.

A similar gap identified by Jake~ & Gill (1970) was used to dis­

criminate between tholeiitic and calcalkaline rocks. However, as

discussed below (p. 65), none of the previously published classific­

ationsbased on K20:Si02 relations is SUitable for discriminating

between the rocks of the south Bismarck Sea volcanoes. These ~lassif­

icationsdivide the spectra of points in Figure 15, for both the

western and eastern arcs, into arbitrary £ields which are of no

pr:actical sig,-nificance. Moreover, in these classifications different

association pames, or more than one name, are assigned to rock groups

from individual volcanoes in each of the zones, A to H - and in

particular to those of zones A and H. For example, in zone A, Vokeo

and Viai are 'tholeiitic' (cf. Jakes & Gill, 1970), but Kadovar is

partly 'shoshonitic' and partly 'calcalkaline'(cf. Mackenzie &
Chappell, 1972).

Throughout the following pages, attention is drawn to other

variation diagrams which have. been used in the literature to dis­

criminate between 'tholeiitic' and 'calcalkaline' ~ock associations.

The; validity of these associations is discussed on page 65.
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The pattern of N&20:Si02 variations in the rocks of the

south Bismarck Sea s~ows some similarities to that for K20:Si02 . There

are, however, important differences which suggest that, to a large

extent, Na20 and K20 behave independently. Na20:Si02 variations are

closely similar to the patterns discussed earlier for Ol-Ne-Q re­

lations (Fig. 14).

As shown in Figure 16, the rocks of zone C, which are the

richest in K20 (Fig. 15), have the highest Na20 values of all the

rocks from the western arc. The lowest values are in the rocks of

zone A, and the ,values in rocks ~rom zones Band D are intermediate.

For prac~ical purposes, the rocks of zones BandeD are notdistingu­

ishable by their Na20:Si02 relationb, although the basic rocks of

zone B tend to be less sodic than those of zone D. The N~2Qvalues

for both zones are exceptionally low (mostly less than 2 percent) for

island-arc rocks. Compared with rocks of the same silica content from

the eastern zones, zone A ro~-!<.s have low Na')O contents, and,unlil.;:e
, ~

their K2 0 contents, their p'oints j.n Figure 16 are suff,iciently \vell
1

clustered to allow a regression line to be cal~ulated, although~he

RSS value of 473 is comparatively low.
I

Consistent patterns of variation in Na
2

0 across inclined

Benioff zones (in rocks containing the same iamount of sj.lica) are

thought to be either less clear than those using K20:Si02 relations

(e.g., Ninkovich & Rays, 1972), or even non-existent (e.g., Hatherton,
.~

1969). As shown in Figure 16, the zones E, F, northern G, and H

regression lines demonstrate progressively increasing Na20 values

northwards across the New Britain Benioff zone. Rocks from the

southern part of zone G are an important exception in this sequence,

as they have anomalously low Na20 values that cluster about a re­

gression line below the one for the rocks of zone E. Rocks from

Ulawun 'have high Na20 values compared with other zone E rocks having

the same silica content, and this accounts for tbe basic end of the

zone E regression line crossing over the zone F line (see also Fig.
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15). Another feature of these Na20:Si02 relations is that the rocks

of Vnea, the southernmost volcano of zone H, have Na20 values which

are closer to those of rocks from the northern part of zone G than

to those of other zone H rocks. Excluding the basalts, the rocks of

zone H and the northern part of zone G contain more Na20 than almost

all the rocks of the same silica content from the western arc. ,

Therefore, in rocks of the same silica content from the

eastern arc, Na20 generally increases as the depth to the Benioff,

zone increases. However, note that these increases are shown more

clearly by the rocks in the ncrthern part of the arc than by those

in the southern par~. This is the reverse of the pattern for the

K20:SiOZ relations illustrated in Figure 15, where the rocks from

the southern volcanoes are distinguished from one another much more

clearly than are those from the northern zones. Another feature

shown by a comparison of Figures 15 and 16 is that in rocks con­

taining the same amount of silica from different volcanoes - espec­

ially those from zones A and H - relative differences in K
2

0 are

not necessarily commensurate with similar relative diJferences in

Na20. Thus, in zone A, Vokeo rocks are less potassic than those 01'

Viai (Fig. 15), but they contain more Na20 than do the Viai rocks

(Fig. 16).; and, in zone H, Dnea rocks contain more K
2

0 but less Na20

than those of Garove (Figs. 15 and 16). A more complete evaluation

of variations in the ra~io of K20 to Na20 is given in the following

section.

A plot of alkali ratios again~t silica for the rocks from

th~snuth Bismarck Sea is given in Figure 17.

The pattern of regression lines for the zones of the
/

-western arc is rather similar to that for K20:Si02 relations in

Figure 15: the lines for zones C, D~ and B show progressively lower

K20/Na
2

0 values (comparing rocks wi th the same silica contents), alld
i

no regression line has been obtained for zone A because of the

exceptionally wide spread of points. Within zone C, note that most
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K
2
0/Na2 0 valuos for the rocks of Tolokiwa are lower~than those for

Long Island rocks, ~nd are generally similar to those 101' zone D

rocks." ThIe only two samples having K
2

0/Nu
2

0 values greater than 1

are from Kadovar (zone A), whereas notably low values are shown by

five rocks from Vokeo.

BecauseK
2

0 is thought to show proportionally greater

increases than Na20, the ratio K20/Na20 is generally believed to

increase systematically across island arcs (in rocks containing the

same amountc of silica) in a similar manner to K
2

0 (e.g., Jakes &
White, 1972). This generalization is true only in'par~ for the rocks

of the eastern arc. As shown in FigG.r.e 17, K?OjNa?O increases slightly
.. ~ ....

between zones E and F in rocks \Vi th<the same silica cOD-ten::;, but it

then increases sharply in rocks from the southern part of zone G.

K20jNa20 values of rocks from the northern part of zone G are lower

than those of rocks from tbe southern part of zone G. The rocks of

volcanoes in zone H show a wide range in K
2
0jNa

2
0 for any given silica

value. The four-degree regression line for zone H cuts across th,j

lines for zones :C, F, and northern C, and the K
2

0jNa
2

0 value for~'he

only sample from Narage (the north'2rnmost volcano of zone H) falls

above the extrapolatidri of the regression linA for the southern part

of zone G.... Thus, in the eastern arc, K
2

0jNa
2

0 in rocks wi th the same

silica content generally increases northward from zoneE to zone P,
to the. southern part of zone G, to Narage. However, the other rocks

do not accord with this progression, and the overall patterntn the

eastern arc is that of K20jNa20 increasin~ northwards to a maximum

in the southern part of zone G, and decreasing in the rocks of zone

H and the northern part of zone G.

In early studies, suc~ as those of Tomkieff (1949), Rittman

(1953), Kuno (1959, 1966), and Sugimura (1960), total alkalis:silica

relations were used as the principal means of illustrating changes in

the chemical composition of volcanic rocks across island arcs and



/r.

"".
~

..

..

%tt1
~

L~ UI~::;-~----Z-------"--~'-'-1

A All other s: . one E . j
.~ ,

oZone F r
.if' Southern'; . \.'\\
+ Northem. Zone G 1 \,

_! I - -.' ~>\'

I 0 Zone H Y- \
1 .__·__. .....:.3 .\\',

\\

Ho

o

" I. c.~. !. J
. 55 . .6CJ 65 70, 75

Eastern

p/A/553.

'CC '.' ",,' "::',7< ,,~._ ,;,'_''::i

flUll the western and eastem<.arcs. TI1e dashed line separa.tes Kuno'
, ,:,,'w~

field3~ RSS values (£103) for'l';egression U.nes:. A =: 396, B =791,
I _.r \) fi-

G n9rthern = 946,H=975.<,'· If

J I
45 50

1

j
-!

x

o
o 0

o

o~)

Cl

o

r;:- . i
J 0 Zone A !
,-. Zone.B i

o ?one C I
~_ Zone 0 .

Western

7

8

6

5

3

4

if· • ,"->
I! l' I I ',. I I

45 ,I' ,50 55 " 60 65. i!' \:
f Si02

c-'" .; !r ,';> .. \\

,'Fig. 1~. W7.ight percent N~O:+;;IS0.Y. Si02 for rocks

(1959) 'hig-h-alumina basalt' (uPPer) and 'tholeiitic'

C = 883, D,~ 811:, E =894 fIf::-= 931, G southern: 986,

~ ,;

Na20
+K20

( ;?

,'..
Cl

';~~

':-J G-'



-52-

According to Kuna's (1959) boundary line (Fig. 18), most

rocks in both the western and eastern arcs are 'tholeiitic', and the

remainder belong to the 'high-alumina basalt series'. This division,

bowever, is inappropriate for these rocks, because the boundary line

separates silica-rich rocks from silica-poor rocks of the same

volcano or volcaQ{c zorie, and assigns a different association name to

each group. Sjmilar1,y,wnen the, 'serial index' grid of Rittman

(1958) is superimposed on' Figure 18, the same relation emerges - the. .

more basic rocks of some volcanoes or zones have serial indices dif-

ferent from those of rocks richer in silica. Therefore, neither of

these classifications is successful in producing a meaningful sub­

division of the broad fields of points in. Figure 18.
'c'

Regional variations in ti tania contents arel101~ normal}y

described for the rocks of island-ate volcanoes, but pronounc~d'

differences are observed among the volcanoes of the SQuth
; I'

Bismarck Sea. These variations are illustrated in Figure 1~.

" in the westernz&n~s A, C, a~d D, the ranges of Tib2 values

at most silica levels. are wide, and corresponding regression lines
:,1

have not been calculated. The Ti02 :Si02 r~lations are different for

the rocks of these thr0e zones: the rocks of zones C and A generally
I

contain the highest and lowest Ti02 values respectively, and the rocks

of zone D haveinte.rmediate values (comparing rQcks with the same

silica content). The regiessionline for zone B shows that low­

silica andesit~s in zone B have Ti02 values similar to those of

zone D, whereas rocks with higher sili~a contents have Ti02 contents

closer to those of the zone A rock§; zone B basalts (mainly from Manam)

hav_e the lowest Ti02 contents of all basal ts from the western. arc.

For th~ eastern arc, regression lines have been~alculated

only fbr thecr8cks of zones E and G (Fig. 19). Thes,e regre:::;sion

Lines, in co-njunctioriWi th sample points for the other eastern zones!1
. (I

I'
\\~;:;-.:.::> ;' /

..,' "';'::~i:~:~~
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plotted in Figure 19, indicate some progressive changes in Ti02
contents across the New Britain Beniof,f zone. Rocks with.the sarre

silica content from zones E, F, and southern G show generally

similar.Ti02 values. However, within these zones, rocks from

Lolobau (zone F) and Bamus and Ulawun (zone E) have Ti02 values

which are generally higher than those of rocks from the bther

volcanoes, although similar to those of rocks from the northern

part of zone G. The highest Ti02 values are in the rocks of zone

H, although, like the Na20:Si02 relations (Fig. 16), the rocks of

Dnea have generally lower values which are similar to those of rocks

from the more southerly zones. 'I\vo zone H rocks have more than 1.75

percent Ti02 , which - according to Chayes (1965) - is more typical of

oceanic rocks than 'circumoceanicones. Overall, therefore, the

pattern of Ti02 :Si02 variation appears to be one of generally

increasing Ti02 ,values (in rocks with t he same si lica content) across

the New Britain Benioff zone, although the increases between one zone

and the next are generally not as clear as for the other chemical

relations di8c~ssed above.

Consistent regional variations in P205:Si02 relations are

shown by the south Bismarck Sea volcanoes (Fig. 20).

In the western arc, no regression lines ~ave been calculated

for the rocks of zones A and B. The regression lines for zones C

and D, however, indicate that P20 5 v-alues are higher in the rocks

of zone C, and that the rocks of zones D and B have rather similar

levels of P20 5 (comparing rocks with the same silica content). These

relations are closely parallel to those for Na20:Si02 (P·ig. 16).

The rocks of zone A have ~ wide range of P 20 5 values; those from

Vokeo and Viai contain the lowest'arnounts of P205 (compared with other

western rocks with the same silica content),and they therefore show

relative abundances ~imilar to those shown by K20:Si02 relations

(et. Fig. 15). P 20 5 is generally more abundant in rocks from the

western arc than in those from the eastern arc (Fig. 20).
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continental margins. In p~rticular, tl18 three compositional 'series t

identified by Kuno (1959) for Japanese \T()~('H.noes - 'tholeiite', 'high­

alumina basalt', 'alkali', which overlie successively deeper parts

of the Baniaff zone - have in some.studiesbe~n adopted as a standard.

by which rocks from other island arc~ can be c0mpared (e.g., Kuno,

1966; Brothers, 1970; bli tellell & \','arden, 1971). The boundary 1 ine
. " v

between"Kuno's 'tholeiitic' and 'high-aluminabasalt' fields i·s

drawn in Figure 18, which shows Na20 + KZO:SiOZ relations for the

south Bismarck Sea rocks. . .

In Figure 18, the four regiession lines for the iones of

the western arc, in The order A-B-D-C, show generally increasing

alkali contents for rocks of the· same silica content. 'rhus alkal.i ­

contents are shown to increase eastwards between zones A and C, and

to decrease in zone D to vaJues which are generally slightly higher

than t·hos.e of zone B. The separation' of points representing the

rocks-of zones A and B is fairly clear, although both ends of the

zone A r~gression line cross the regression line of zone B..

The regression lines for the eastern zones - E, F, G, and

;H - indi(d~e that l"ocks from the more northerly zones are consistently

richer in total alkalis. In Fig~res 15, 16, and 17, the regtilar

patterns of northward increasing values for K20, Na20, and K20jNaaO

were int-0rrupted by t he rocks of some volcanoes, or groups of

volcanoes; but when Na20 and K
2

0 values ~re added together and

plotted against silica, a much more even pattern of increasing

values is evident (Fig. 10) Even the regression line for high K20jNa20

rocks from the southern part of zone G falls in the appropriate

part of the diagram - that is, between the zone F and northern zone

G regression lines. However, once again the rocks of Uiawun (zone E)

are exceptions, as their higher alkali contents cause the lower end

of the zone E regression lin~tocross the zone F and southern zone

G regression lines; thiS effect is eliminated when the zone E

regression line is' recalculated excluding the Ulawun rocks (not

illustrated here).



throughqut the western'ar~.

This is the only prominent difference between one group

volcanoes and all the others. The low CaD values indic-
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Regression,lines for rocks of all zones in the eastern

arc (Fig. 20) indicate that the overall chemical pattern is very

similar to that for the Na20:Si02 relations. domparing rocks with

the same silica content from zones E, F, northern.G, and If, a pro­

gressive northwards increase in P20S is evident. Rocks from the

southern part of zone G do not accord closely with this progression,

hut rather have values which are similar to those of both zones E

and F. Moreover, the rocks of Ulawun and, to a lesser extent, Bamus

have slightly higher P20 5 values than rocks with the same silica

content from other zone E volcanoes, and this accounts for the,inter­

section of the E and F regression lines at the basic end of the

compositional spectrum. Most zone E rocks contain les~ than 0.1

percent P2o
S

; this contrasts with the values of the western rocks,

most of which contain more than 0.1 perc~nt P20 S .

Compared wi th the oxides consider!~1 above, CaO ,has a narrow

range of values in rocks containing the same amounts of silica, and

regression lines with high RSS values have been calculated foi rocks

from all the zones (Fig. 21, Table 6). In spite of the narrow

range, consistent regional patterns of CaO variation are evident,

though not on the same scale as those for the oxides considered

above.

The rocks of zone A are richer in CaD than those with, tte

same silica content from the remainder of the western volcanoes

(Fig. 21),

}
~wed by the ZO~0 C regression line are due mainJ,y to the rocks of I
Long Island, whose andesites appear to form a subsidiary trend which it'

~.

diverges from the main trend Of.' points\ The andesites of Karkar (Zl.. ?ine

B) also appear to be poor in CaO. It is emphasized, however, that.

these low values are characteristic of the rocks from two distinQlf

and geographically well separated volcanoes (Fig. 5), a,n.d a,:re ry~
regard~,CI as contributing to a regUlar pattern of chemj.cal' vari!ation,. . p

,/



Western
•

o

o

~----"---J! 0 Zone A
; X Karkar

i ® Long
~AII oth.=rs

•

7

•
5

())

0•

3 i I I
45 50 55 60 65

,j

•

11

13

-+.--Zone G NorlherJn'
• Zone H
o All others

Eastern

3

(GaO

-t-'----~_rI-------,I------r1-----T---·-·--.,-I-
45 50 55 60 65 70

I
75

P!A!556

Fig. 21. Weight percent CaD~. Si0
2

for rocks from the western and eastern arcs. In

order that the regression lines can be clearly seen, many low-silica rocks have not

been plotted. RSS values (x 10
3

) for regression lines: A = 913, B = 891, C = 917,

," D =/872, E= 957, F = 973, G southern = 990, G northern = .977, H = 944.



-55-

In the eastern arc, a general decrease in CaD northwards

across the New Britain Benioff zone is shown by rocks containing

the same amounts of silica. The recks of zone H have the lowest

CaO values. Those from the Llortheln part of zone G have higher CaO

values, and the remainder of the eastern rocks show the highest

values of all. The distinctions between rocks from zones E, F and,
southern G are not particularly clear, but the relations shown by the

corresponding regression lines appear to be generally similar to

those for Na20:Si02 (Fig. 16) and P20 5 :Si02 (Fig. 20), except they

are reversed: (1) the zones E and F regression lines cross over at

the low-silica end, but remain separate when the rocks of Ulawun are

~excluded from zone E; and (2) the positions of the regression lines

~10r zones E to H. are consistent with progressive changes in CaO
).'YJ ,_ I

60ntents across the New Britain Benioff zone, if the regression line
i:;' '''''',

f()fthe southern part of zone G is excluded. Hatherton (1969)
i',·"', __ :_ ..

sh'owc=d that the CaO contents of circum-Pacific rocks could be cOr-

related inversely with increasing depth to Benioff zones. The

eastern volcanoes of the south Bismarck Sea demonstrate the same

feature, and emphasize a correlation that tends to be overlooked in

studies of island-arc petrology.

Peacock (1931) defined a rock association as 'calc-

alkalic' when rocks with a silica content of between 56 and 61 percent

had equal weight proportions of CaO and Na20 + K20 - or, expressed in

a different way, the 'alkali-lime index' of calcalkaline rocks is

between 56 and 61. Rocks with an alkali-lime index of more than 61

were called 'calcic' by Peacock. Since 1931, the term 'calcalkaline'

has been used in different senses and d~fined in different ways, and

Peacock's definition (see also Holmes, 1921) has, to a large extent,

been superseded. The term 'calcic' is also more or lElSS outmoded, as

most 'tholeiitic' rock associations have alkali-lime indices greater

than 61.

A comparison of CaO:Si0
2

relations in Figure 21 with

Na20 + K20:Si02 relations in Figure 18 shows that the alkali-lime
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indices for rocks from zone A, in the western arc, and from zones

E, F, and G, in the eastern arc, are greater than 61. These rocks

are therefore 'calcic' in the sense of Peacock (1931). The alkali­

lime indices for rocks in zones B, C, D, and H cluster about 61, and

therefore could be considered as partly 'calcalkaline' and partly

'calcic'. However, Peacock's limit of 61 seems to have been chosen

arbitrarily, and its use for sUbdividing the rocks of any of the

zones B, C, D, or H is considered unrealistic.

Al?On values have a wider range than CaO in rocks containing
..- .:>

the same amounts of silica from the south Bismarck Sea volcanoes,

especially in the basalts and andesites (Fig. 22). Most rocks from

both the western and eastern arcs have A1 20 3 contents of more than

15 percent; values in excess of 18 percent are not uncommon, and only

a few rocks contain less than ,13 percent. These relat~vely high

values appear to be typical of most circumoceanic volcanic rocks

(Chayes, 1965).

In the western arc, rocks from three zone A volcanoes ­

Viai, Kadovar, and Blupblup - have much lower A120 3 contents than

other western rocks wi th the same si li ca contents. The Long Is land

andesites are also characterized by relatively 1.ow A120 3 , but the

basalts, on the other hand, have high A1
2

0
3

contents. These differ­

ences in A120 3 ; content in the Long Island rocks to a large extent

control the negative slope of the regression line for zone C (Fig.

22). The rocks of zones Band D have similar A12 0 3 contents, as

shown by the close correspondence of their regression lines. Like

CaO, therefore, A120
3

does not increase or decrease in any clearly

systematic pattern along the western arc in the same way as

alkalis, Ti02 , and P205'

Excluding the rocks from the southern part of zone G, a

broad subdivision can be established from A120 3 :Si02 relations among

the eastern volcanoes (Fig. 22). Regression lines show that A120 3
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values are lower in most rocks from zones H and northern G than in

those from zones E andF, farther south. Therefore, lower A120 3
values in rocks containing the same amount of silica correlate with

the deeper part of the Benjoff zone. However, this tnverse correl­

ation is more poorly defineJthan correla~ions described earlier for

other oxides, and the regression line for:the rocks of the southern

part of zone G cuts acros~ all those for the rocks of the other

eastern zones.

M~0:Si02 relations for rocks from the western and eastern

arcs are illnstrated in Figure 23. The basalts of each arc show a

wide range 0: 1: MgO values, but the range is much less for the non­

basaltic rocks. High-magnesia ba.:::.alts are more common in the west

than in the east, and in thE~ ea;")t they appear to be most common in

the volcanoes of zone H.

Among the western volcanoes, v3ri~tions in MgO are, similar

to the variations shown by CaO (cf. Fig. 21). Except those of 1?am,

the rocks of zone A are richer in MgO than o~6er western rocks with

the same silica content. On the other band, rocks from Karkar and

Long volcanoes (in zones Band C, r.espectively) are comparatively

low in MgO. The only regional difference, therefore, between on'd

group of geographically related western volcanoes and any other

~s the higher MgO contents of rocks from the western end of the arc ­

that is, from west of Barn volcano.

Hatherton (1969) demonstrated that MgO, like CaO, decreases

in rocks of the same silica content as the depth of the Benioff zone

increases. This, however, is only partly true for the rocks of the

eastern arc: most andesites and dacites from zones E and F contain
i

less MgO than those with the same silica content from the southern

part o£zone G (Fig. 23); moreover, a greater proportion of zone E

rocks -~particularly the andesites - apparently have lower MgO values
\

than thdse of zone F. In these rocks, therefore, MgO appears to
\
1\
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increase in rocks with the same silica content as the depth to the

New Brjtain Bentaff zone increases. However, rocks from the north­

ern part of zone G contain less MgO than those with the same silica

content from the southern part; and zone H rocks contain less MgO

than those of zone GJ e~pecially when the rocks of Vnea are excluded.

In these rocks, therefore, MgO decreases as the depth to the Deniotf

zone increases (cf. Hatherton, 19P9).

The tutal iron oxide contents of rocks from the western and

eastern arcs are plotted against silica in Figure 24, where they form

broad. bands with negative slopes. Within each of the bands, no

regional patterns of chemical variation are evident: rocks from any

one of the zones A to D, or E to H, do not appear to be consistently

more, or less, iron-rich than those with the same silica content

from Gthnr zones in the same arc. Possible excep1:ions are the vol­

canoes of zone A, of which three have rocks whose total iron oxide

contents are higher than those of other western rocks containing the

same amount of silica (Fig. 24). However, because Bam rocks ar,e

not especially iron-rich, ana because those of Vokeo are definitely

irpn-p00r, consistently higher iron contents do not appear to be

characteristic of all rocks from zone A. Other n01:able western rocks

are those of Karkar (zone B) and Long (zone C), which have 6igher

total iron oxide contents than other rocks of similar silica content

(Fig. 24).

The bundle of regression lines for the rocks of the

eas"tern zones indicates no obvious regiona~ ,; fferences in Fe20 3 +
FeO:Si02 relations, although there is a suge tion that some

andesi tes from zones H and northern G may be sJ.gnificantlY,but

slightly, more iron-rich.

, I
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Traditic,nally, variations in the total iron oxide (F) ,

. contents of island-arc roc~s ~re illustrated relative to magnesia

(M) in ,MF diagrams, or to magnesia and total-alkalis (A) in FMA

diagrams. Other variations in total iron oxide contents for the sputh

Bismarck Sea rocks ire therefore discussed in the following section

with reference to both Fj,gure 24 and to the MF diagram, Fi,gure25.

,In MF and FMA diagrams, the intermediate mambers of

tholeiitic rock associations are said to be richer in iron than

those of calcalkaline associations (e.g., Tilley,1950; Kuno, 1968;

Irvine & Baragar, 1971). ! HO\vl~ver, in both types of diagram, there

~ppearfo be ditferent opinions on where the boundary between the
-' -, .

two ~ssociat£ons should b0 drawn.

M. shown in Figures 24 and 25, the,feO + Fe20
3

contents ~f

most rocks ~rorn the western and ,eastern arcs are low, so the rocks

could be termed calcalkaLine. Neve.rtheless, in rocks wi th MgO con­

tents within the range 2 to 7 percent, there is a considerable range in

total iron oxide values, and some rocks have sufficiently high values

to warrant the term tholeiitic (Fig. 25). For example, Jakes &
" Whi te (1969 Y considered the rocks of the south Bismarck Sea (wllOse

"

analyses were presented by Morgan, 1966), to be tholeiitic. In

addition, in FMA diagrams, these and other rocks fall in the tholei­

i tic fields of Kuna (1968) and Irvine & Baragar (1971). Note that

in Figure 25 the points of rocks of both the western and eastern

arcs dQnot concentrate in iron-poor and iron-rich fields; rather,

they form a continuum of compositions which cannot be divided into

meaningful groups by means of a single boundary. line.

Because alkali contents are lower in tholeiitic rocks
"

than in calcalkaline rocks, and irOll' contents are lower'in calc....;

alkaline rocks than in tholeiitic ones, high iron contents shown

in MFand FMA diagrams are commonly regarded as a function of de-



P/A/564

J
10

o

..­
/.-

/
/

/
I

! •

Eastern

--

-~-;

I~
I I
I I-,
I I
I I
I I
I \

~ k

¥ "I \
I X

I I
I 1

I \
X \

I • */ x \
I ~ • .f. \

~ -....\." \
1-\
I' "",0 \ ® \.;- /' '01. .l< 0",..-..-/ ,p;a 0 ,

",-- X o O. \
,.;-.;- 0 0 "/ .<ll>. \

? .. o. x. \ X ~

; /?';) A~.g~. D~X "" 0 1//
• . I . ""

i ~i :dJ ,_ ./1

: .. -~
\ /

: _0/

•/
..-/

~ ~=J~zoneAI

x Zone D·· /
'--_-'-'-.- I

Western

10

j' ..•

15~··

~.

Fig. 25 •.. Weight percent MgO~. FeO + Fe20 3 forrocks from the w€S1:ern and eastern arcS .

..~~ and ~~;P3 propqrtions computed by the method of Irvine & Baragar (1971), and whole­

~kanalyses recalculated to 100 percent.wi thout volatiles. The pairs of dashed lines in
'!-,. , . ' r

both diagrams definethEf~iti'onal field covered by rocks from all the zones. W is

sample 339 of Lcmder8.:.Ca.rmi~hael (1970). RSS values (v, 103) for regression lines:

c A =.392, D = 6.15, E= 814; F = 728,' G southern = 939, j northern =939, H = 592.



-60-

creasing alkali content (Na20 + KZO, or K20) in rocks containing

the same amount of silica. Jakes and Gill (1970) and Jakes & White

(1972), for example, held this view, and claimen that rocks showing

greater enrichments in iron overlie the shallower parts of Benioff

zones. A comparison of Figure 25 with Figures 15 and 18 shows that

neither correlation seems to hold for the south Bismarck Sea rocks.

Firstly, rocks from the alkali-poor zones are not more

iron-enriched than those from the alkali-rich zones. On the

contrary, Figure 25 shows that to some extent the opposite may be

true because, iu the range 3 to 8 percent MgO, no rocks from the

low-alkali volcanoes of zones A and E contain more than 10.5 percent

total iron oxides, whereas high-iron rocks are present in high-

'~lkali volcanoes such as Long (zone C) and those of zones G and H

(Figs. 24 and 25). However, this is not a clear correlation, and

it is considered more accurate to simply conclude that iron-rich com-"

positions ar~TIot characteri~tic of low-alkali volcanoes.

Secondly, in the eastern arc, the rocks from volcanoes

overlying tJe shallower parts of the New Britain Benioff zone are

not more iron-rich than those of volcanoes overlying the deeper parts

in the north. Again, to some extent the reverse seems tQ be true,

because a few rocks from volcanoes in zones G and H have the highest

total iron oxide contents of all the eastern rocks. Nevertheless,

because these iron-rich samples are comparatively rare, and because

many more rocks from zones G and H have iron-oxide values which are
," .

indi~~inguishable from those of rocks from zonesE and F, a cor-

relation between higher iron contents and the deeper parts b.f the

Benioff zone cannot be recognized with a high degree of confidence.
·1·

Lowder & Carmichael (1970) analysed eleven rocks from fiv8

volcanic centres at, and north of, Talasea in the northern part of

Wii.laumez Penipsula (Fig. 6), and drew aline of 'moderate iron­

enrichment' through points plotted in a MF diagram. Part of this

'Taiasea trend' is defined by an andesite(W in Fig. 25) which is

mucli:more iron-rich than most other rocks with imilarMgO contents

")
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plotted in Figure 25. The 'Talasea -trend' is therefore unrepre­

sentative of most rocks from the eastern arc. Moreover, Jakes &
White (1969, fig. 2) used FMA relations to show that the rocks disc­

ussed by Morgan (1966) from volcanoes in th~ western arc, and those

discussed by Miyake & Sugiura (1953) from the Rabaul volcanoes,

formed a tholeiitic rock association which was iron-enriched relative

to calcalkaline rocks from other parts of Melanesia. However,

the iron-rich part of this tholeiitic trend is defined mainly by

Morgan's analyses of Karkar rocks, which - as shown in Figure 24 ­

have unusually high total iron oxide values compared with those

for rocks from other parts of the western and eastern arcs. There­

fore, the 'New Guinea-New Britain arc' trend of Jakes & White - like

the 'Talasea trend' o~ Lowder & Carmichael - cannotb~ regarded as

representative of all the rocks from either the western ('New

Guinea') or eastern ('New Britain') volcanic arcs.

The cooling of many south Bismarck Sea rocks after their

eruption is likely to have been accompanied by different degrees of

oxidation of FeO to Fe20 3 . Therefore, the Fe20 3/FeO values of the

rocks would be expected to be higher than those of the magmas before

eruption, so regional patterns of variations in magmatic Fe20 3 /FeO

values might be obscured by atmospheric oxidation.

Some south Bismarck Sea rocks contain more Fe
2

0
3

than FeO

and are therefore highly oxidized. (Such rocks at some volcanoes

were selected for analysis because less altered ones could not be

collected.) However, when rocks having Fe20 3/FeO values of less

than 1.1 are plotted against silica, as in Figure 26} a systematic

pattern of regional variation emerges. ~venty-four eastern rocks,

and twenty-seven western rocks, having Fe2 0 3 /FeO values of greater.

than 1.1 are excluded from Figure 26; tw~lve of these are analyses

of Manam rocks given by Morgan (1966), six are Cape Hoskins rocks

analysed by Blake & Ewart (1974), and three are analyses of rocks

from northern Willaumez Peninsula given by Lowder & Carmichael (1970).

Thirteen other excluded rocks are amphibole-bearing types from Aris,

Crown, Tolokiwa, Sakar, and Dufaure.



o

<) Vol<eo ] Zone Ao All others

X Karkar
l&' Long
• All others

B

~

D

<.:0

o

<)

® 6;)
X

, X
••

o

~
•. • ~.po

® • ~ ·0o • •• : ••
· ..•. ~. .0·.

•• ~Y...:::::,.•.'

co:- • ®. • "'. • ""-. .. '.
I· ••• ~

®6;) • X •
0. • X ®

1'0~
. :::~

::1

:::1
1

0·3

I

02L:~-,t_e-r1r_n -,I -rJ .-,,_

45 50 55 60 65

o

o

o

0 Zones E&F
EB Southern ] Zone G+ Northern

0 Unea ] Zone H
I!I All others

I I I I
55 60 65 70 75

Si02 P/A!560

•

.C\J
o

•

50

•

"'0
+ 0 0

o 0 ++' 0 0

• +s, (9'9 0 00 +
,J;::; to 0 0 0

00 0 00' 000 0

0 0 0

~
D ~ 000 0 Cb

+. 0 • 0 0+

aco -DoCO 0 ++ (,) 0 0
o

•

Eastern

0·2

10~
o·g

0'8

0·7

0·6

0'5

Fe203
FeO

0'4

0'3

<",--

Fig. 26. Weight percent Fe20 3/FEfJ (log10 scale) v. Si02 for rocks from the western~,

and eastern arcs. .27 ~stern rocks and 24 eastern rocks showing Fe
2

03/FEfJ values

greater than 1.1 are excluded (see text). Fe20 3 and FEfJ values taken fron original

analyses: Si02 v?-lues are those used in Figures 11 to 27. RSS values (x 103) for;

regression lines: B = 281, D = 227, G southern = 538, H = 459.

c



(
I

/

-62:'

In Figure 26, man~/rocks with a high silica content from

Karkar and Long volcanoes are shown to have lower Fe20 3/FeO values

than those with the same silica content from other western volcanoes.

Except for three Vokeorocks, samples Irom zone A are characterized

by Fe20 3 /FeO values consistently higher than those af other rocks

containing the same amount of silica. These relative differences

are similar to those shown by the MgO:Si02 relations illustrated

in Figure 23.

The pattern of variation for the eastern rocks in Figure

26 is also analogous to that for MgO:Si02 relations: rocks fro~ the

southern part of zone G have higher Fe20 3/FeO vallles than those with

a similar silica content from zones E and F; more zOne E rocks than

rzone F rocks contain low Fe20 3/FeOvalues (to avoid confusion, this

feature is not illustrated in Fig. 26, in which the similarities

between Ulawun rocks and rocks of zones E and F are also not de­

fined); rocks from the northern part of zone G are lower in Fe20 3 /FeO

than those with the same silica content from the southern part·;

and zone H rocks, excluding some from Unea, h~ve lower Fe20 3/FeO

valuesfthan the rocks of zone G (cf. Fig. 23).

Therefore, although the total iron oxide contents of the

south Bismarck Sea rocks are not related to the regional tectonic

setting of the volcanoes (seep. 58},tbe oxidation state of iron ­

and therefore FeO and Fe20 3 independently - apparently shows

systematic regional patterns similar to those for MgO:Si02 vari­

ations. It follows also that M/F values must also be related to

the oxidation state of iron (see below).

The range of MnO values i.s narrow. Most rocks hav;e MnO
I

contents between 0.1 and 0.2 percent, but values·are commonly less
I

than 0.1 percent in the .acid rocks (Fig~ 27). Despite this(res-
I

triction, differences :Ln MnO content can be detected betwee'n some\ _. i
~.- /

volcanoes, and between a few groups of volcanoes.
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Consistent regional differences in MnD content between

the rocks from~ne group of western volcanoes and those from any

other group are not appa~ent. However the rocks from Long Island

have much higher MnD contents (mostly greater than 0.2 percent), and

those from Vokeo have lower MnO contents, than rocks with the same

silica content from other western volcanoes. These relations appeal'

to correlate with high and low total iron oxide contents respectively

in Long Island and Vokeo rocks (cf. Fig. 24).

The non-basaltic rocks of the eastern volcanoes show some

broad differences in MnD contents between rocks with the same silica

content from different pa~tsofthe arc. The rocks of Garove Island,

zone H, are the richest in MnD (Fig. 27). Those of the other

eastern volcanoes form a broad zone of low MnD values, within which

the rocks from the othnr zone H volcanoes and freorn the northern part

of zone G appear to be slightly more MnD-rich than some of those

from volcanoes farther south, and significantly more MnD-rich than

those from the southern part of zone G. The high MnD contents of the

Garove rocks may correlate with correspondingly high FeD values

because, as shown in Figure 26, Fe2D3/FeD values are low in zone H

rocks (except those of Unea). Similarly, the low MnO contents of

rocks from the southern part of zone G seem to correlate with high

Fe203/FeD, and correspondingly low FeD (Fig. 26; see below for

further discussion).

Q-mode factor analysis

f ..

In the previous sections, chemical variations within the

western and eastern arcs were described in terms of changes in the

content of one or two oxides relative to silica (or to total iron

oxides in Fig. 25). In this section, the variations of all 11

~ajor oxides (volatiles ~xcluded) are considered together using
'\'

Q-mode factor analysis with an orthogonal VARIMAX rotation
I •

(Klovan & Imbrle, 1971).

,.-;::::=:::::
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Briefly the procedure in Q-mode analysis is to calcula~e

a series of sets of decreasing numbers of 'factors' which express

in decreasing degree the total variation among all 11 oxides; as

the number of factors decreases so does the amount of variation

accounted for by the factors. Three major factors are usually

interpreted, as they can be plotted in triangular diagrams. Ideally

the three factors should correspond to recognizable petrological

parameters. Varimax factor scores indicate the relative dominance

of each oxide in each composite factor.

Oxide percentages were first normalized by a percentage

range conversion, so as to avoid overweighting by the most abundant

oxides. Loadings computed for three factors for the rocks of the

western and eastern arcs are plotted in Figures 28 and 29; scaled

varimax factor scores for the oxides in each factor are listed

in Tables 7 and 9; and oxides with the highest absolute scores

(>I~) are listed in Tables 8 and 10. 96.93 percent ef the varia­

tion in all 11 oxides is accounted for by the three fa~tors .for

each of the western and eastern arcs.

Factors 1 and 2 for the rocks of both arcs are respectively

dominated by the oxides which make up the common rock-forming mafic

.and salic minerals (Tables 7-10). In Figures 28 and 29, therefore,

the distance from factor 1 along the factor 1-2 join is a measure

of magmatic differentiation and is largely equivalent to ircreasirig
i

silica content.

The composition of factor 3 is different for the ~ocks

of the western and eastern arcs. In the western arc, Ti02 is by far

the highest-scoring oxide in factor 3 (Table 7), and the overall

pattern shown in Figure 28 is rather similar to that in the Ti02 :Si02
plot (Fig. 19): the rocks of zones A and C contain the lowest and

highest TiO" values respectively, and those of zones Band D contain
~

similar intermediate Ti02 values. In the eastern arc, points

representing rocks from zones northern G and H plo~ progressively
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TABLE 7. SCALED VARIMAX FACTOR SCORES FOR Q-MODE
FACTOR ANALYSIS OF ROCKS FROM WESTERN ARC

(cf. Fig. 28)

Oxides

Si02
Ti02
A1 20 3
F e 2

0
3

FeO

MnO

MgO

CaO

Na20

K
2

0

P205

Factors

1 2 3

0.034 2.234 0.959

-0.292 -0.246 -2.347

-0.021 0.907 -0.966

0.857 0.720 -1.003

1.441 -0.137 -0.767

0.911 0.129 -0.862

1.789 -0.073 -0.882

2.005 -0.045 0.146

-0.139 1.797 -0.274

-0.143 1.094 -0.308

-0.103 0.369 -0.576

TABLE 8. OXIDES SHOWING ABSOLUTE VARIMAX FACTOR SCORES
OF GREATER THAN UNITY FOR EACH OF THE FACTORS IN

TABLE 7 AND FIGURE 28, AND LISTED FROM TOP TO BOTTOM
IN ORDER OF DECREASING SCORE

Factors 1 2 3

Oxides CaO Si02 Ti02 ·

MgO Na 0 . Fe
2

0
3. 2

FeO K2 0 ..:.
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TABLE 9. SCALED VARIMAX FACTOR SCORES FOR Q-MODE
FACTOR ANALYSIS OF ROCKS FRO~! EASTERN ARC

(cf. Fig. 29)

Oxides Factors

1 2 3

Si0
2 -0.325 2.208 -0.856

Ti02
0.312 0.167 1.499

A1 20 3
1.444 0.402 1.760

F e 20 3
1. 059 0.790 0.063

FeO 1.54'1 0.032 0.716

MnO 1.027 0.380 1.063

MgO 1.077 -0.268 . 0 .~68

CaO 1. 672 0.021 -0.408

Na20 -0.266 1.699 0.434

K20 -0.353 1.276 -0.023

P20 5 -0.044 0.760 1.668

TllBLE 10. OXIDES SHOWING ABSOLUTE VARIMAX FACTOR SCORES OF
GREATER THAN UNITY FOR EACH OF THE FACTORS IN TABLE 9 AND

FIGURE 29, AND LISTED FROM TOP TO BOTTOM IN ORDER OF
DECREASING SCORE

I'

(',

Factors

Oxides
:'

". 1

CaO

FeO

A1
2

0
3

MgO
Fe2 0

3
MnO

2

Si02
Na20

K 0
2

3

A1 2 0 3 .

P205
Ti0

2
MnO
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closer to.the factor 3 apex (Fig. 29). Al2 0 3 , P20S' and Ti02
dcminate factor 3 (Table: 10), and the pattern of points in Figure

29 is rather similar to that in Figur'es 19,20, and 22, in whj,ch

th~ rocks from zones northern G and H can in general be readily

d~stinguished from one another. ~nd from rocks of the other zones.

'I',he combination. AI203-P20S-Ti02 does not correspond to any familiar

petrological parameter, but note that (1) P20S and TI02 are the

oxides of incompatible major elements, and (2) as in factor 3 for

~he rocks of the western arc, Ti02 has a signifiGantly high

0factor score (see below for further discussion).

For the rocks of both arcs, factor 3 is dominated by
/

oxides which have wide ranges relative to their average abundarices

at any given si:lica level. This is illustrated clearly in Table

6, where ~ because of the wide ranges - regression lines were not

determined for Ti02 :Si02 relations in five of the nine ~ones, and

where RSS values for the regression 1 ines for ,A120 3 : Si02 and

P20S:Si02 relat~ons ar~~relatively low. ~,~

r

Results from the Q7.,.mode'factor analY~~;·"'; are similar' to those
I.' .... .'

from the non linear mapping/(NLMr program (Append:ix 3). However, the
• I " ,)

relative. importance of components in the two c(!nip9,Si ie p?rameters

,which determin<.;~'the NLM patterns ,~annot be id~ntified directly,

dnd,therefore, for the purpc;>ses of/this Report, Q-mode factor

analysis is the more useful· technique.

ROCK CLASSIFTCATION

Since 19S0 (Tilley, 19S0; Kuno, 1950), two hypers£h~ne-
'I' ..!.

normative' associations - calcalkaline andthOlei:itic - have'

commonly been distinguished in studies of island-arc volcanic rpcks.

Calca~kalin~ rocks aie said to ov~rlie~eeper parts o£Benio£f z?nes

(:.than tholeiitic ones (e.g., Ringw0od, i~974). The chemical

diff13rences betweeri,: these associations have: never beenurigorously
(~ <,-.\~:-~: \ «-(-

t'
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defined; but recently Jake~ & Gill (1970) and Jake~ & White (1972)

proposed an empirical cla;ssii'ication, in which the two associations

represent end members 'bet~een which there is considerable overlap',

and\ ih which some of the chemical features 'may vary independently

,thereby blurring the distipction'. According to Jakes, Gi 11, and

White, the diffeiences between calkalkaline rocks and rocks of an

'island arc tholeiitic series' are as follows.

(1) Tholeiitic rocks con tain less K20 and NaZO + KZO than

calcalkaline rocks with the same silica content, and K..,O is reiat-
-:..

ively less enriched in tholeiitic rocks with a higher silica content.

Jakes & Gill (1970, fig. 2) presented a KZO;SiOZ diagram which shows

one i'ield of calcalkaline rocks and anoth~r oftholeiitic rocks

joined at their basic ends but divergent at higher silica

(Fig. 30),;

values

o

(2), K20/NazO values in the tholeiitic rocks are mostly' less

than 0.35, whereas the range for calcalkaline rocks is 0.35-0.75.

(3) Rocks of the th.Jle.iiU.c series have alo\''ler''silicamode':

the most common rock type contains about 53 percent silica, whereas
" ,f-·

in calcalkaline assoc-'"iations the 'mode 'is about 59 percent.

(4) Tholeiitic rocks show greater degrees of iron-enrichment

in MF and FMA diagrams. Jakes, Gill, and White did not propose a

precise boundary for dividing tholeii ti.c rocks from calcalkaline
.. ' " , .

ones, but in ~L1 FMA diagram they illustrated the general chemical

e';~,::,(, . feature~of ench association by using examples from Melanesian

"i,s)and ~rcs"r(cL Jakes & White, 1972 , fig. 2).

<L,'Using thes~ principal criteria, .rakes & Gill (1970) drew
,; , .', '

attenti"6n to differences in trace-element: contents, between the, two'
"

associations, and especially to dtffel~e'ncesin rare-ea:rth-elernent

concentrations. "Jakes & White (1972) outlined a few of the *e~eral
c'hemical characteristics 01 ro~ksfrom sl1oshon1 tic associati~ns

, , < ' ", . ,I,
• -', .__ . . -', 11:

(higher KZO and hfgher K20/Na20 valucs<than ccalcalkaline rocfs with

the same silica content)._~ il!
'I
ii;
I:
il:
il:

\\~
ili
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The hypersthene-normative rocks of the south Bismarck Sea

iolcanoes show a wide range of chemical compositions, and provide

an ideal opportunity for testing the significance of the commonly

recognized subdivision into calcalkaline and tholeiitic associations.

Apart from two rocks from Kadovar, none of the south Bismarck Sea

rocks is shoshonitic (in the sense used by Mackenzie & Chappell,

2972, for rocks from the Papua New Guinea Highlands), and this

association is therefore excluded from the. following discussion.

Using commonly accepted criteria, including those summarized by

Jake§, Gill, and White, the rocks of the south Bismarck Sea cannot

be effectively divided into calcalkaline and tholeiitic associations,

for the reasons outlined below.

I'irstly, boundaries used in K20:Si0
2

diagrams by other

authors to discriminate between different associations div~de the

rocks of the~south Bis~arck Sea into artificial fields. which have

no ,.geological significance. For example, in Figure 30 the rocks of

the south Bismarck Sea ar~ plotted in relation to the gap between

the generalized calcalkaline and tholeiitic fields of Sakes &
Gill (1970). This gap ispartlyf~lled by points representing rocks

which cannot be assigned to either association, and the gap does not
"correspond with the.zone of low point-density for the rocks

from the eastern arc (see p.47 , Fig. 15). Similarly as discussed

above (p. 52) the field boundaries of Kuno (1959) and of Rittmann

Ci~58) - using Na20+K20:Si02 relations - have no relevance to the

south Bismirck Sea rocks, as they separate rocks of different silica

contents from the same volcano or volcanic zone.

Secondly, most of the western rocks have K20/Na20 values

greater thana. 35 '( calcalkaline), and most of the eastern rocks have

values of·less than 0.35 (tholeiitic, Fig. 17). Therefore, accord­

ing to the c~~ssificati6n ol Jake~, Gill, and White, the most

common rock ty~~ in the' eastern arc should have a silica content less

'than that of the most common rock type in the western arc. But. the

reverse appears to be true, because the median silica value of the
::J
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eastern rocks .is 56.6 and that for the western rocks is 54.3 (Fig.

11). MQreover, within each of the western and eastern arcs, the high

total alkali zones (calcalkaline) contain greater ,proportions of

rocks poorer in silica (see Fig. 18). In the eastern arc, therefore,

basic rocks appear to be more common over the deeper parts of the

New Britain Benioff zone. These correlations are also the reverse

of those suggested by Jakes, Gill, and White.

Thirdly, as discussed on page 59, a continuum between iron­

poor and iron-rich compositions is shown in the MF diagram (Fig. 25).

Any subdivisions into calcalkaline and tholeiitic parts is arbitrary

and little significance can be attached to any line of separation

between iron-poor and iron-rich fields. For the same reason, in

FMA diagrams, the field boundaries identified - for example, by Kuna

(1968), Jake~ & Whit~ (1972), and Irvine & Baragar (1971) - have.
no relevance to the rocks of the south Bismarck Sea (see Fig. 37).

~

Fourthly, as discussed on page 60 with reference to Figures

15, 18, and 25, no relation can be established between increasing

total alkali content and lower degrees of iron-ehrichment in ~he

rock~ of either arc. Although the opposiie may be true to a ~light

exterlt,f6r all practical purposes the degree of iron-enrichment is

considered to be independent of Na
2

0 + K
2
0:Si0

2
and K

2
0:Si0

2
relations.

Fifthly, the rocks of mariy volcanoes from both the

western and'eastern arcs are tholeiitic by one set of criteria, but

calcalkaline by another s~t. For example, because the rocks of

Dufaure (zone F) and Vokeo (zone A) are poor in alkalis and K
2

0, they .-.. ,

are tholeiitic in character; however, their iron-contents are low,

which is a calcalkaline feature. Johnson, Davies, & White (1972)

showed that the total alkali and the K20 contents ~f Ulawun rocks

(zone E) ~ere also of tholeiitic type, anti that their iron contents

were, of calcalkaline type. Long Island rocks (~one C) have high

K20, Na20* K20, and K20/Na2~ values - a calcalkaline feature - but

ar~ iron-rich - a tholeiitic feature. The silica contents of the

most common rocks from each of these volcanoes indicate that the

rocks of Dufaure and Vokeo are calcalkaline, and those of Long

Island and Ulawunare tholeiitic. .,
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For all these reasons, it is concluded that an effective

calcalkalinejtholeiiiic subdivision cannot be recognized in the rocks

of the south Bismarck Sea. Instead, the rocks of both the western

and eastern arcs should be recognized as a single, hypersthene­

normative rock assocfation characterized by wide, and essentially

continuous, ranges i~ oxide contents (in rocks containing the same

amount of silica), and by different relative abundances of rock

types in each arc. The association can be termed 'subalkaline' (to

distinguish it from nepheline-normative 'alkaline' rocks), but

attempts to subdivide the association into calcalkaline and tholei­

itic types using current schemes of classification lead to arbitrary

and artificially defined categories which have no practical sig­

nificance for these rocks.

PATTERNS OF CHEMICAL VARIATION

Va~iations in major-element chemistry in both the western

and eastern volcanic arcs can be 'considered at three levels:

(1) Interzonal variations: that is, differences between the

rocks of zones A to D in the western arc, and of zones E to H in the

eastern arc;

(2) Intervolcano variations: that is, differences between the

rocks of one volcano and those of other volcanoes in the same zone,

or in the same volcanic arc;

,that is, differences withinIntravolcano(3)

individual volcanoes.

Variations at'l~veisC~J\and (2) are discussed in this

section; those at lp'Iel'(3)\ are dealt with briefly on ~age 125. In
: . _~ ;.~.; '/1, '--,!-i"

this section particular a.-ttentipn' ~s,given to K
2

0: 8i0
2

relations in

the eastern arc becausecilfthe'\v'idespread interest inthcsA. para­

meters relative to' dePth~;<~oiunder'l;;~~~~Benioff zones.
• I ' -~::l"{::r~

r,J
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Interzonal variations

The chemical changes between zones 'are the most important

type of variation as they depend upon first~order differences in

conditions of magma genesis. In order that these interzonal

changes in the contents of individual oxides can be compared with

one another, an attempt has been made in Figures 31 and 32 to

summarize the chemical variations using 'average' values for each

oxide (or oxide combination) in rocks from each zbne. The procedure

for the construction of Figures 31 and '32 was as follows.

1. Silica values of 50, 55, and 59 percent were selected as

representative of basalts, low-silica andesites, and hrgh~silica

andesites, respectively, in the western arc; and values of 52.5, 55,

60, and 65 percent silica were selected as representative of

basalts, low-silica andesites, high-silica andesites, and dacites,

respectively, in the eastern ar~.

2. Using the abovg silica values, and the regression lines

in !igures 15-24 j: 26 ,/a:~d 27, corresponding oxide values were read

ojf each diagram and plotted in Figures 31 and 32.

3. In diagrams where no regressio,n lines were computed for

some zones, an arithmetic mean was calculated for ,the oxide values

lying within the appropriate silica range given on page 25 . These

mean values are represented by solid dots in Figures 31 and 32.

With regard to the interpretation of the var~ationsshown

in Figures 31 and 32, note that no measure is given of the signifi6ance­

of changes in average oxide contents between one zone and another.

For example, there is little doubt that at 55 percent silica the

K20jNa20 values of rocks from the southern P~~t of zone G are signi­

ficantly higher than those for zone F, but t:here is much more doubt
I, '---

that, for example, at 52.5 percent s~lica the MnO Val}les:,in zone F

~aresignificantly higher than those for zone E. Considerable care

must therefore be taken so that interpre~ations of the apparent

changes ip...average oxide contents are not exaggerated.
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,Oxides having similar patterns of variation in Figures 31

and 32 have been grouped together in Table 11, in which two main

groups - 1 and 2 - and four subgroups are identified. The most note­

worthy aspect of this classification is that oxides of elements which

generally concentrate in residual liquids during fractionation, or

enter first"""formed anatectic liquids, appear together in group lA.

In the eastern arc, the oxides (and oxide combinations) of

group 1 have generally hdgher values in the more northerly zones.

Notab le exceptions are:. (1) K
2
0, which' decreases nor thwards in rocks

from zones G and H containing more than ibout 60 P?rcent 8102 (see

next section, for a detailed discussion); (2) Na 20, which has minimum

valyes in rocks from the southern part of zone G; and consequently

(3) K2 0/Na20, which shows maximum values in the southern part of

zone G, and decreasing values farther n~~th in rocks from zones G

and H ',-i th more than 60 percent sil.ica. Northward increases' are also

shown by the group lB oxides, but are much less clear thah"those

shown by the group lA oxides. Ih contrast to group 1, the group 2

oxides (and oxide combinations) generally have lower values in rocks

from the more northerly zones, or else values are more or less

constant from south to north. Exceptions are rocks from the southern

part of zone G in which the group 2A oxides show maximum values.

Lower percentages of total phenocrysts and amphibole phenocrysts are

also contained in rocks from 'the more northerly zones (see p. 31

and 35 ).

In the western arc, the group 1 oxides generally have

maximum values in zone C and to a lesser extent~{P205 and K20/Na20

are notable exceptions) minimum values in zone A. These relations

are more clearly shown by the oxides of group lA thanoby those of

group lB. The group 2A oxides generally have minimum values in zone

C and maximum values in zone A. The group 2B oxide (A1 20 3 ) shows

erratic behaviour between the western zones. Minimum percentages of

amphibole phenocrysts are also contained in zone C rocks, and minimum

percentages of total phenocrysts are contained in some rocks from

Long Island, in zon~ C (see pp. 31 and 35 ).



TABLE 11. MAJOR OXIDES (INDIVIDUAL, RATIOS, AND SUMS)
CLASSIFIED ON BASIS OF GENERALLY SIMILAR BEHAVIOUR IN ROCKS

WITH THE SAME SILICA CONTENT BETWEEN ZONES A TO H OF
THE EASTERN AND WESTERN ARCS

Group

1

Subgroup

A

B

A

B

Oxides

K20, Na20, Ti02 , P20S

K20/Na20, Na20+K20

CaO, MgO,

MgO/FeO+Fe20 3 , Fe20 3 /FeO
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K-h relations in the eastern arc

During recent years, considerable attention has been gixen

to the relations between the K20 and Si02 contents of circumoceanic

rocks and the depth, h, to Beni~ff zones underlying the arc-trench

systems. Since 1967, 'K-h' relations (Dickinson & Hatherton, 1967)

~ave been reported from many circumoceanic regions (e.g., Dickinson,

1968; Hatherton & Dickinson, 1969; Ninkovich & Hays, 1972; Nielson

& Stoiber, 1973; Hutchison, 1975; Whitford & Nicholls, 1976), and it

is now widely accepted that K20 increases in rocks with the same

silica content as h increases; on this assumption, K20:Si02 relations

have been used to identify the eXistence, polarity, and inclination

of palaeoseismic zones (e.g., Lipman, Prostka, & Christiansen, 1971).

Because of this interest, K-h relations for the rocks of

the eastern arc, which overlies the inclined Benioff zone beneath

New Britain,are considered here in greater detail. 'Average' K20

values at thL:four silica levels in Figure 32 (K52 . 5 , K55 , K60 , K
65

),

and depth ranges (h) of the New Britain aenioff zone beneath each

of the zones in the volcanic arcs (Fig. 4), are plotted in Figure 33.

~

K52.5. For two reasons, little significance can be attrib-

uted to the relative differences in K20 between each of the zones

Eto H. at the 52.5 percent Si02 level shown in Figure 33:. firstly,

among the analysed rocks of the eastern arc, bas~ ts are well repre­

sented only in zone H; and secondly all the regression lines in

Figure 15 indicate K20 contents of less than 0.6 percent .by weight,

and at these low levels routine analysis of K20 is not especially

accurate. Nevertheless, Figure 15 shows that K
2

0 is lower in the

basalts of zones ~and F than in many of those from zones G and H.

K55. The low-silica andesites show a general but irregular

increase in K
2

0 northwards across the New Britain Benioff zone.

There is no effective distinction between the low-silica andesites

of the nqrthern and southern parts of zone G, and the apparently



Fig. 4. Benioff zone beneath central New Britain
(adapted from Figure 136 in Appendix 1), showing
the limits of zones E· to H (Fig. 10) and an
I envelope I of constant thickness and .constant dip
enclosing the deeper earthquake foci. Depth
ranges: zone E = 70-160 km, zone F = 95-230,
southern part of zone G = 130-285, northern
part of zone G = 185-385, .zone H = 295-580.
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higher K20 value for ~one F compared with that for zone E is so

slight as to be of no' practical significance. However, the absence

of any significant separation between the regression lines for zones

E and F at K55 - and at K52.5 (see above) - is largely due to the

effect of rocks from Ulawun (a zone E volcano), whose K20 contents

are closer to those of zone F rocks than to zone E rocks (Fig. 15).

If the Ulawun rocks are excluded f~om th~ d~ta set, there is a much

clearer separation of the two regression lines at low 8i02 values

(not illustrated here).

KGO. At 60 percent 8i02 , K20 increases from'zone E to
zone F and abruptly to the southern part of zone G. But this

trend of increasingK?O does not continue into the northern part
/ 6.J . '•

of zone G, which - rather - apparently has a lower K20 c~ntent.

However, this reversal in trend may not be a real feature, for

Figure 15 shows that the high-silica andesi tes o.f the southern and

northern parts of zone G are indistinguishable. A further increase

in K20 is irtdicated by the zone H regression line, whose position

at K60 is controlled by the high-~ilica andesitesfromone

volcano - Dnea.

K65. The K
2

0 variation is more clearly defined for the

dacites than for the other rock types. The K-h plot for K65 is sim­

ilar to that for K60, but, in contrast, indicates a diminishing K20

content from the southern part of zone G through the northern part

of zone G to zone H. The low K
2

0 value in zone H is due to the dac­

itic and rhyolitic rocks of Garove Island, whose K
2

0 contents are

similar to those in the dacites and rhyolites of zone F (Fig. 15).

Thus, in the progression northwards from zone E to zone H, the K20

contents of the dacites reach a maximum halfway across the Benioff

zone, and decrease as the depth to the Benioff zone increases further.

A comparison of all four K-h plots in Figure 33 shows

that, although the overall trend is towards higher K20 contents in

rocks (with the same 8i0
2

content) overlying deeper parts of the

Beniofi' zone, there are notable exceptions, and the trend is not
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necessarily the same at each Si02 level. The four plots also

emphasize the conclusion reached above - that, in the sbuth, K?O...
increases progressjvely between zones E i F, and southern G, and that,

in the north, K2'0 variations between both parts of zone G' and zone H

appear to be unsystematic .. K20 does not necessarily increase as h

incJeases; in fact, in rocks from the northern zones containing

more than 60 percent sili6a, K20 de~reases a~ depth to the Benioff

zone increases.

Integration of K-h relations for many islagd arcs

(especially Pa~ific ones) into a worldwide correlaTion has been

attempte0 by se\leral investigators. For example, in a recent

study Ninkovich & Hays (1972) plotted K?O versus SiO? for many
. - ...

rocks from several. arcs in the circum-Pacific region, and dr&w

contours dividing the points roughly into fields corresponding to

~he depths to th~ Benioff zone above which the volcanic rocks were

slUllpled. Three of these contours are shown in Figure 34. The five

regression lines for the New Britain volcanic arc (Fig. 15) are also

shown in Figure 34; they al.l fall below the 'h = 150 km' contour of

Ninkovich & Hays (1972), despite the fact that the depth of the

New Britain Benioff zone ranges between 70 and 580 km.

Dickinson (1975) also recently examined K57.5-h relations

for 64 SeleCT.ed volcanoes and volcano clusters in 14 different arc­

trench systems ove~lying Benioff zones down to depths of 280 km.

The data for the New Britain zones E, F, and southern G plot in the

general field of Dickinson's 'intra-oceanic arcs', and those for the

northern part of zone G and zone H fa;l outside this field and its

extension. The sou~herly zones of th0 eastern arc, therefore, accord

reasonably well wjth the worldwide K-h correlations of both

Ninkovich& Rays (~J72) and Dickinson (1975), but the northerly ones

show pronounced departures.

Intervolcano variations

Superimposed on the interzonal variations are the compos­

itional trRits of ro~ks from different volcanoes in the same zone.
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These traits indicate that, although the chemistry of individual

volcanoes is controlled to a large extent by their tectonic setting,

chemical features in some volcanoes appear to be independent of the

position of the volcanic centre within the arc. Rocks of the fol­

lowing volcanoes are particularly conspicuous in showing distinctive

bulk rock compositions.

(1) Vokeo. Compared with other western rocks of the same silica

content, those of Vokeo, and of Viai, have exceptionally low K?O and...
PZ0 5 contents (Figs. 15 and 20). Vokeo rocks are further distin-

guished by their low PeO + FeZ0 3 and MnO contents (Figs. 24 and 27).

(2) Karkar and Long. In addition to having exceptionally high

FeO + Fe
2

0
3

contents (Fig. 24), rocks from Karkar (zone B) and Long

(zone C) are also characterized by low CaO, MgO, and Fe20 3 /FeO values

(Figs. 21, 23, and 26). In addition, the rocks of Long have the

highest MnO values of all the western rocks, and the andesites are

especially low in AI
Z

0
3

(Figs. 27 and 22).

(3) Ulawun. In almost all the variation diagrams, the rocks

of Ulawun, in zone E, show the chemical characteristics of rocks

from zone F (see Table 4). The chemical individuality of the Ulawun

rocks is particularly striking, especially when they are compared with

those of Bamus, the neighbouring volcano to the southwest (Fig. 6).

Both Ulawun and Bamus are stratovolcanoes over 2000 In high, and have

erupted throughout the Quaternary. The Bamus rocks are mainly low­

silica andesites whose chemistry is similar to that of andesites from

other zone E volcanoes. The Ulawun rocks, on the other hand, are

mainly low-magnesia basal ts which show zone F chemistry. Thesere­

lations imply that the courses of magmatic evolution were independent

for each volcano. Note, however, that the rocks of Ulawun and

Bamus, and of Lolobau, share one chemical feature: they have higher

Ti02 values than other rocks from zones E and F (see Fig. 19).
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(4) Garove. Compared with the other eastern rocks, those of

Garove are especially high in ~nO (Fig. 27). In addition, they have

lower K 20 contents than other zone H rocks with the same silica

content (Fig. 15), and they include dacites and rhyolites,which are

absent from the other zone H volcanoes (see p. 29).

Attention is drawn to these volcanoes because they clearly

illustrate chemical individuality. They are not, however, the only

south Bismarck Sea volcanoes that show this feature, and the point

made on page 39 is worth re-emphasizing - that the analysed rocks of

each volcano are in different degrees chemically distinct from those

of other volcanoes in the same zone, and in the same arc.

General theories for the urigin of the rocks in both the

western and eastern arcs must +herefore explain, not only the

regional chemical variations, but also the chemical independence of

volcanoes. In addition, these theories, in both arcs, must account

for (1) the distribution pattern of th~ volcanoes in relation to the

geometry of the late Cainozoic plate boundaries (p. 17), (2) the

relativ8 abundances of rock types (p. 27), (3) stratigraphic dif­

ferences in rock type (p. 29), and (4) differences in petrography

(p. 30). These problems are dealt with in the last sections of

the Report. In the following section the compositions of the rocks

of the south Bismarck Sea are compared with those of island-are-type

rocks from other late Cainozoic volcanic provinces in Papua New

Guinea.

CO~WARISONS WITH OTHER VOLCANIC~ROCKS FROM PAPUA NEW GUINEA

Three volcanic rock associations

Using major-element chemical analyses of 868 late

Cainozoic volcanic rocks, including those discussed in this Report,

Johnson, Mackenzie & Smith (in prep.a) identified seven island~arc-



,-

-77-

type volcan~c provinces~n PapuaNew Guinea, and classified them

into three magmatic assQ.iiatiolls: t'lle ro.cks of the easte]~~n and

western arcs were grouped int~a 'SBS' (south Bismarck Sea) assoc­

iation; those of mainland Papua~eW'Guinea (Highlands and~ea~tern

Papua, excluding the D'Entrecasteaux Islands)~ the Rabaul area, and

Bougainville Island were combined as a 'MRB' association; and rocks

from the Tabar-to-Feni Islands were grouped in a 'TLTF' associiation

( see p. 5 and Fig~, 1).

From a consideration of several types of chemical variation

diagrams, Johnson et al. (i n prep. a) conclud,~d that the three

above associations could be effectively distinguished using the

normative mineralogical parameters shown in Figure 35. The
"

principal featureS of the sas association shown in this diagram are:

(1) the absence of alkaline (nepheline-normativ~) rocks (which are

commonly found in the MRB and, especially, TLTF associations);

(2) compared with hypersthene-normative rocks from the MRB assoc­

iation with the same DI (i.e., the same amount of salic normative

minerals), the sas rocks are much more strongly sili8a-oversaturated

(corresponding to lower alkali contents in rocks with the same

silica content).

Q-modefactor analysis was also performed on the 868

chemical analyses. Three factors were obtained whose loadings are

similar to those reported above (p. 64 ) for the SBS rocks alone. On

a trL~ngular diagram showing factor loadings, distance from the

factor 1 apex along the factor 1-2 join was shown to be equivalent

to increasing content of salic normative minerals (cf. the differen­

tiation index, Dr, of Fig. 35), and factor 3 was dominated by the

oxides of the three major incompatible elements P, Ti, and K.

Figure 36, a plot of the oxide abundances of these three elements

against differentiation index, illustrates a further important

characteristic of the SBS rocks - that they have much lower incom-

~patible-el~ment abundances than rocks with the same DI from the

MRB and TLT~ associations.
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Johnson et al. (in prep. a) also examined the chemical

diffe~ences between the three associations in standard variation

diagrams which have been used extensively in the literature ­

including the FMA diagram, shown in Figure 37. In this diagram

there is considerable overlap of the sas group with the MRB and

TLTF groups, but the samples richest in iron are from the SBS group.

In the identification of the three associations, note

that rocks from the Rabaul area (Fig. ~) were not included in the

sas group, even though (~) the Rabaul complex is associated with

the same plate boundary as the SBS volcanoes futhe eastern arc

(Fig. 3), and (2) the Rabaul rocks are chemically similar to the

rocks from zone H, in the eastern arc (see below). Nevertheless,

the compositions of the Rabaul rocks do not reflect the systematic

patt0rn of variation acr0SS the eastern arc as the depth to the

New Britain Benioff zone increases (see below), arid, as the Rabaul

complex is also geogr~phicallydistinct, it is regarded as a

sep~rate volcanic province. Moreover, by including the Rabaul rocks

in the MRBgroup a greater polarization of the SBS and MRB groups

is obtained.

dabaul volcanic complex

The volcanic complex occupied by the township of Rabaul is

at the northeastern tip of New Britain, and is a breached double

caldera rimmed by older and younger volcanoes (Fisher, ~939;

Heming, 1974). In the eastern part of the caldera is Tavurvur

volcano,. which last erupted in 1941-43 (Fisher, 1976). Tavurvur had

previously been active in 1937, when complementary activity built up

a new cone - Vulcan - in the western part of the caldera (Fisher,

1939). The caldera is seismically active (Myers, 1976).

Major-element chemical analyses of 27 volcanic rocks

from Rabaul were presented by H·eming & Carmichael (1973), Heming

(1974), and Matsumoto (1976). Eight samples \'1ere of water-rich
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pumices which may have been chemically modified by ground-water

leachi.ng. Using the Irvine & Baragar (1971) oxida~ion transform

(see p. 39) the 27 analyses have been recalculated without volatiles;

by adopting the classification scheme on page 25 , they correspond

with a range of co~positions from basal~ (both olivine-normative and

quartz-normative) through andesite and dacite, to rhyolite (one

hydrated pumice). Heming (1974) noted the absence of rocks with

8i02 contents in the range 55.5-60 percent, and drew attention to

similar compositional gaps reported from Talasea (Lowder &
Carmichael, 1970) and from the Tonga-Kermadec island-arc (Brothers,

1970). This suggestion of a bimodal sui~e at Rabaul is consistent

with the findings discussed above (P.28 ) with reference to curve

11 in Figure 11.

The Rabaul analyses were plotted (though not illustrated in

this Report) in FigUl"CS 15-24, 26, and 27 to compare them with the

analyses of rocks with the same silica content from the eastern arc.

The rock compositions resemble those of Z80e H and to a lesser extent

those of the northern part of zone G.

K20 and K
20/Na20 values in the Rabaul rocks are high

throughout. the'basalc-to-r h yo1ite range; in the andesites they are

similar to values in the zone H andesites, but in the basalts they

are higher than in many basal ts -<rom the Mundua group and Garov,e

Island (zone H), and K20 cqntents in the dacites and rhyolites are

higher than in those of Garove. Na20 contents resemble those of rocks

from'tbe more northerly zones in the eastern arc; some Rabaul pumices

are relatively Na20-poor, perhaps because of post-emplacement

leaching. Na2 0+K20:Si02 relationships in the Rabaul rocks are the

same as those for rocks from zone H, except for two ~lkali-deficient

pumices. Rabaul Ti02 contents are mostly in the range 0.8-1 percent,

and typical of those in rocks from the northern part of zone G and

.,~
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from zone H. P Z0 5 values are also similar*, but none is as high

as the maximum PZo~ value found in a rock from zone H. CaO contents::> .
in the Rabaul rocks are low and identical with those of zone H.

AIZ0 3 , MgO, FeZ0 3+FeO, and MnO values are all similar to those for

rocks from the northern zones G and H, but as discussed above these

oxides are poor discriminants for the rocks of all the eastern zones.

Some Rabaul MnO values exceed the maximum values in the eastern arc,

in rocks from Garove Island.

Despite many similarities between the compositions of rocks

from zone Hand Rabaul, there is no correspondence with depths to

the New Britain Benioff zone: the depth range of earthquakes beneath

zone H exceeds 300 km (Fig. 4), but, as shown in Figure A of Appendix

1, the Benioff zone beneath Rabaul is less than 300 km deep.

ISLAND-ARC MAGMA GENESIS

Role of water, subducted sediments, and radiogenically

enriched crust

Explanations for the origin of island-are-type magmas are

numerous - Oversby & Ewart (197Z) ,for example, listed eight different

modern hypotheses. However, according to plate theory, the litho­

spheric slabs that move across ocean basins are spbducted beneath

island arcs, and the downgoing slabs carry hydr~ted oceanic crust,

or wet sediments, to levels where water is liberated and magmas are

*Note that the P
Z

0 5 values reported by Matsumoto (1976) for six

~ocksare in the range 0.10-0.14 percent, whereas those given by

Heming &Carmichael (1973) and Heming (1974) for 21 rocks are, with

twoex~" i::ions, consisently higher (range 0.19-0.37). The range
\;,~.'..

of higher values is more typical of rocks from the northern part

of zone G and from zone H.
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generated under hydrous conditions (e.g., McBirney, 1969; Wyllie,

1971). (These conditions contrast with those at mid-oceanic ridges

where new lithosphere is created and plates separate, and where

magma is generated under essentially anhydrous, or low pH20,

conditions, e.g., Green, 1971.)

Because both the western and eastern arcs overlie regions

where plates may have underthrust one another (see above), most of

the magmas in both arcs a7e thought to have been generated under

conditions controlled or influenced by significant quantities of

water derived from the upper parts of the lndo-Australian and Solomon

Sea plates. The explosive character of the volcanoes, and the

presence of amphibole, amphibole relics, and biotite in the rocks,

are consistent with this interpretation.

At present, the balance of evidence from trace-element

and isotope studies on other island-arc rocks appears to be against

(e.g., Taylor et al., 1969; Oversby & Ewart, 1972; Church, 1973;

Gill, 1974), rather than for (e.g., Tatsumoto, 1969; Armstrong &
Cooper, 1971), the incorporation of large quantities of parti~lly

melted subducted sediments in island-arc magmas. It is assumed here,

therefore, that water is provided from oceanic crust consisting of

' •.. a heterogeneous mixture of anhydrous mafic rock~, amphib9lites,

greenschists, and included blocks of serpentinite ... ' (Nicholls &
Ringwood, 1972, p. 245; after Cann, 1970). The crustal rocks that

have underthrust the western and eastern arcs may. be similar to

basaltic rocks that cap the Papuan Ultramafic Belt, an obducted slab

of oceanic crust and upper mantle derived from the Solomon Sea

area (Davies, 1968, 1971); the basaltic rocks are l ••• uralitized,

chloritized, and epidotized to some extent, and some are completely

altered to epidote l (Davies, 1968, p. 216).

initial

Lowder,

Twenty-four rocks

S 87/S 86 t" "r r ra 10S ln

& Carmichael, 1970;

from the western and eastern arcs have

the range 0.7034-0.7038 (Peterman,

Page & Johnson, 1974), except for an
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andesite from Karkar which had a value of 0.7041. Peterman &
Heming (1974) 'reported Sr87jSr86 values in the range 0.7035-0.7040

(mean = 0.7038) for eight rocks from the Rabaul area (Fig. 1).

These data indicate that (1) significant quantities of old.radio­

genically ellriched crustal material have not been incorporated

into the magmas, nor have the magmas been derived from such

material, and (2) the source region of the magmas is essentially

isotopically homogeneous, with the exception of the region beneath

Karkar.

Experimental petrology

The most important contributions to stuc.ies of island-arc

petrogenesis have been from the field of experimental petrology.

The results of experiments under hydrous conditions have been

reported in numerous papers during recent years, and there is genrral

agreement that these results are applicable to an understanding of the

origin of magmas erupted in island arcs. Nevertheless, there has

been, and still is, considerable controversy over the results of

some critical experiments, as discussed briefly below. Fourdif­

ferent laboratories have contributed relevant experimental results:

1. Australian National University (ANU), Canberra (D.H.

Green, 1972, 1973a, b, 1976; T.R. Green, 1972; Green & Ringwood,

1968, 1972; Nicholls, 1974; Nicholls & Ringwood, 1972, 1973, 1974).

2. Carnegie Institution and Pennsylvania State University,

Washington (AlIen et al., 1972; Eggler, 1972, 1974; Eggler &
Burnham, 1973; Rolloway & Burnham, 1972; Kushiro, 1969, 1972, 1974;

Kushiro et al., 1968, 1972; Mysen, 1973, 1975; Mysen & Kushiro, 1974;

Mysen & Boettcher, 1975a, b, 1976).

3. University of Edinburgh (Cawthorn, 1976; Cawthorn et al.,

1973a, b; Cawthorn & O'Hara, 1976);
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4. Universi ty of Chicago (Huang & Wyllie, 1973, 1975; Lambert

& Wyllie, 1968, 1970; Maal~e & Wyllie, 1975; Milhollen et al., 1974;

Nehru & Wyllie, 1975; Stern, 1974; Stern & Wyllie, 1973a, b);
I

Results from several of these studie~ have been used in

support of the proposal (cf .. Kuno, 1959) that the volcanic magmas

of island arcs are direct partial melts of the basaltic crustal

portions of downgoing slabs (e.g., Green & Ringwood, 1968;

Holloway & Burnham, 1972). However, several criticisms can be

levelled at this pJoposal. At depths greater than about 100 km the

hydrated basaltic crust will be converted to eclogite (e.g.,

Ringwood, 1974), and direct partial melts should therefore be in

equilibrium with garnet, which preferentially incorporates the

heavy rare-earth elements (REE); but island-are-type magmas are

not strongly depleted in heavy REE, and therefore cannot b~4ve

been in equilibrium with an t::clogi tic source (see, for example,

Gill, 1974, for these and other geochemical arguments against a

direct slab or~gin). In addition, basaltic magmas erupted above

3enioff zones at depths less than about 100 km can be generated from

the downgoing basaltic crust only by complete or near-complete
~ ,..

melting Ce. g., Holloway & Burnham, 1972); however, it is doubtful

(1) if the high temperatures (greater than about 11000 C) required

for complete anatexis are reached at these depths (see, for example,

the review of thermal regimes in island arcs by Wyllie, 1973), and

(2) whether complete anatexis can ever take place without refractory

phases settling out during melting (e.g., Green & Ringwood, 1967;

Green, 1972). Moreover, totql melting will completely destroy the

subducted oceanie crust~~'~h{ch9annot therefore. be the same source

of basalti.c~ma·gmas .erupt.ed o~~r.the.~eeper parts of Benioff zones .

.F'fn~iiy> if th(~di;if~:~en~.~ype~'of :b~$alt: found a tyonvergent plate

"':"boun'da:ries ar~.all dei-ivedby 'comp'le,t'e, .:m~~]\i·ngO"ioc~a~ic.cr~st,. it

'isdiff{cTll t to. env.isag~ a siroilarly vlide range of basaltic or
. . ... '. . .

""'eclogitic composi~lons fo'r .,the crust, and impossible to a'c6ount for

'. thG origin o.f Cl.lka'li basal ts b~corriplete melting oi\tn oceanic

tholeiitE source (e.g. , Cawthorn, 1976).
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Many investigators now favour the generation of primary

island-are-type magmas not in the downgoing slabs but in the wedge

of upper mantle peridotite above the slabs where melting is believed

to take place by the i llflux of water from I;he underlying subducted

oceanic crust. Experiments aimed at duplicating these conditions

have been the cause of a controversy.

Several investigators of the Washington school (in par­

ticular Kushiro and Mysen) claimed that the liquids derived from

experiments on peridotite-plus-water c~mpositions at mantle pre-

ssures (up to 30 kb) were rich in silica (about 60% or more). These

results were assumed to verify earlier speculations that the andesites

and dacites of island-arcs are derived from the mantle (Poldervaart,

1955; O'Rara, 1965). Other investigators, however, have at dif-

ferent times posed the question: do these experimentally derived,

high-silica compositions represent liquids in eqUilibrium with the

liquidus minerals under the stated conditions of the experiment?

Experimental petrologists from the three other schools have, as a

result of their own experiments, stated that glasses quenched from

these liquids are not in eqUilibrium with the liquidus minerals, as

they appear to have been modified by crystallizati ,n of low-temperature

minerals, or else equilibrium was never achieved because of the un­

suitable g~ainsize of the starting materials (e.g., Nicholls &
Ringwood, 1973,1974; Cawthorn et al., 1973a; Nehru & Wyllie, 1975).

Loss of iron from the experimental charge into the pla~inum capsules

during long runs, and the difficulties of analysing pools of glass

with the electron microprobe, provide additional problems in the

interpretation of iesults (e.g., Merrill & Wyllie, 1973). In spite

of these problems members of the Washington school have continued

to claim the validity of thbtr experimental results (e.g., Mysen:

1975) .

As a non-specialist, I am not qualified to judge this

issue . 'However, as the Washington experiments haveb een cri tized

:by three independent schools, the concept that the high-silica
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rocks of island arcs are 4erived from the rilantlc is not emphasized

in the following section~, and the widely accepted view that these

rocks are derived by crystal fracttonation of primary basic

magmas is favoured. Another mode of origin for the dacites and

rhyolites is also discussed in a later section.

Recognition of primary magmas

Derivation of primary magmas from upper mantle peridotite

requires that they must have been in equilibrium with upper mantle

olivine and orthopyroxene (Green & Rin~vood, 1967). Conversely,

the liquids should have olivine and orthopyroxene on or close to

their liquidi at upper mantle pressures or, if olivine is not a

liquidus phase, it should he when only a small amount of olivine is

added to the experimental charge (Nicholls, 1974; see also the

discussion by Mysen & Kushiro, 1974, and Nicholls & Ringwood, 1974).

Green (1971) suggested that rocks having 100Mg/(Mg + Fe2+)

values (i.e., 'Mg-numbers' in which Fe2
+ is the atomic ferrous iron

content shown in the rock analysis) in the range 63-73 could have

been in equilibrium with mantle olivine of 100Mg/(Mg + Fe2
+) = 87-92.

Rocks with Mg-numbers much less than 63 were considered more likely

to represent magmas which fractionated on their way to the surface.

In rocks with Mg-numbers greater than 63, the amount.of MgO (weight

percent) is more or less equal to, or greater than. that of FeO

(weight percent).

The criteria suggested by Green (1971) for the recognition

of possible primary magmas partly depend on the results of iron/

magnesium partitioning experiments performed by Roeder & Emslie

(1970), who showed that at 1 atmosphere the partition coeffic~ent

= (XOlivine)
FeO

(XLiquid )
FeO

(~iqUid )
MgO

(XOlivine )
MgO
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is 0.3 (0.29-0.34 taking into account analytical error in

the determination of ol{vine compositions). Green used this value

of 0.3 to test for magmas that could have been in equilibrium with

mantle minerals (e.g., Green, 1976). ~) values are, however,

functions of parameters such as tempera.ture, pressure, water content,

oxygen fugacity, etc. Roeder & Emslie (1970), for example, reported

a range of KD values between 0.26 and 0.36 for 27 experiments under

different conditions. Nicholls (1974) also reporded KD values of

0.33-0.50 for hydrous experiments, and Mysen (1975) suggested that

the ranges might be even greater, as his experimen~s with oxyge~

fugacity controlled by the magnetite-hematite buffer showed that

'equilibrium' liquids (the claim of equilibrium is disputed) were

strongly depleted in magnesium. (Myse? & Kushiro (1974) used these

results in support of the concept that andesit~3 (low in MgO) are

derived from the mantle; Nicholls & RinrNood (1974), however,

argued that, irrespective of the correctness of the experimental

method, the strongly oxidizing conditions determined by the magnetite­

hematite buffer were unlikely to apply in the upper mantlp.. and

therefore that Mysen & Kushiro's (1974) concept was unac~ l' ';able.)

It seems therefore that Mg-numbers in the range 63-73

cannot be used as precise indicators of equilibrium wi th mantle

minerals. Although in the following discussion attention will be

drawn to rocks whose Mg-numbers fall within the range 63-73, this

does not necesarily imply that rocks with Mg-numbers below 63 cannot

have been produced directly from the upper mantle.

It is not known if any of the erupted rocks of the south

Bismarck Sea volcanoes have the exact compositions of primary magmas.

Some of the primary magmas may have been picritic (cf. Stanton &
Bell, 1969); others may even have been alkaline*. However, in the

absence of definite evidence to the contrary, it will be assumed

that the primary magmas were all hypersthene-normative, and that

the most basic rocks in most of the volcanic zones are the

near.est approximations to the composi tions of t he primary magmas.

*Arculus & Curran (1972) and Sigurdsson et aI. (1972), for example,

suggested that the parental magmas of hypersthene-ilurmative island­

arc rocks from the Lesser Antilles were strongly nepheline-

normative.
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Temperature distributions in the mantle

~J .A w~de range of conditions determines th8 extent of

partial: me'~t'iBg in the upper man t le and, therefore, the compositions

0: the resulting primary magmas. One of the most important con­

ditiol~s is the distribution of temperatures .

Recent investigations into the thermal regimes beneath
'"

island arcs have shown that many factors influence the pattern of

isotherms, but the relative importance of these factors is not well

known. However, there is general agreement that the downgoing slabs

of island arcs are colder than the mantle material through which

they descend, and tha~ they are capable of extracting heat from the

surrounding mantle (e.g., Oxburgh & Turcotte. ~970; Minear & Toks6z,

~970a, b; Gr~ggs, 1972; Le Pichon, Francheteau, & Bonnin, 1973;
.'

Toks6z, Slee~, & Smith, 1973). Slowly d~scending slabs are likely

to heat up more readily than quickly descending ones with the same
v

composition and thickness. Thus, rates of slab descent will govern

the thermal t~gimes of the slabs, and of those parts of the upper

mantle above ;,)1 slabs where primary magmas are believed to form.

In addition, '{-::t intermediate and deep-focus earthquakes in Benioff

zones are due~o mechanical failure in the cold interiors of the

downgoing slabs, the deeper earthquakes will take place more readily

in those parts of the slabs ~hich have cemained colder to greater

depths - that is, in slabs which have been subducted more rapidly

(Isacks~ Dliver & Sykes, 19G8).

Rates of slab descent may be a primary control on the

distribution of isotherms beneath island arcs, but other factors

may also have an influence - for example, lateral changes in the

thickness of the slab, lateral differences in thermal properties of

the slab and overlying mantle, and changes in the positions of

instantaneous poles of rotation throughout geological time

The possible interactions between all thesE! var.iables are' s'o"c'omp~ex,

that they cannot :Je elucidated satisfactorily at present, and".

petrological interpretations for specific island arcs, such as tho§~

given in the following sections, must therefore remain largely
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speculative. However, in the following ~~odynamic interpretations,

rates of slab descen~ are considered to be of primary importance,

and the effect of all other unstated factors is assumed to be

constant.

ANUmodel for island-arc petrogenesis

Despite the considerable interest in island-arc petrology

by the four schools of experimental petrology listed above, only

the group at the Aus~ralian National University (AND) has attempted

to integrate experimental results into general island-arc models

using results from ~he fields of isotope and trace-elementgeo­

chemistry, geophysics (especially studies of thermal regimes), and

geology. The latest version of one widely publi~ized AND model

was described by Ringwood (1974, 1975) and Nicholls (1974), and its

essential feature~ are.~~own in Figure 38.

Ringwood and Nicholls believed that the hypersthene­

normative rocks of island-arc volcanoes can be grouped into

thbleiitic and calcalkaline associati6ns~ They also accepted the

claim o~ Jake~ & White (1969), Jake§ & Gill (1970), and Gill (1970)

that the tholeiitic magmas are produced during the early stages of

island-arc development, in contrast to the calcalkaline ones which

form later - during a more evolved stage.

In the tholeiitic stage (Fig. 38 upper) the amphibolite of

§ubducted oceanic crust reaches depths of80~100 km, where

temp,eratures are judged to be about, or less than, 6500 C. The

amphibolite dehydrates (subsolidus) to form eclogir.e, and releases

wat'erinto the overlying peridoti te" parts of which rise as diapirs

to depths ~her~ partial melting under hydrGus conditions generates

tholeiitic magmas close to silica saturation. During their ascent

to the surface, these thGleii tic magmas, fractionate olivine and, at
, ,

lower pressures, pyroxene and amphibole, producing a spectrum of

compositions from quartztholeiite tQmore strongly oversaturated

compositions ",

',;'
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In the calcalkaline stage (Fig. 38 lower) hydrated oceanic

crust descends below about 100 km, and is converted to quartz

eclogite; a high water-vapour pressure is maintained in the down­

going slab by the breakdown of hydrous minerals such as serpentine,

talc, micas, epidote, and, at greater depths, ~igh-pressure hydro­

xylated magnesian silicates. Below 100 km, temperatures in the slab

are estimated to exceed 7000 C, and the quartz eclogi te partially

melts under hydrous conditions. These slab melts are K20/Na20-rich

and silica-rich and they rise into the upper mantle, where they

react with the peridotite to form rocks which have been called 'wet

garnet pyroxenite' (Nicholls & Ringwood, 1973), 'peridotite-pyroxenite'

(Nicholls, 1974), olivine-garnet pyroxenite (Ringwood, 1975), and

'modified pyrolite' (Ringwood, 1976). Diapirs are formed, and the

'pyroxenite' pa~tially melts to form andesitesand, with big~er.

d~grees of par~ial melting at shallowar depths, basalts which are

close to silica saturation and which may SUbsequently fractionate •.

The broad features of this model are therefore (1) that the

composi tion of the upper mantle giving rise to the primary magmas'

above downgoin~ slabs is essentially homogeneous before sub-

duction, and (2) that the variations in volcanic rock compositivnR

across island arcs - particularly in K20/Si02 -are due to chemirial

interactions between the mantle, and the slab-derived siliceous

melts , .. whose composi tions and volumes are functions of depth to the

Benioff zone*.

The validity of this model is accepted by Green (1976),

also of the ANU'school. Green (1973a, 1976) has, however, proposed

an alternative but much less developed hypothesis in which LIL

(large-ion lithophile) element and isotope variations in island arcs

*Wilson (1954) was the first to speculate on the interabtion between

slab-derived siliceous melts and the upper mantle peridotite

beneath island arcs (quoted in Rin~vood, 1975).
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are accounted for by differences in source peridotite compositions

before subduction (seep. 97 ). Both ANU models are tested in the

following sections, and concepts in each of them are found to be

useful. However, note that the generalized time relations shown

in Figure 38 have very little application to either the western

or eastern arcs, in both of which the 'tholeiitic' and the 'calc­

alkaline' volcanism are essentially contemporaneous (P.22 ), and in

which the 'tholeiitic' and 'calcalkaline' groupings are inapprop-

r i ate (p. 65).

GENES IS OF PRIMARY MAGMAS IN THE EASTERN ARC

Introduction

The volcanoes of the eastern arc are associated with the

more familiar type of island arc where one plate underthrusts

another in a direction more or less orthogonal to the plate'

boundary, and where the compositions of the volcanic rocks change

in the same direction. On the other hand, in the western arc,

pronounced changes in chemistry (and possibly rates of convergence)

along the length of the arc imply a further degree of complexity to

the discussion of plate movements and the formation of primary

magmas, ~o petrogenesis in the eastern arc is discussed first.

In New Britain, where the South Bismarck plate is

believed to override the subducted Solomon Sea plate (see p. 9 ), the

volcanoes are not arranged in a simple chain parallel to the plate

boundary; instead, as described above (p.19 ) they are mostly dis­

tributed along three well defined belts: (1) along the north coast

of New Britain between Lolobau and Likuruanga in the east and

Dufaure and Wago in the west - that is, zones E and F (excluding

Krurnrnel, Fig. 10), (2) the north-south chain of volcanoes making

up Willaumez Peninsula - zone G (and Krurnmel), and (3) the Witu
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Islands - zone H. The explanation adopted here for this curious

distribution is that the relative motion between the downgoing

lithosphere and the overlying South Bismarck plate is difIerent

beneath each of the three structural groups of volcanoes. These

differences will be described in the following sections with

reference to Figures 39 and 40.

Zones E and F

Beneath the north coast volcanoes at the present day, the

Solomon Sea plate probably carries hydrated oceanic crust into the

upper mantle (Fig. 39 and 40B). Rates of subduction are probably of

the order of 9-12 cm/year (Table 1).

Experiments have indicated that the stability of amphibole

at mantle pressures and temperatures depends strongly on pressure,

and that along most likely geotherms amphibole probably breaks down

within the range 20-30 kilobars, equivalent to depths of about

70-100 km (e.g., Lambert & Wyllie, 1968, 1970; Hill & Boettcher,

1970; D.H. Green, 1972; Nicholls &Rin~vood, 1972). In a descending

slab, therefore, the amphibole of uralitized oceanic crust may

break down, liberating water, over a similar depth~range. If, as

in the Rin~vood and Nicholls model (see above), the mean temperature

of the downgoing oceanic crust at these depths is less than about

650oC, none of the slab will melt because this temperature is below

the basalt-eclogite-amphibolite solidus (pH20 = Ptotal).

Beneath zones E and F, therefore, it is postulated that

water is released from the slab by subsolidus dehydration of

amphibole (e.g., at point X in Fig. 40A). This water either initiates

diapiric ascent of peridotite (as in the Ringwood and Nicholls

model) or ris~s farther into the mantle (e.g., McBirney, 1969; Best,

1975) where, in either case, temperatures are sufficiently high

(higher than in the underlying slab) to partially melt the peridotite

underhvdrous conditions. Thus, in Figure 40A, if sufficient water
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TABLE 1. RATES AND AZIMUTHS OF CONVERGENCE
OF THE INDO-AUSTRALIAN AND SOLOMON SEA PLATES WITH THE

SOUTH BISMARCK PLATE

Ref.erence I S

Rate A~imuth Rate Azimuth
( cm/yr) ( E of N) (cm/yr) (oE of N)

Johnson & Molnar 3.3 23 9 ') 343.~
(1972 )

."·1

Curtis ( 1973) 2.60 at IBP 18 12.02 352
5.22 at rBS 7.5

Krause (1973)* 0 at IBP 6.2 at IBS 5 or 327
6.2 at IBS 31 12.4 at BPS 327

Taylor (1975, 8.04 at IBP 29 11.65 at rBS 11
unpub lished) 9.3 at IBS 29 12.5 at BPS 8

*values calculated for a 'pre£erred' model in which BI pole is at IBP
triple junction, and left-lateral slip rate between Band P is 13.5 cm
per year (see text).

I = Indo-Australian plate

B = South Bismarck plate

S = Solomon Sea plate

P = Pacific plate

-..
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rises from X to Y, the peridotite will melt at Y, where the temper­

ature of 10000 e is above the water-satuxated peridotite solidus at

15 kilobars (D.H. Green, 1972; see Fig. 41). It is postulated that

partial melting of the peridotite generates batches of magma whose

compositions beneath different volcanoes, and at different times,'

may differ but are essentially magnesia-rich and quartz-normative,

or close to silica-saturation.

Experiments by Green (1973b) under water-saturated con­

ditions at 10 kilobars (equivalent to about 35 km depth) showed that

liquids of magnesia-rich r quartz-normative composition might be

generated by 28-32.5 percent partial melting of peridotite (of model

'pyrolite' co~position). At 11000 e (28 percent melting) the calculated

equilibrium liquid had 56.1 percent silica, 9.3 percent MgO, and
2+ 0100 Mg/(Mg + Fe ) = 74 (table 3 of Green, 1973b). At 1200 C

(32.5 percent melting), the calculated composition had 54.6 percent

silica, 11.9 percent MgO, and 100 Mg/(Mg + Fe2
+) = 75.5. Both

liquids, therefore, are of high-magnesia, low-silica andesite com­

position. Green concluded that quartz-normative basalts and low­

silica andesites might be generated at depths of up to 60 km under

water-saturated c(lndi "Lions. The maximum depths at which quar~·z­

normative magmas can be generated when pH20 is less than Ptotal will

be less than 60 km, because anhydrous or low-pH20 (0.1 percent H
2

0)

experiments demonstrated that quartz-normative liquids can be

generated only at pressures equivalent to depths of less than about

15 km (Green & Ringwood, 1968; Green, 1971; see also Nicholls &
Ringwood, 1973). Nicholls & Ringwood (1972, 1973, see above) con­

sidered that primary magmas derived at 10 kilobars under water­

saturated conditions are tholeiitic basalts close to silica

saturation. However, after further experiments, Nicholls (1974)

amended this conclusion to allow for the generation of magnesian

andesites at depths of less than 35 km; 'andesite'-like liquids were

produced at 15 kilobars, but these were olivine-normative and

alkali-rich compared with natural quartz~normative andesites.
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overlying upper mantle at a terrperature above that of the water-saturated solidus, and
so have caused melting Q West of zones E and F, the mantle temperature may have been
belcm the solidus temperature, and no melting may have taken place (see text and Fig.
40 for details). •
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Rare basalts and low-silica andesites with high Mg­

numbers are found in the volcanoes of zones E and F along the north

coast of New Britain. Because their 100 Mg/(Mg + Fe2 +) values are

greater than about 63, the compositions of the rocks may be close

to those of primary magmas geneT~ted by partial melting of 'wet'

peridotite. These primary magmas are assumed to have originated

at depths between 35 km - the depth of the crust beneath the north

coast volcanoes (Finlayson & Cull, 1973; Wiebenga, 1973) - and 60 km.

This conclusion, however, does not preclude fractionation of the

primary magmas during their ascent to the surface. Because a re­

duction in total pressure decreases the solubility of water,

liquidus temperatures will rise, and the primary magma will

crystallize (e.g., Nicholls & Ringwood, 1973). The proportion of

crystals will almost certainly change before these magmas are

erupted in their highly porphyritic condition. Slower rates of

magma ascent will promote more extensive fractionation and will

allow the formation of low-magnesia high-silica magmas.

As shown in the variation diagrams presented above. the
~ .

chemical distinction between the rocks of zones E and F - especial~y

of the basic rocks - is not as clear as that between the rocks of other

eastern zones (see Fig. 32). The differences in chemistry between

the rocks of zones E and F may be due to consistent differences in

fractionation trends of essentially similar primary magmas in both

zones E and F, or to consistent dissimilarities in composition

between the primary magmas of zones E and F. If the latter is true,

the primary magmas of Ulawun volcano, in zone E, were nearer in

composition to the primary magmas of zone F than they were to those

of zone E. As the water derived by amphibole dehydration is

unlike:'.y to remain pure (cf. Ninkovich & Hays, 1972; Best, 1975;

Fyfe & McBirney, 1975), the water which rose from the slab beneath

zone E may have contained different proportions of solvent elements

than that beneath zone F, so that chemical differences were imposed

on the primary magmas generated beneath zones E aLd F. Alternatively~

the differences in primary magma composi tion may b,~ due to differ-

ences in source peridotite compositions (see belo~).
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Vitiaz slice andWillat1.D)ez Peninsula

The volcanoes of zones E and F do not cont~nue west of

the southern erra of Willaumez Peninsula (Fig. 6). Because this

distinct demarcation-i~plies an abrupt change in geodynamic behaviour,

the m~chanism of magma genesis beneath Willaumez Peninsula and the

.W~,tu Islands .is considered to be distinct from that east of the

penin~ula. This difference in behaviour to the east and west of

the peninsula is thought 1:0 1"e due t(. tbe influence of the Vitiaz

imbricate sfice(Figs. 3 and 39).

The ViLiaz sli,ce ~ ':;' visualized as a northwa.J.'d-dipping

sliver of upp;;' f' mantle and oceanic crust between the South -Bismarck

and Solomon Sea plates (Fig. ~(\p).nown-dip, the slice is cons­

idered'to thin out, extending po farther 'Chan about 70 or 80 km

north of the north coast of N~~ Biitain, and no deep~r than about

100 ~m. Th~~urface expression of the slice is thought to be
"

area of sea floor between t~~~~wo branche~ of the western ebd

New Britain submarine trench (li'igs.,7 and 39). The length of !Sea
-':',f..:

floor underthrust by the northern margin of· the Vi tiaz slice is '

unknown.

,.-

Bt is sugge~ted that throughout the late Cainozoic the

S:.~t'h Bismarck,J;'J.h-;;e has been underthrust along a single trench

east ofWillaun10';'; Peninsula (see abovE';). but a long. two trenches

that ci.s,along the southern and northern margins of the Vitiaz
(' ""

~licex- west of the peninsula. ThUS,' the rate of subduction at 'each

of the South Bismarck/Vitiaz (BV) and Vitiaz/Solomon Sea (VS)

boundaries would have been iliuch less than that at the Souih

Bismarck/Solomon Sea boundaryi, (BS); for example, if at any instant

of time at th~( junctio~ of a~~ three boundari~s, the rate o~\ sub­

duction along the boundary BS were x, the sum of the rates}.:.of~·)sub-
:.:;: - ' - ~ '. <' \'<

duction along the bOllndiries BV and VS would prot,~bly also be)!

- very ,close.to~, <:(!1d therefore t'h~ rate of~hbdu~~i.on . ,I
"""'.

boundary B\f"\~ould be mU:ch lesst.'han tha.t along BS.
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If, throughout the late Cainozoic, the rates of SUbduction

along the South Bismarck/Vitiaz boundary have been much lower than

those along the South Bismarck/Solomon Sea boundary to the east, the

region beneath Willaumez Peninsula and the South Bismarck plate is

a zone where the downgoing Solomon Sea slab has been dragged past

the Vitiaz slice. It is suggested that within this zone of shear,

or drag zone (Fig. 39), Ptotal was reduced and shear-strain

(frictional) heating was enhanced, and that throughout the late

Cainozoic these phenomena contributed to partial melting of the slab

and to the generation of primary magmas in the upper mantle (see

below). The magmas rose through the South Bismarck plate, erupted,

and formed Willaumez Peninsula, whose trend reflects the orientation

of the drag zone at depth.

The line of Willaumez Peninsula projected southwards

intersects the point where the New Britain trench splits (Fig. 39).

This point is regarded as the intersection of the drag zone with the

Earth's surface. The trend of the peninsula is therefore the trace

of the late Cainozoic average direction of underthrusting at the

South Bismarck/Solcmon Sea/Vitiaz junction, which has not migrated

significantly westwards or eastwards.

The volcanoes of Willaumez Peninsula are grouped into

three zones (Fig. 10). From north to south, these are: (1) Krumrnel,

a zone F volcano (see above); (2) volcanoes in the southern part

of zone G; and (3) those in the northern part of zone G. The

chemical distinctions between teese zones are well defined for many

of the major oxides (Fig. 32), but perhaps the most striking differ­

ences are shown by the rocks from the southern part of zone G.

Southern part of zone G

The rocks of this subzone generally have higher CaO, MgO,

MgO/FeO+Fe20 3 , and Fe20 3 /FeO (the group 2A oxides and oxide ratios

of Tabl~'11), and K20/Na20 values, and lower Na20 and Al20 3 contents,
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than rocks with the same silica c~ntent from other parts of the

eastern arc. In addition these volcanoes appear to have a pre­

dominance of rocks containing greater than 60 percent silica (p. 29).

These petrological features are especially striking when they are

compared with those of zone r, and when it is recalled that the gap

in the K2 0:Si02 variation diagram (Figs. 15 and 30) is due mainly

to pronounced differences in composition between the rocks of zones

E and F and zones G and H (see p. 47). These relaLively abrupt

compositional changes betwee:l zones F and G imply marked differences

in conditions of magma genesis.

The depth of the BRnioff zone ~ec9ath the southern part

of zone G is within Lhe range 130<~85 km (Fig. 4). It is postulated

therefore that the crust of ~he subduct~d Solomon Sea slab is

deeper than about 100 km, and has been converted to quartz eclogite.

Melting of the eclogite at temperatures greater than about 7000 C is

enhanced in the drag zone beneath the South Bismarck plate (see

above), and is effected in the presence of water provided by the

breakdown of serpentine (as in the Ringwood and Nicholls model) or

from other hydrous mineral~ still contained in the eclogite.

ExperilJ1~nts by Green & Ringwood (1968, 1972), T.H. Green

(1972), and Stern & Wyllie (1973a) indicated that Lhe liquids pro~

duced by partial melting of hydrous quartz eclogite are rich in

si lica, alkaJis, and water, and ma·y be high in K20/Na20. These

liquids have been called I rhyodaci te-rhyoli te I (!Ringwood, 1974, p ~ 199) ,

although Stern & Wyllie (1973a) argued that theLr experimentally

derived compositions were not those of natural acid lavas; the

alkali-rich compositions may be closer to those of trachytes.

(Smith, Johnson, Mackenzie, & Taylor, in prep., described natural

trachytes from Papua New Guinea in which high La/Yb values and extreme

depletions in heavyREE suggest they are derived from a garnet­

bearing ·slab.) However, in experiments by ·K.L. Harris (pers.

comm., 1976) liquids showing low K/Na values were obtained, corres­

ponding to rocks of trondjhemitic compositions.
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To account for a few of the specific chemical features

of rocks from the southern part of zone G, the melts derived from

the underlying eclogitic source are considered to have been notably

rich in 8i02 , K20 (and consequently K20/Na20), and water. These

melts perhap~ rose into the upper mantle, where they reacted with

olivine - and so became enriched in pyroxene - and formed diapirs (as

in the Ringwood and Nicholls model) or, because of their fluidity,

they reached levels in the upper mantle where, in either case,

anatexis took place under hydrous conditions. The components of

the slab melt and the original peridotite may have been mixed to

different degrees to form 'primary' magmas that were silica over­

saturated and generally high in 8i02 , K20, K20/Na20, and water*.

After possible fractionation, all the lavas that finally erupted

were high in K20/Na20, and most of them were silica-rich; (a

notable exception is a gabbroic inclusion from Bangum). Because

of the generally high water contents, oxidizing conditions pre­

vailed, and the volcanic rocks are therefore characterized by high

Fe20 3 /FeO values. In these generally silica-rich volcanic rocks

there is an apparent correlation between high oxidation states

and high MgO/FeO+Fe20 3 values. This is the reverse of the

relations demonstra~ed experimentally by Mysen (1975) in which the

'Mg/(Mg + ~Fe) [of the liquid in equilibrium wi th olivineJ

decreases strongly and nonlinearly with increasing oxygen fugacity'

(Mysen, 1975, p. 71).

Mantle heterogeneity beneath isl~nd arcs

The results of experimental petrology have played an

important role in discussions up to this point. However, the inter­

pretations presented below are much more speculative, because detailed

experimental results on the possible compositions of slab-derived

melts are few, and because, as discussed above, the experiments are

technically difficult to perform. In addition, standard experimental

*Preliminary trace-element results also indicate high La/Yb values,

supporting the postulated influence of a garnet-equilibrium slab

melt.
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methods do not reproduce pressures of much greater than about 30

kilobars (about 100 km), and consequently the nature of liquids

generated from downgoing slabs at depths greater than 100 km is

unknown. Moreover, the peridotite overlying the deep parts of

downgoing slabs - for example, in the low-velocity zone (LVZ) of the

mantle - may not have the same composition as peridotite in the

plates above the LVZ. This possibility of heterogeheity in the

mantle peridotite adds further difficulties to the erection of

reliable models.

If the petrological evolution of the South Bismarck plate

has been similar to that of the lithosphere generated at the

divergent boundaries of mid-oceanic rises, much of the ultrabasic

portion of the plate can be regarded as peridotite that has aJ.ready

partially melted to form the overlying basaltic rocks (cf. Gast,

1968; Ringwood, 1969). This peridotite may therefore be depleted in

LIL elements, and probably sodium, relative to that of 'normal'

mantle. In addition, owing to the influence of rising melts en­

riched in LIL elements, the underlying LVZ may have become geo­

chemically stratified. (Green, 1971; Green & Lieberman, 1976).

Beneath island arcs, a third type of peridotite may form a

zone between the upper 'depleted' lithosphere and the peridotite of

the LVZ. The top of the LVZ is generally regarded as marking the

onset of a small degree of partial melting in the upper ~antle (e.g.,

Lambert & Wyllie, 1968; Wyllie, 1971), and therefore represents the

intersection of a peridotite solvus with the local geothermal

gradient. If the plate eventually becomes located over a Benioff

zone, water derived from the downgoing slab may be added to the upper
,

mantle above the LVZ, the solvus temperature of this peridotite will

be lowered, and the top of the LVZ may therefore rise. Green (1973b)

postulated that the additiobof more than 0.4 percent water will

cause the 'roof' of the LVZto rise abruptly from depths of 85-95 km

up to 60-70 km. By this process, the originally 'depleted' peridotite

may subsequently become enriched in a melt fraction derived from ~he
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lower parts of the LVZ. A possible example of a similar process

was recorded by Frey & Green (1974), who described lherzolite nodules

from Victorian basanites and postulated that they consist of two

components: 'A', consisting of refractory ferromagnesian minerals;

and 'B', a later LIL-element-enriched melt fraction.

Thus, a simplified downward sequence of types of peridotite

above the deeper parts of downgoing slabs may be: (1) depleted

peridotite, (2) the upper part of the LVZ consisting of depleted

peridotite plus an introduced LIL-element-enriched fraction, (3) the

lower part of the LVZ, which overall may be relatively undepleted,

but which may be geochemically stratified, and (4) 'normal' mantle

beneath the LVZ.

Anyone of these four peridotite types may generate the

primary magmas for volcanoes overlying the deeper parts of the

Benioff zone. However, additional factors may impose more complex

relations. For example, fluids (melts or water plu~ solvent

elements) derived from the downgoing slab may chemically modify

each of the four peridotite zones in different ways. Moreover,

upward movement - such as diapirism (cf. Fig. 38) - of some parts of

the upper mantle may destroy any simple layered structure beneath

island arcs. It has also been suggested that the young marginal

basins behind island arcs originated by lithospheric spreading trig­

gered either by heat convected upwards from the do~ngoing slab (e.g.,

Karig, 1971) or by hydrodynamic convection cells within the LVZ

(Sleep & Toksoz, 1971); whatever the mechanism mantle materials may

become recycled, mantle from lower levels may rise to regions where

anatexis takes place, and mantle layering may become distorted.

Clearly, there is considerable scope for speculation in

any discussion on the origin of magmas erupted from volcanoes above

the deeper parts of the Benioff zone - for example, those of zone H

and the northern part of zone G. However, an attempt is made to

minimize speculations in the following section; trace-element data
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are required before the wide range of possible models can be

properly evaluated. Nevertheless, one general principle is

adopted - that the chemical influence of fluids derived from the

downgoing slab is reduced as depths to the Benioff zone increase

(cf. Wyllie, 1973). As the oceanic crust descends, its components

presumably must become more and more refractory (as the low-melting­

point components are lost during successive melting episodes), and

differences in the chemistry of volcanic rocks overlying the deeper

parts of Benioff zones will therefore be governed increasingly by

differenc~s in the compositions of mantle peridotite little modified

by the introduction of slab-derived melts. Thus, the Ringwood and

Nicholls model of 'pyroxenite diapirs' is judged to become less

appl.icable as the slab reaches greater depths, and the concept of

a heterogeneous mantle as described above (based mainly on the views

of D.H. Green) is considered t~ ~ecome more important.

Northern part of zone G

In the deeper part of the drag zone beneath the South

Bismarck plate, eclogite of the downgoing Solomon Sea plate may have

been previously depleted by partial melting. It may have undergone

further melting in the drag zone in the presence of water, or else

water was derived from it by subsolidus breakdown of hydrous minerals.

It is postulated that one or other (or bo~h) of these fluids rose

into the overlying upper mantle and initiated partial melting.

In the northern part of zone G, the most basic rocks are

high-magnesia basalts which have low normative quartz or olivine,

and 100Mg/(Mg + Fe2
+) values within the range 63-73. Crystallization

experiments by Nicholls & Rin~vood (1973) on a melt with a com­

position similar to that of the basic rocks from northern Willaumez

Peninsula showed that the addition of wa~er greatly increases the

stability limit of liquidus olivine (up ~o 11, 14, 17, and 20 kilo­

bars in runs containing 5, 10, and 15 percent water, and at
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pH20 = Ptotal' respectively), and that orthopyroxene was a near­

liquidus phase in some of the runs. Rocks of this composition may

therefore have been in equilibrium with mantle peridotite under water­

saturated or water-undersaturated conditions. The basic rocks of

the northern Willaumez Peninsula could, therefore, be close to the

compositions of primary magmas of upper mantle peridotite.

The compositions and volumes of the postulated slab fluids

are unknown. However, as the K20jNa20 values are lower in rocks

from the northern part of zone G than in those from the southern

part, fluids may have had lower K20/Na20 values than those derived

from the shallower parts of the slab and may have chemically modified

the primary peridotite-derived magmas. On the other hand, the lower

K20/Na20 values in the rocks from the northern part of zone G may be

functions solely of the source peridotite composition; the compositions

of the primary magmas may have been unaffected by the mixing of slab

melts (if they existed), and water may have been the only significant

slab-derived fluid. Similarly, the higher Na20, Ti02 , and P20 5 values

of rocks from the northern part of zone G may indicate that the

source peridotite is enriched in these oxides relative to the

'depleted' peridotite that gave rise to the primary magmas of zones

E and F. Perhaps tbe source region is depleted lithospheric

peridotite that is now the upper part of the LVZ and enriched in a

'component B' (Frey & Green, 1974).

The most northerly volcano on Willaumez Peninsula is

Dakataua, whose rocks - like those of zone H (see below) - are less

porphyritic than the rocks of volcanoes farther south (Fig. 12).

These low phenocryst abundances may indicate that relatively low

water contents prevailed - at least at low pressures - and that the

correspondingly higher liquidus temperatures of the magmas before

eruption prevented the s~ne high degree of crystallization that

characterized the volcanic magmas farther south.
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The rocks of Kimbe Isla9d, whic~ lies about 30 km east

of Willaumez Peninsula (Fig~ 6), have compositions similar to those

from the northern part of the peninsula. The primary magmas of

Kimbe may have been generated beneath the peninsula, and perhaps

rose to the surface, fractionating on their way, in a conduit in­

clined to the east. Alternatively, slab fluids and primary magmas

may have been generated in favuarable, and apparently unique, circum­

stances east of the drag zone, and the primary magmas may have

fractionated in ve~tical conduits.

Although slab descent and melting may still be current

beneath the southern end of the peninsula, they are hardly reflected

in the low frequency of volcanic eruptions in modern times (see

p. 24). Thermal areas, however, are widespread, particularly on

Garbuna, whose surnmi t area has been greatly affected by t h"rmal

alteration. A possible explanation for these features is that

large quantities of early-formed water-rich siliceous melts released

from tbe slab have extensively melted the overlying upper mantle,

so that only refractory peridotite remains there. Water-rich melts

may continue to rise from the downgoing slab at the present day, but

they are inadequate to cause further extensive partial melting of

the upper mantle, and they crys-tallize before reaching the surface.

Consequently, volcanismhas diminished, but hydrothermal fJuids

still rise from the crystallizing slab melts, producing thermal

areas throughout the southern Willaumez Peninsula - in particular,

on Garbuna. The water-rich siliceous melts may have extensively

altered the crust at depth.

The depleted e~logite formed during the earlier slab­

melting beneath the southern part ~f zone G may now constitute the

top6f the slab beneath the northern part o~ ~one G.
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Zone H and the absence of"olcanism to the south

The volcanoes and rocks of zone H, ~he Witu Islands (Fig.

10), have several.· features which dis.tinguish them from other volcanoes

and rocks in the eastern arc~ Firstly, they overlie the deepest part

of the New Britain Benioff zone, and the widest range of earthquake

depths (Fig. 4). SeCondly, basalts are common on all the islands

except Unea, which- in contra~t- has the fullest development of

andesites (p.29). Thirdly, manv.zone H rocks are poor in pheno­

crysts (Fig. TZ). Fourthly; ,variations in the contents of many

oxides are greater in the zoneH·roc:ks than in rocks with the same

silica content from elsewhere in the eastern arc (see, for example,

the RSS-val~es in Table 6). Fifthly, the results of Q-mode factor

analysis (p. 63) and nonl:Ln~armapping (Appendix 3 ) indicate t hat

zone H rocks have the most distincteomposi tic'nf) of any of the rocks

from other zon~:s in the eastern 'arc.

Two other features of the volcanoes of zone H ar,e note~
,

worthy~ Firstly, in other parts of the world, island-arc volcanoes
~k. L '

overlying th~deepes~~parts of inclined Benioff zones hav~ erupted

rocks which are described as either 'alkaline'· (i. e., uncter­

saturated) or, at least, strongly potassic (e.g., Kuno, 1959;
, ,.

Hathcrt6n & DickinsQll, 1~69; Ninkovich & Rays, 1972). However,

neither generaE:r,zation holds for the volcanic rocks of the Witu

Islands, which are all hypersthene-normat~v~(Figs.14 ind 35),

and low In potassium (see-especiallY,Fig. 34).

Secondly, no volcanoes of the same age appear to exi~t

south of ',the Wi tu Islands, nearer to New Britain, over ,the shallower

part of the Benioff zone (Fig~6). In the following it is PO'dt-
1.:

ulated that the absence of these volcanoes is due to the influence

of the Vitiaz slice, and that the apparently unique position of ~
/]'\.1 '_:

the Witu Islands over the d~epest part of the New Britain Ben~off
;i

zone/is 'due to cthe thermal regime, which - becau!?~> t hls part of the arc
.,~~\

\\



TABLE 6. RSS VALUES X 10
3 OF REGHESSION LINES FOH nOCKS OF ZONES r, TO 11'

SHOWN IN V,\HIATION DIAGHAMS

Figure
Number 15 16 17 18 19 20 21 22 23 24 25 26 27

Variation K20 Na20 ~"Ol Na ° Ti0
2 P205 CaO AI 20 3 MgO FeO+ MgO FeOI MnO

diagram v. v. Nll.20 +K20 v. v. v. v. ~:' , Fe20 3 v. Fc20 3 v.
8i02 Si02 v. '1.

2 8102 Si02 s102 S102 S]O,,' --':'~' FcO+ V. Si028i02 5102 ~':Si02 Fc20 3
s10

2

Zone A 473 396 913 584 749 392· 757
n· ,= 24 (1 ) (2) (1) (1) (3) (1) (3)

Zone B 690 672 123 791 455 891 274 767 579 281 118
n = 52 (2) (2) (1) (3) (5) (2) (2) (3) (2) (2) ( 1 )

Zone C 817 886 644 883 563 917 .. 177 621 188 182
n = 23 (1) (1) ( 1) (1) (1 ) (1) (1) ( 1) (1) (2 )

,,;.'-;':k

Zone D 744 707 367 811 447 872 320 (,29 772 615 227 '126
n = 44 (1 ) (1) (1) (1) (3) (1) (2) (2) (3) (5) (2 ) (1)

- Zone E 859 1319 646 894 457 370 957 545 643 884 814 '" 736
n = 83 (1) (3) ( 1) (3) (3) (3) (1) (5) (2 ) (5) (3) (5)

Zone:F 894 847 691 931 318 973 519 847 841 728 549
n ,;,S8 (1) ~2) (-1 ) (2) (2) (1) (1) (1) (1) (2) (3)

Zone Gs 978 933 886 986 892 682 990
.• _.0.

850 964 939 538 927-769
n =17 (1) (2) (1) (1) (5) .(2 ) (2) (4) (1) (1) (4 ) (1) (1)

Zone Gn 827 970 639 946 400 452 977 387 909 912 939 582
n = 18 (1) (2) (1) (2) (2) (2) (2) (1) (2) (2) (5) (2)

Zone H 788 918 527 975 751 944, 314 769 671 592 459
n = 29 (4 ) ( 1) (4) (4) (5) (2) '''' (1) (2) (2) (3) (4)

*n = number of samples

Numbers in parentheses indicate degrees of regression

C)
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is nearer to the postulated pole of rotation for the South Bismarck

and Solomon Sea plates - is distinct from that east of Willaume~

Peninsula. This proposed distinction betwee~the thermal regimes east

and west of Willaumez Peninsula is illustrated in Figure 40. The

shapes of the'isotherms in Figure 40 are highly speculative, although, .
they are consistent with the concept of downgoing slabs as heat-sinks,

and of fast-descending slabs being colder than slowly descending

ones at the same depth (see p. 87).

At depths less than about 100 km west of Willaumez Penin­

sula, the combined effect of the downgoing Solomon Sea plate and

the overlyingVitiaz slice is that of a thickened layer of cold crust

and upper mantle which is a more effective heat-sink than the Solomon

Sea plate 'alone east of Willaumez Peninsula (Fig. 40). Therefore

at depths less than 100 km west of the peni~sula, parts of the upper

mantle above ,the Vit~az slice may be colderthan the mantle at the

same depth e~st of the peninsula (compare equivalent points Y and Y'

in Fig. 46). While the sla~and ~lice descended in the west, water

may have been driven off the Solomon Sea plate by amphibole dehyd­

ration (at points represented by XI in Fig. 40B), in the same way
(,-

as suggested for beneath zones E and F (p. 91) east of Willaumez

Peninsula (cf. 0 X inFig.40A). This water may have risen, and have

entered the overlying parts of the South Bismarck plate and Vitiaz

slice. However, because temperatures there - for example, at ¥' in

Figure 40B (equiva~ent to ¥ in Fig. 40A) ~ were lower than those of

the peridotite-water solidi at 15 kilobars (see Fig. 41) the

peridotite would not have melted; instead, the water would have

undergone subsolidus reactions with the peridotite. ThUS, no ,

volcanism evolved west of Willaumez Peninsula on the extension of

zones E and F.

Unea Island repres~nts the first visible signs of late

Cainozoic volcanism north of the 'north coast of New Britain (Fig. 6).

Compared with other zone H rocks with the same silica content;, the



rocks of Unea have notably higher K20, lower Na20 (and therefore

~igher K20/Na20), lower Ti02 , and higher Fe20 3/FeO values, and

in some ~f these features resemble rocks from the northern part of
J ;.

zori~ G. On·~he other hand, rocks from Unea show many other chemical

features that relate them to zone H. The rocks from Unea, therefore,

appear to be transitiona: between those of zone G and those in other

parts of zone H,and presumably must have developed under conditions

distinctli different from those elsewhere in the arc. The Unea

primary macmas are considered to have been generated from upper

mantle peridotite under hydrous conditions, but - like the primary

magmas postulatE~d for the northern part of zone G - how far they

ieflectthe composition of the source peridotite is not known:
i

their compositions may be due to the specific chemical characteristics

of the initial peridotite, yet they may have been influenced by

the introduqtion of slab fluids. In either case, water contents in

the underlying, mantle may have been less than those beneath zones

E, F, and G (except, perhaps, the region beneath Dakataua volcano ­

see above), because the underlying eclogitic slab at depths greater

than 300 km is likely to have been less hydrous than it was at

depths of less than 300 km. (Relatively low water contents are

indicate~by the low phenocryst contents of some Unea rocks.)

The rocks of the other Witu Islands north of Unea are

predominantly basalts and low-silica andesites; rocks containing

greater than about 61 percent silica are present only on Garove

Island, where dacites and rhyolites are among the oldest exposed

rocks (Table 5). These volcanoes and Ottilien Reef (Fig. 6) form

an east-west zone which is far removed from the boundary between

the South Bismarck plate and the Vitiaz slice, and also from the

deepest part of the downgoing Solomon Sea slab.

Tholei~~ic basalts containing up to about 11 percent

~ormative olivine are present on all the Witu Islands north of Unea.

,Several of them are high-magnesia varieties, and several have



TABLE 5. SIMPLIFIED STRATIGRAPHIES OF TEN VOLCANOES

Volcano Sequence

Kadovar*
(Zone A)

Aris*
(Zone B)

Long+
(Zone C)

Sak3.r*
(Zone D)

Talawe/ .
Langila*
(Zone D)

Hargy/
Galloseulo*
(Zone E)

Bamus*
(Zone E)

Lolobau
(Zone F)

Unea*
(Zone H)

Garove
(Zone H)

low-silica andesites~ crater formation~ high-silica
andesite (only slightly richer in silica).

low-silica andesi tes --? crater formation~ high-silica
andesites.

basalts, type 1--7basalts, type 2 (richer in silica),
and. andesites associated with cauldron subsidence~
b as a Its, t Ype 2.

basalts~ crater formation --7high-silica andesites.

Talawe basal ts and low-"silica andesi tes -7 Langila low­
silica andesites (richer in silica). Langila is a
satellite volcano on the northeastern flank of Talawe.

andesi tes --7 cauldron subsidence --? andesi tes (mainly
richer in silica)~ Galloseulo daci tes.

andesi tes (mainly low-silica)~ collapse event-~

high-silica andesites.

andesi tes and (? )daci tes ---7 basal t --? caul dron subsid­
ence ~ basal t (poorer in Fe) -?daci tes and rhyoli tes.
Several samples of uncertain relative age.

basalts andandesi tes~ cauldron subsidence --7 andesi tes
(mainly richer in silica).

daci tes and rhydli tes~ low-silica andesi tes~ cauldron
subsidence -? basal ts. Several samples of uncertain
relative age, including the basalts, which are only
assumed to be post-caldera in age.

The prefixes I low-silica I and I high-silica ' are omi tt.ed where both
varietins of andesite are represented. Com~ents in parentheses describe
rocks in relation to those of the same name inan earlier part of the
same eruptive sequence/. Zones A-H are shown in Figure 10.

*Volcanoes in which Y9unger rocks are consistently more siliceous than
older ones.

+Long should be considered as three volcanoes b,ecause two older basalt
(type 1) cones flank a mainly younger central caldera complex (basalts

r type 2 and andesi te;=;).
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2+100 Mg!(Mg + Fe ) values, greater than 63. Assuming that none of

the olivine phenocrysts (up to 10 percent by volume) in these rocks

have accumulated, the rocks could be approximations to primary

olivine tholeiite magmas generated by partial melting of peridotite

under water-undersaturated conditions.

Experiments under water-saturated conditions (Green,

1973b) have suggested that tholeiitic liquids low in normative

olivine content could be generated from peridotite ('pyrolite') by

(1) about 40 percent partial melting at 10 kb (about 35 km depth),

or (2) 27-30 percent partial melting at 20 kb (about 70 km). The

complete pressure/temperature range under whicholivine tholeiites

might be generated in a water-saturated environment is at present

unknown, but probably they can be produced at depths' greater than

70 km (20 kb). However, where pH20 is less than Ptotal' the

maximum pressure for olivine tholeiite generation will probably be

less than that for water-saturated conditions (see, for example,

Nicholls & Ring-wood, 1973). The depths of partial melting for, tlH::::c
I

" I
primary magmas of zone H -: and those of zone G - are at present

unknown, but future attempts to estimate these depths will depend

upon a critical evaluation ~f the relative roles of water content,

total pressure, and degrees of partial melting in ~he mantle

peridotite (cf. Green 1973a).

Some of the zone H olivine tholeiites, especially those

from the Mundua Group, are extremely depleted in K20 (Fig. 15) but

relatively rich in Ti02 (Fig~ 19), and resemble the tholeiitic rocks

recorded from ocean basins and from the marginalbasins~behind
I , ":.:' ">"\",'

island arcs (e.g., Sclater, Hawkins, Mammerickx ,&Cha~j=i1971;

Hawkins, 1976). Similarly, s6me of the low-silicaand~sit'eshaye

compositions which, except for ,most Ti02 values}'afe no~ u'nlike

those of 'oceanic andesi tes' or 'icelandites' (Carm±chael ,;\1964) ,

which are believed to have been generated under;eIatively high

water-vapour pressures in ocean basins or at divergentpTaf~
•'1 . . , ,~! \ .~ . "

,
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boundaries (e.g., Hald, Noe-Nygaard, & Pederson, 1971). These

similarities suggest that any fluids derived from the downgoing

Solomon Sea slab at depths greater ttan 300 km did not greatly

modify the compositions of the primary magmas generated beneath the

zone H islands north of Unea. However, some questions remain un­

answered: Were small amounts of water the only slab-derived fluids?

Did the slab merely provide a tectonic regime suitable for magma

genesis - for example, hydrodynamic convection in the LVZ and

upwelling of hot peridotite to levels where melting was induced ­

and contribute no materials to the overlying upper mantle?

Nevertheless, it is postulated that the Solomon Sea slab did

control a tectonic regime that favoured magma genesis west of

Willaumez Peninsula but was not duplicated east of the peninsula.

If the instantaneous poles of rotation for the South

Bismarck and Solomon Sea plates throughout the late Cainozoic lay

in the southwestern part of Papua New Guinea (see bs in Fig. 2c, and

page 17; after Krause, 1973), then that part of the Solomon Sea

slab east of Willaumez Peninsula, and at depths greater than ,100 km,

descended more rapidly than the equivalent part west of the peninsula,

and remained colder to greater depths. Consequently, in Figure 40A,

isotherms for the eastern part of the Solomon Sea slab are shown

depressed more deeply into the slab than are those for the western

part, and the overlying mantle in the eastern part at depths greater

than about 100 km is depicted as having had more heat extracted from

it than in the west. Temperatures at the surface of the Solomon Sea

slab beneath the Witu Islands may therefore have been higher than

those of the equivalent parts of the slab east of Willaumez

Peninsula. This temperature difference may have had either or both

of two effects.

The higher temperatures of the slab in the west may have

been sufficient to cause the overlying peridotite in the LVZ to rise

to levels where it melted, whereas tn the east the same temperatures
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were reached at too great a depth (perhaps even below the LVZ) to

effect mantle upwelling. Alternatively, some of the eclogitic crust

may have melted at depths greater than about 150 km east and west

of Willaumez Peninsula, but because o£ the differences in temper­

atures the volumes of slab melts in the east were inadequate to

melt and mix with the overlying peridotite; or else primary magmas

were formed and did not erupt, or were t~upted in insufficient

quantities to be detected on the Bisma~ck Sea floor.

GENESIS OF PRIMARY MAGMAS IN THE WESTEfu~ ARC

Introduction

The familiar pattern of chemical zonation in lsland arcs

is shown by the eastern arc, whose rock compositions change in a

direction perpendicular to the plate boundary. In contrast, rock

compositions in the western arc change along the volcanic chain ­

that is, in a direction parallel to the margin of the South Bismarck

plate. These lateral changes in chemistry are interpreted as

functions of di£ferences in the rates of convergence along the

Indo-AustralianjSouth Bismarck plate boundary.

Plate kinematics

During the mid-Tertiary, the northern edge of the

Australian continent is thought to have collided with the Adelbert­

Finisterre-Huon island arc, destroying a northward-dipping sub­

duction system that had given rise to predominantly Oligccene

island-are-type volcanism (see pages 13-15). Hydrated oceanic

crust is considered to have formed the sea floor between the island

arc and the leading edge of the Australian continent, and to havp

'been subducted northwards beneath the arc (Fig. 9).
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Fig. 9. Schematic representation of the tectonic evolution of mainland Papua New
Guinea in a northeast-southv·lest section through the western arc, coastal ranges, and
Highlands (see Figs. 1-3). Johnson, Mackenzie, & &nith (in prep. b) used these dia­
grams to illustrate the evolution of late Cainozoj.c volcanism in both the western arc
and Highlands province (Fig. 1 ), but in the following description emphasis is given to
those aspects of the interpretation that apply particularly to the development of the
western arc. Black bands represent oceanic CIUSt. Stippling represents chemical modi­
fication of mantle by slab-derived fluids. Short-line pattern in diagram:; 2 and 3
represents post-Jurassic thickening of CIUSt. The true thicknesses of the lithosphere
and low-velocity zone (VIZ) throughout this region are unknown, and the assured values
are those detennined by Brooks (1969) for the southern part ofrnainland Papua New
Guinea.

1. Southward-dipping subduction in the rnid-Cretaceous resulted in arc-trench­
type volcanisn, and chemically rrodified the mantle underlying the northern edge of
the Australian continento

2. In the Eocene the southward-dipping slab may have become deta.ched. In the
late Eocene, volcanism started in an island arc several hundreds of kilanetres to the
north as a result of northward subduction of the 1ncb-Australian plate, which carried
the Australian continent p-orthwards from Antarctica.

3. By the late Oligocene or early Miocene the continent had reached the
island arc and, because it was too buoyant to descend into the subduction zone, began
to collide with the arc. Subduction was arrested and island-arc volcanism ceased,
but plate convergence continued, and the continental margin and arc were warped and
raised. Middle Miocene magmatiErn south of the collision zone was initiated by
partial melting of rrantle which had been chemically modified during the Cretaceous
subduction.

4. By the late Pliocene the slab beneath the Tertiary island arc had beCOIre
steepened, ~d continuing subduction gave rise to the volcanoes of the western arc. in
the south Bismarck Sea (SBS volcanoes). Uplj.ft and warping in the Highlands region ,led

i to partial melting in the chEmically modified mantle. . '.'
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A favoured interpretation is that the continent first

collided with the wes~ern part of the arc in the la~e Oligocene to

early Miocene, when island-arc volcanism stopped and arc sedimen­

tation started (see: Jaques & Robinson, in prep.; Johnson &
Jaques, in prep.). This western part of ~he arc may have then been

raised above sea level to form the Adelbert Range, and the under­

lying part of the downgoing slab may have become s~eepened and its

downward movement re~arded (Fig. 9). Further collision of the arc

and continent is considered to have re~tarted in the late Pliocene,

and to have t?ken place progressively eastwards, so that the more

easterly ranges were the last part of the arc to be raised above

sea level, and the more easterly parts of the downgoing slab were

the last to have their downward motion arrested. The gap between

the arc and the encroaching continent is therefore visualized as

closing like a pair of scissors - that is, in the latePliocene

and Quaternary, rates of plate convergence were greater in the

east than in the west, and were governed by instantaneous poles of

rotation ,near or in ~he northwestern part of mainland Papua New

Guinea (Krause, 1973).

This ~nterpretation is consistent with the known geology

of the coastal range~ (Jaques & Robinson, in prep.). In the extreme

~. east, recent rapid uplift is indicated by late Pliocene limestone
,t
l capping Huon Peninsula, and by a~ extensive flight of Holocene coral

terraces on the northeast coast (Chappell, 1974). In contrast, in

the A~elbert Range, to the west, lime~tones postdating the collision

are poorly developed, and the Holocene terraces are absent. There,

inst~ad, thick wedges of Neogene terrestrial clastic rocks flank the

earlier island-arc volcanic rocks, indicating subaerial erosion

during a period when middle Miocene to Pliocene limestones were

being deposited on the more easterly, submarine parts of the arc.

The above geodynamic interpretation is also consistent

with the differences in heights of the coastal ranges. The ranges

are highest in the southeast on Huon Peni~sula (over 4000 m), where

rates of plate convergence and uplift have been greater. They are

lower in the Adelbert Range (less than 2000 m) because rates of
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uplift and plate convergence have been less, and because the arc

has been exposed to subaerial erosion for longer.

The overall effect of the continent/arc collision is

thought to have been the format~on of a 'hanging' slab - that is,

a near-vertical slab of lithosphere whose downward motion has been

slower than it was before the collision (Fig. 9). The downward

motion of slabs is widely considered to be due to gra~itational

forces caused by the density contrast between the colder and

therefore denser slab (in part eclogitic) and the surrounding hotter

and less dense mantle (e.g~ McKenzie, 1969; Sleep, 1975; Sung &
Burns, 1976). ThUS, once sUbduction is initiated, the slab ~hould

continue to descend under its own weight, sla~-derived fluids should

continue to rise from the slab,and island-are-type volcanism

should prevail until the slab becomes detached and finally in­

activated. However, this interpretation is difficult to reconcile

with the geology of the coastal ranges, where island-arc volcanism

ceased between the middle Miocene and late Pliocene (Jaques &
Robinson, in prep.). If the slab kept sinking under its own weight,

why did volcanism cease in the middle Miocene, and why did it start

again in the late Pliocene or early Quaternary?

To account for this cessation in volcanism the motion

of the hanging slab immediately after the collision is considered

to have been governed by the movement of the plates, rather than

by the gravitational effect of the slab's weight. Thus, when the

continent and arc first collided the result of most of the subsequent

plate convergence was crustal foreshortening and uplift, and the

only significant motion of the slab was steepening; subduction

effectively ceased, and so no volcanism took place. However, sub­

duction and volcanism resumed when the plates began to converge

again in the late Pliocene.

This interpretation is consistent with the knowndis­

tribution of earthquakes in the slab beneath the western arc

(Appendix 1). Intermediate and deep-focus earthquakes have not
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been recorded west of Karkar Island, perhaps because rates of sub­

duction since the collision have been so slow that the slab thera

has had greater opportunity to thermally equilibrate with the

surrounding mantle. In contrast, intermediate-focus earthquakes are

common east of Karkar. There, the slab may have been subducted at

greater rates for a longer time, and accordingly there has been less

opportunity for thermal equilibration with the mantle, and the slab

has remained calder to greater depths than in the west.

Present-day form and motion of the hanging slab

The present-day three-dimensional form of the hanging slab

beneath the entire western arc cannot be deduced directly because

of the apparent absence of intermediate and deep earthquakes west

of Karkar Island. However, the distribution pattern of the

volcanoes may be taken as circumstantial evidence for establishing

the general shape of the slab throughout the late Cainozoic. The

three closely spaced parallel lines in Figure 39 are hypothetical

strike-lines for the upper surface of the hanging slab. They are

drawn parallel to the general trend of the western arc, and may

correspond to depths between about 150 and 250 km. Two features

are noteworthy. FirstJy, b~cause th~ Schouten Islands line is

offset, the underlying slab may be similarly displaced. Secondly,

the lines are straight between the Schouten Islands and Long

Islarid, but east of Long Island they curve towards the east (Fig.

30). The concentration of earthquakes south of Long Island (Fig.

A, Appendix 1) coincides with the change in orientation of the

strike-lines, and may be due to high stresses set up where the

slab is strongly bent.

Using this slab configuration, and (1) accepting the

proposal of Krause (1973) that the instantaneous poles of rotation

for the Indo-Australian and South Bismarck plates could be in the

northwestern part of mainland Papua New Guinea, and (2) assuming

that all the downward motion of the slab is due to pushing in the
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same direction from the lndo-Australian plate (see above), it can

be shown that for any finite period of time the magnitudes and

directions of the relative velocity vectors change progressively

along the contact C)f "the two plates at depth. For exmnple, using

the pole position in Figure 39, rates of plate convergence increase

proportionally between the Schouten Islands and the Cape Gloucester

area because of the increasing distance from the pole. The direction

of plate convergence will not, however, be at righ"t-angles to the

strike-lines in Figure 39, but will contain transcurrent components

of motion. West of Long Island this transcurrent component will be

right-lateral, but east of Long Island it will change to left­

lateral, a~ distance from the pole of rotation increases, because

of the change in orientation of the strike-lines. Similar

changes in the rate of plate convergence (and the sense of trans­

current motion) can be proposed using many other pole positions in

the northwestern part of mainland Papua New Guinea.

The above reasoning is partly invalidated if the present­

day downward motion of the slab is due entirely to the gravitational

effect of the sl~b's weight (see above). Even if this is so,

rates of subduction will still be greater towards che east because

the slab is colder there (and the mantle/slab density contrast

accordingly greater), but the motion will not contain transcurrent

components of motion; subduction will be normal to the postulated

strike-lines throughout the length of the slab.

The above interpretation is based initially on the pole

positions suggested by Krause (1973), who regarded the,South

Bismarck/Pacific plate boundary as a pure, left-lateral, trans~

current fault whose curvature defines the pole of rotation.

However, not only does Krause (1973) seem to have overestimated

the degree of curvature of the seismic zone across the Bismarck

.. Sea, but the concept of left-lateral. transcurrent motion has also

been refuted - by Connelly (1976), and also by Taylor (1975) in

an independent unpublished report.
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Connelly and Taylor both argued that the Bismarck Sea

floor is a marginal basin, and that the seismic zone crossing it

is essentially a divergent boundary where spreadtng is accommodated

in two, northwest-trending, left-lateral, transcurrent segments.

Taylor regarded bo~h transcur~ent segments as straight linear

features (although, in fact, ttey may be zones of deformation and

slightly curved), and accordingly located the South Bismarck/Pacific

plate boundary a long way fro~ Papua New Guinea. In his triple­

junction analysis, Taylor calculated that the rates of convergence

between the South Bismarck ~nd Indo-Australian plates were between

8.04 (in the west) and 9.3 (in the east) cm/year (see rfable 1).

These values are much higher than those (Table 1) estimated by

Johnson & Molnar (1972), Curtis (1973), and Krause (1973), all

of whom, huwever, regarded the Bismarck Sea seism1c zone as a pure,

left-lateral transcurrent boundary. Taylor's values also allow

for very little difference in rates of plate convergence along

the South Bismarck/Indo-Australian plate boundary. However,

Connelly (1976) postulated that the rates of spreading at the

Bismarck Sea seismic zone arc demonstrably greater in the east

than in the west, and that the present-day pole of rotation l~es

'somewhere in the New Guinea mainland'. If so, the great circle

containing the poles representing the plate boundaries at triple
, :1

junction IBP (Fig. 2, Table 1) would pass through mainlan~ Papua

New Guinea, and the South Bismarck/lndo-Australian pole position

would lie on it, possibly in or near the northwestern part of

mainland Papua New Guinea (depending on ~he sense and rate of motion

at the western end of the Bismarck Sea seismic zone - see below).

Thus, although the reasons for Krause's (1973) location of the South

Bismarck/Pacific pole of rotation may have been unfounded, the

outcome for rates of convergence along the South Bismarck/lndo­

Australian boundary may be more or less correct.

Implications for magma genesis

If rates of plate convergence and subduction are a

primary influence on the thermal regimes of the slab and the over-



TABLE 1. RATES AND AZIMUTHS OF CONVERGENCE
OF THE INDO-AUSTRALIAN AND SOLOMON SEA PLATES WI'l'H THE

SOUTH BISMARCK PLATE

Reference I S

Rate A~imuth Rate A~imuth
( ~m/yr) ( E 0:[ N) (cm/yr) ( E of N)

.Johnson & Molnar 3.3 23 9.2 343
(1972)

Curtis (1973) 2.60 at TBP 18 12.02 352
5.22 at IBS 7.5

Krause (1973)* 0 at IBP 6.2 at IBS 5 or 327
6.2 at IBS 31 12.4 at BPS 327

Taylor (1975, 8.04 at lBP 29 11.65 at lBS 11
unpublished) 9.3 at IBS 29 12.5 at BPS 8

'*values calculated for a 'preferred' model in which Bt pole is at lBP
triple junction, and left-lateral slip rate between Band P is 13.5 cm
per year (see text).

I = Indo-AusLralian plate

B = South Bismarck place

S = Solomon Sea plate

P = Pacific plate
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lying upper mantle (see p. 87), the conclusion that rates of

present-day SUbduction, and rates of plate convergence since the

late Pliocene, incr~qse pro~ressively eastwards along the South

Bismarck/lndo-Australian boundary has important consequences for

theories of magma genesis. Because of these lateral changes, the

relative disposition of isotherms may differ in all sections drawn

perpendicular to the western arc. Slab~derived wa~er and melts may

therefore rise from the downgoing slab at diiferent depths in each

section, and may ~ause partial melting at different: depths in the

overlying mantle peridotite, which may be chemically stratified.

Magmas beneath each part of the arc may therefore be gener~ted under

unique sets of conditions of pressure, temperature, contents of

volatiles, and,composition and volume ef the slab melts (which may

mix with the mantle-derived magmas). ?he possible interactions

between these variables (and others listed on p. 87) are, of course,

so complex that they cannot be defined satisfactorily at presen~.

However it is suggested that the changes in rock composittons along

the western arc arc functions of differences in the thermal regi~es

beneath each part of the arc, and that these, in turn, depend uptJn

differences in rates of plate convergence and subduction.

These interpretations are consistent with the apparent

increase in the volume of subaerial volcanic rocks from west to east

along the western arc. The volumes of slab-derived water and melts

may be gr~ater in the east than in the west, because a greater

supply of subducted, water\ichcrus. tal rocks will be available for
~ 0

dehydration or fusion. These larger volumes in the east are likely

to induce more extensive partial melting of mantle peridotite than in

the west, and possibly, therefore, lead to the eruption of a pro­

portionally greater volume of'magma,

The above inter~retation provideS~bns for magma
~ :~ .

genesis broadly analogous to those in th;e,,;'e:as-tern arc, However,

unlike the eastern arc, where volcanoes ciiJ.~·· be related to preseni-

day depths to the New Britain Benioff zone, there is great uncertainity
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in the western arc about how the distribution OO[ the volcanoes and

the compositions of their rocks are related to depths to an underlying

li thospheric slab. This 1s because, Jil'stly, the model of a near­

vertical slab is largely infE"rred, a:.°l)d: present-day 'seismici ty gives

only a limited indication of the slab's true form; and secondly,

because in the model of a near-vertica~ plate boundary, v~lcanoes

canriot be related to a limited depth range to t~~ slab as easily

as they can where the slab is inclined at a much lower angle.

However, some tentative explanations are offered for the compus­

itional variations along the western arc; these art> based on the

relation described above and on comparisons with the compositions

of the east~rn volcanoes.

In earlier parts of the Report, the chemistry (e.g., Fig.

31), distribution (p.21

(P. 28) of the Schouten

be differe~i from those

), and rock type relative abundances

r~landsr volcanoes (zone A) were shown to
c:

of the other volcanoes in the western arc.

In the."':;folloWj_ng, therefore, generation of primary magmas beneath

zones B, C, and D, is discussed separately from that beneath zone A.

Zones B, C, and D

Rocks with Mg/(Mg + Fe2
+) values greater than about 03

are present in each of the zones B, C, and D. These rocks C0rtain

low percentages of normative olivine or normative quartz, except

in four samples whose normative olivine contents exceed 14 percent

and percentages of olivine phenocrysts exceed 9 percent" ~part­

from these four rocks (in which the olivine phenocrysts may have

accumulated to form the high normat/ive olivine values), the low-ol

(less than 9 percent) and low-Q (less than 8 percent) rocks are

suggested to be near-equivalents to primary magmas generated by

hydrous partial melting in the upper mantle. In zone B, the8e

roc!<s have been found on Aris, Manam, and Bagabag, but not on

Karkar; in zone C, on Tolokiwa, but not commonly on Long (whose

rocks have unusually low MgO contents and unusually ~igh iron

contents - see Figs. 23 and 24); and in zone D, on Sukar and Ritter

and ~n the Cape Gloucester area.
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,il In each of "the zones B, C, and D, the low-ol and low-Q
'/

roeks}:"re similar in their degrees of silica saturation, for they

plot ~~t' similar distances from the Hy-Ab plane (Fi.g. 14).' HowE:.'ver,
,M •

they sbow marked differences in composition when rocks of the same
'. I.,

silic~,eonten t ["Io.;..e compared \Vi th one another. In particular, the
',.'! :- i ':0.

zone~:~ocks aru general~y higher in K20, Na20, K20/Na20, P205'

FeO +!1''E203,arid~InO, t:L1d lower in Ca.O a.nd MgO, than those of zones

B a.nd,~D; and ~one D rocks are higher in K20 than those of zone B

(Fig. '31) ~

Another important comparison is that the basic rocks from

anyone of the western zones B, C, and D are generally higher in K?O,
~J

K20/Na20, P20 5 , and Ti02 than those with the samp. silica. content

from the eastern zones E and F. They are,however, closer. in

chemical composition "to the rocks of the eastern zones G and H,

although they have generally higher K20/Na20 values, and zone C

rocks are notably higher in K20. If similarities in composition of

island-arc rocks can justifiably be equated w:tth silllilari ties in

petrological processes, then the rocks of zonesB,C, ani D may

have formed under co~ditions which were different from those of

the eastern zones E an~.F but were simil~rto those of zones G and

H; that is, beneath zon;s B, C, and D, water (perhaps containing

solvent elements) or water-bearing siliceous melts (or both) were

generated from subdue-tad eclogitic crust at the surl'ace of the steeply

inclined downgoing slab, and rose, melting thti upper mantle peridotite

at different levels (possibly corresponding to different initial

peridotite compositons) , with possible mixing of slab~derived fluids.

In part, the downgoing slab may have also provided geodynamic con­

dittons favourable to the upwelling of hot mantle in the manner

postulated for the development of basalts in marginal b,asins (see

below). Because rocks equivalent in composition to those of zones

E and F appear to be absent from zones B, C, and D, subsolidus

breakdown of amphibole in the downgoin~slab is inferred not to have

played an important part in the ge::.-.;sJs of primary mafic magmas

beneath zones B, C, 2~,j D.
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In addition to the chemical differences mentioned above,

there are two other prominent differences between the rocks of

zones B, C, and D, and those of zones G and H. The first difference

is that the western rocks are highly porphyritic, whereas those of

zone H and of the northernmost volcano of zone G, Dakataua, have

low phenocryst content~ (Fig. 12). If high phenocryst contents are

a function of high water contents (see above), the rocks of zones

B, C, and D may have beeu generated under higher partial pressures

of water than those of the eastern zones G and H.

The second difference is that basalts are relatively more

common in zones B, C, and D than they are in the eastern zones G

and H, and that dacites and rhyolites, which are common in the

eastern arc, are extremely rare in zonesB, C, and D (see p. 28 ).

The differences in relative abundances of basalt may be due to dif-

"ferences in rates of magma ascent. In the western zones, primary

magm~s may hav& risen rapi~ly through fractures in the upper parts

of the South Bismarck plate, as suggested by the lines formed by the

volcanoes in zones B, C, and D (see p.20 and Fig. 5). Thus, rapid
I

rates of asceht may have given little opportunity for the primary

~agmas to fractionate much beyond high-silica andesite compositions.

In contrast, primary magmas in the eastern arc may ha~e risen

through the overlying wedge of upper mantle and crust above the

inclined Solomon Sea slab without the benefit of major zones of

weakness, or fractures, to aid their ascent. Ascent rates may

therefore have been much slower in the eastern arc, allowing the

primary magmas more time t~ fractionate to li~uids which were much

richer in silica so that fewer basic magmas reached the surface.

Alternatively, the high proportion of basic rocks in the

western arc may be due to the upwelling of hot mantle beneath the

Bismarck Sea marginal basin to relatively shaTlow levels where the

primary basalts were generated (cf'. some zoneH basalts - see above).

Some marginal basins are believed to develop over the deeper part~

of inclineddowngoing slabs (Karig, 1971), and mantle upwelling
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and basalt extrusion take place up to a few hundred kilometres from

the submarine trench. However, where a slab is essentially

vertical - as beneath the westerl1 arc - upwelling and extrusion

may take place much closer to the shallowest parts of the downgoing

slab. If mantle upwelling also enhances lithospheric dilatation,

some rising basaltic magmas may have had little opportunity to

fractionate before they erupted. A correlation between near­

vertical downgoing slabs and basaltic volcanism was also pointed out

by Cox & Bell (1972) for the Solomon Islands region.

In srnrunary, therefore, the model favoured for petrogenesis

in zones B, C, and D, is as follows. Throughout the late Cainozoic,

the near-vertical downgoing slab beneath the South Bismarck plate

moved at rates which were higher towards the east. These differences

in subduction rates produced differences in the thermal regimes

beneath each zone, and may therefore have controlled the depths of

origin, composition, and relative volumes of the water and water­

bearing siliceous melts generated from the downgoing slab beneath

each zone. Movement of these slab melts or water (or both) into

different parts of the overlying, or adjacent, upper mantle resulted

in different degrees of chemical modification of peridotite, which

may have welled up towards the surface. Partial melting generated

primary magmas of different compositions, and fractionation of

the primary magmas during their relatively rapid rise to the

surface resulted in rocks mainly of basaltic and andesitic com­

position. ThUS, the composition of the rocks depend on the original

compositions of the primary magmas which, ultimately, were functions

of different rates of subduction along the western arc.

Zone A - the Schouten Islands

Compared with the volcanoes of zones B, C, and D, those

of the Schouten Islands show several distinctive features. Firstly

they constitute a volcanic line which is offset about 25 km from

the remainder of the western arc (Figs. 1, 3, and 39). Secondly,
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volcanism appears to have migrated eastwards along the line (see

p. 23). Thirdly, basalts have not been found on any of the islands;

only andesites and dacites seem to be present (P.28). Fourthly,

the distinctive petrological features of zone A rocks, compared

with those with the sa.me silica content from the other zones in

the western arc, are higher percenta.ges of clinopyroxene pheno­

crysts (Fig. 13), higher degrees of silica oversaturation (Fig. 14),

lower Na20, Na20 +K20, Ti02 , and higher CaO, MgO, and Fe20
3

/FeO

values (Fig. 31). Thus, in many respects the zone A rocks represent

extreme compositions for the west~rn arc. This is consistent with

the view that the Schouten Islands correspond with the lowest rates

of convergence between the South Bismarck and Indo-Australian

plates, and with the slowest descending portion of the underlying

slab. Nevertheless, considerable ranges in K20, K20/Na20, and P20 S
values in the zone A rocks (Figs. 15, 17, and 20) imply different

conditions of magma genesis beneath each volcano in zone A.

No high-magnesia rocks have been found in the Schou~~n

Islands, although five samples from Vokeo have sufficiently high

100Mg!(Mg + Fe2
+) values to have been in equilibrium with upper

mantle peridotite; these samples contain 60 percent Si02 and less

than S.S percent MgO, and are unusually low in iron (Figs. 23 and

24). With the possible exception of these samples, the analysed

rocks from the Schouten Islands may be products of crystal fraction-
~,

ation of originally high-magnesia primary magmas generated in the

upper mantle. Perhaps the region beneath the Schouten Islands is

'cha:acterized by the absence of mantle upwelling; primary magmas

may have formed in a non··dilatational region, such that they were

able to rise more slowly and fractionate more extensively than those

in zones B, C, and D.

Vokeo and Viai, at the western end of the Schout~n Islands,

show two distinctive features: (1) their rocks have the lowest K20,

~20/Na20, and P 20 S values of all the western rocks (Figs. IS, 17,

and 20); and (2) they are the most dissected of the volcanoes in

the Schouten Islands (p. 23). These differences may be related to

an eastward migration of the western end of the South Bismarck/Paci.lic

plate boundary (Fig. 42).
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Taylor (1975) suggested that the western end of the boundary

had a definite divergent component of motion. However, east-west

strike-slip motion is indicated by earthquake focal mechanism solutions

(Johnson & Molnar, 1972; Curtis, 1973; Ripper 1970, 1975, in prep.a),

and Connelly (1976) found no evidence from magnetics fora Si6~ifi­

cant component of spreading. When subaerial volcanism first commenced

in zone A, the South Bismarck/Pacific boundary may have been west of

Vokeo, near the head of the submarine valley described on page 15 (Fig.

42). The rocks erupted at this tjrn~ are thought to be represented on

Vokeo and Viai; they are low in K?O, K20/Na20, Na20, P 20 5 , and

Ti02 , and are therefore of similar composition to those of zones

E and F in the eastern arc. By analogy, the compositions of these

rocks may have ieveloped by iractionation of primary magmas derived

by the process jescribed above, in which water - released by sub­

solidus dehydration of amphibole in the downgoing slab - enters the

overlying upper mantle and causes partial melting of peridotite.

After this first phase of vol ~2.nis~~, the Sout,n Bismarck/

Pacific boundary may have migrated eastwards to a position between

Viai and Blupblup, as shown in Figure 42. At the present day,

therefore, Vokeo and Viai are on the Pacific plate, and, because

they are no longer associated with the active lndo-Australian/South

Bismarck plate boundary, they have become volcanically inactive.

On the other hand, Blupblup, Kadovar, and Barn lie on the South

Bismarck plate, which - up to modern times - has overridden the

Indo-Australian plate. As described on page 23, Barn volcano is

still active; and Blupblup and Kadovar retain youthful volcanic

landforms, so cannot yet be regarded as extinct.

A possible variation on the above mechanism of plate

boundary migration is that, throughout the late Cainozoic, the

South Bismarck/Pacific plate boundary was a zone of strike-slip

faults - not a single fault as shown schematically in Figure 42.

In this alternative model, the two PB boundary positions (Fig. 42)
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represent parts of the same plate boundary which were active at

different times. le the earlier part of thF late Caino2oic, much

of the strike-slip movements may have been taken up along faults

north of Vokeo. Later movements may have been mainly along faults

between Viai and Blupblup when the northern strike-slip faults were

inactive.

The rocks of Blupblup, Kadovar, and Barn have higher KZO,
K20jNa20, and P205 values than those with the same silica content

from Vokeo and Viai. These differences in composition imply pro­

nounced differences in courses of differentiation, or changes in the

conditions of partial melting in the upper mantle, or both.

Because the rocks of Blupblup, Kadovar, and Barn have K
2
0, K

2
0jNa20,

and P205 values similar to those of the eastern zones G and Hand

of the western zones B, C, and D, they may have originated by a

similar process - that is, by fractionation of primary l:Jagmas gen­

erated when water or water-rich siliceous melts derived from the

downgoing slab entered the upper mantle and caused partial melting

of peridotite.

COMMENTS ON COURSES OF CRYSTAL FRACTIONATION

Basalt fractionation

In the previous sections, possible causes were discussed

for the chemical variations of magmas generated at poridotitic source

regions beneath the eastern and western arcs. However, few, if any,

of the volcanic rocks are likely to have the exact composition of

the primary magmas at the time they left the source region; rather,

many of the magmas probably fractionated.
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Crystallization of island-arc primary magmas probably

commences soon after they begin to rise from their source in the

upper mantle (e.g., Nicholls & Ringwood, 1973), and the courses

of crystallization for the magmas probably involve exceedingly

complex phase equilibria. Jamieson (1970), for example, drew

particular attention to the complications of poly thermal, polybaric

crystallization in the anhydrous system diopside-forsterite­

silica, and emphasized the important role of different rates of

magma ascent. In natural basalt systems, rhase ~elations will be

even more complex, and possibly will be must complex in island-

arc basalts in which fugacities (especially of H?O, O?' H?, and CO?)
~ ~ ~ ~

may differ, not only during the ascent of a single magma body, but

at different sites of magma generation. The purpose of this section,

however, is not to consider complexities; rather, it is to draw

attention to some general features of fractionation in the south

Bismarck Sea rocks which will serve as a broad basi~ for more de­

tailed future studies.

Rates of ascent

On page 117, differences in rates of magma ascent were

proposed to account for the differences in rock-type relative

ahundances in the western and eastern arcs. A~cen~ rates beneath

zones B, C, and D were suggested to have been'rela~ively fast, with

the result that the magmas did not have the opportunity to fractionate

much beyond that of basaltic or andesitic compositions. Rocks of

more silica-rich compositions are, however, more common in zone A,

and zones E to H, where magmas may have risen more slowly (see

above). Other lines of evidence support ~hese interpretations.

"Firstly, as shown in Table 5 and discussed on page 29,

in seven of ten volcanoes the younger rocks are consistently richer

in silica than the older rocks; this suggests that faster-rising

and less fractionated magmas were erupted first, and were followed



TABLE 5. SIMPLIFIED STRATIGRAPHIES OF TEN VOLCANOES

Volcano Sequence

Kadovar*
(Zone A)

Aris*
(Zone B)

Long+
(Zone C)

Sakar*
(Zone D)

Talawe/
Langila*
(Zone D)

Hargy/
Galloseulo*
(Zone E)

Bamus*
(Zone E)

Lolobau
(Zone F)

" Unea*
'-(Zone H)

Garove
(Zone H)

low-silica andesi tes~ crater formation~ high-silica
andesite (only slightly richer in silica).

low-silica andesi tes~ c I'ater formation~high-silica
andesites.

basalts, type 1-7basalts, type 2 (richer in silica),
and andesi tes associated with cauldron subsidence~
basal ts, type 2.

basal ts --7 crater formation --?high-silica andesi tes.

Talawe basal ts and low-silica andesi tes -:>Langila law-.~

silica andesites (richer in silica). Langila is a
satellite volcano on the northeastern flank of Talawe.

andesi tes ---7 cauldron subsidence~ andesites (mainly
ri cher in silica) --7 Galloseulo daci tes.

andesites (mainly low-silica) ---7 collapse event --7
high-silica andesites.

andesi tes and (?)daci tes -:;;> basalt ~cauld.1.·Onsubsid­
ence~basalt (poorer in Fe)~dacites an'd rhyolites.
Several samples of uncertain relative age.

basalts and andesi tes --7 cauldron subsidence --7 c;.ndesi tes
(mainly richer in Fjlica).

daci tes and rhyoli tes --? low-silica andesi tes --:;:. cauldron.
subsidence --7 basal ts. Several samples of uncertain
relative age, including the basalts, which are only
assumed to be post-caldera in age.

The prefixes 'low-silica' and 'high-silica' are omitted where both
varieties of andesfte are represented. Comments in parenthp.ses describe
rocks in relation to those of the same name in an earlier part of the
same eruptive sequence. Zones A-H are shown in Figure 10.

*Volcanoes in which younger rocks are consistently more siliceous than
older ones.

+Long should be considered as three volcanoes because two older basalt
(type 1) cones flank a mainly younger central caldera complex (b~salts

type 2 and andesites).
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by slower-rising ones which had greater opportunity to fractionate.

Secondly, in three examples of analysed inclusion/host-rock pai.rs,

the inclusions are more basic than the rock containing them (see

p. 38); this suggests That slower-rising, silica-rich magmas plucked

rock inclusions from the walls of condu~ts ~hich had previously been

used by fas·t-rising, more basic magmas. Thirdly, the presence of

amphibole 1n andesites from zones E, C, and D, and its apparent

absence from andesites in the eastern arc, ~uggest that in the east

the comparatively slow upward movement of magmas favoured the

breakdown of amphibole as they approached the surface, whereas in

zones B, C, and D the amphibole-bearing andesites rose mO~'e quickly,

and were erupted before the amphibole could dehydrate.

If these interpretations are correct, and, assuming that

primary magm:l.'::: in the western arc were not generated at d.epths much

greater t~lan those. in the eastern arc, iT follows that higher­

pr~ssure crystal-liquid equilibria may have had a greater influence

on fractionation in the eastern arc~than in the western arc.

However, zone A may be an exception: the compositions of its rocks ­

among which basalts appear to be absent - are consistently different

from those wi th the same si.liea content from the western arc, and

more closely resemble Those of the eastern arc; therefore, the primary

magmas of zone A may have risen more slowly, and fractionated for

a longer time under higher pressures than those of the other

western zones. In the eastern aie, ba~alts (including olivine

tholeii tes) are common ~n the volca.noes north of Unea in zone H.

These too, therefore, may be exceptions to the·general case of

slow rates of ascent for magmas in the eastern arc; like the basalts

of. zones B, C, and D, they may have risen to the surface corNpara t­

ively rapidly, perhaps because of mantle upwelling and crustal

dilatation (see above).

Fractionating minerals

Primary magm~s generated under hydrous conditions by partial

melting of peridotite at pressures greater than about 20 kb are
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likely to crystallize garnet and clinopyroxene during the early

part of their ascent to the surface (cf. Green & Ringwood, 1968;

T.R. Green, 1972; Nicholls & Ring\Vood, 1973). At lower pressures,

these magmas, and those hydrous primary magmas generated in the upper

mantle at pressur~s of less than .about 20 kb, will subsequently

undergo, nlpre complex :fractionation t rends mainly involving 0 livine,

clinopyroxene, orthopyroxene, amphibole, plagioclase, and iron­

titanium oxides.

The fractionation of subsilicic amphibole from basalts

offers a pa.rtic.ularly effective means of producing voluminous

si lica-richderivati ves, and has been suggested as an . important

process by several investigators (e.g., Green & Rin~vood, 1968;

Nicholls~ 1971; AlIen et al. 1972; Cawthorn et al. 1973a;

Boettcher, 1973). The amphibole-bearing basalt inclusions of Aris

(see p.38 ) are striking evidence for the crystallization of

amphibole in the early stages of fractionation. Whereas 01iv1ne

and clinopyroxenesep~rationwill lead to iron-enriched residues,

~arly separation of iron-bearing amphibole will preverit iron­

enrichment ,and will pl'oduce the iron-poor composi 1:ions which are

characteristic of many island-arc rocks, including those of the

south Bismarck Sea (cf. Green & Rin~vood, 1968).

According to Os born (1959, 1969), low iron:magnesium'ratios

result when 'constant p02' (in effect, high oxygen fugacity) is

maintained in a fractionating magma. In this controversial theory

he suggested that, if high oxygen fugacites are maintained, magnetite

crystallization is favoured, thus precluding strong iron-enrichment.

In the south Bismarck Sea rocks, high Fe20 3/FeO values appear to

correlate with high MgO/Fe20 3 + FeOvalues (see Table 11), but this

correlation has not been proved to be due to enhanced separation

of magnetite under oxidizing conditions. (For debates on Osborn's

model, see, for.. example, Srni th & Carmichael, 19108; 'I:=tylor et al.,·

1969; Lowder &Carrnichael, 1970; Eggler & Burnharn, 1973;

Boettcher, 1973.)



-125-

Liquid lines of descent

Each of the minerals listed above may have played a sig­

nificant role in the fractionation of many batches 'of primary magma

between the time of their generatio~ in the upper mantle and their

eruption at the surface. The compositions of these magmas are

believed to have followed complex evolutionary courses, and the

composition of each rock at the surface probably represents the end­

product of a single liquid line of descent formed by sUbtractions,

and modified by additions, of crystals.

The rocks of anyone volcano are not necessarily members

of the same liquid line of descent. They may represent the results

of courses of fractionation which were similar to one another, but,

more probably, each of them represents the termination of difjerent

liquid lines of descent (including their modifications by crystal

accumulation). The characteristics of each of these lines will

have depended primarily on differences in the original compos:Ltions

of the primary magmas, and on differerices in the rates of magma

ascent. The courses of fractionation for the rocks of anyone

volcano therefore define a 'bundle' of individual liqUid lines of

descent, rath~r than a single line of chemical evolution. The

'bundle' of each volcano has given rise to intravolcano composit­

ional variations (see p. 69).

This concept has implicationsf9r attempts to relate rock

types by mass-balance calculations involving phenocryst phases.

Lowde..:~ & Carmichael (1970) and L. ·wder (1970), for example,

'suggested that the compositions of 10 rocks, and of the groundmass

glass of an eleventh rock, from Willaumez Peninsula may represent

a liquid line of descent; they calculated the percentages of pheno­

crysts of given compositions that would have to be extracted from each

one of their 10 whole-rock samples to leave a residue of composition



-126-

similar to that of another of their rock samples - its neighbour farther

down the supposed liquid line of descent; the groundmass glass of

their eleventh sample - with a composition similar to that of rhyolites

on Willaumez Peninsula - was at the base of their supposed liquid line

of descent. however, the eleven compositions are unlikely to

define a liquid line of descent, for two reasons.

Firstly, Lhe 11 rocks are from six different volcanoes:

six rocks were collected from Dakataua at the northern end of

Willaumez Peninsula, and the others were taken from separate

centres as far south as Garbuna (Fig. 6). As individual volcanoes

erupt rocks with distinctive compositional traits (see P.74 ), which

implies independent trends of evolution for the rocks of different

volcanoes (see also Lowder & Carmichael, 1970, p. 30), 11 rocks from

six volcanoes that are spatially-independent of one another are

unlikely to be related to a single liquid line of descent.

Secondly, Lhree of the six volcanoes are in the northern

~art of zone G, and the other three are in the southern part (Figs.

6 and 10). On page 101it was concluded that the compositions of the

primary magmas generated beneath zone G differed in the northern and

southern parts - in particular, the ~rimary magmas in the south had

higher K20jNa20 values than those in the north. If true, then the

11 rocks analysed by Lowder and Carmichael were derived from primary

magmas of at least two different compositions, so they cannot lie on

the same liquid line of descent.

Lowder and Carmichael calcul~ted that crystal fraction­

ation of a basaltic parent at high levels in the Eartb's crust might

have controlled the generation of the magmas of northern Willaumez

Peninsula, but they emphasized that their model did not account for

the dominance of andesite in the area. Low-pressure fractionation of

crystals in the proportions commonly found as phenocrysts in these

rocks is unlikely to have yielded large volumes of silica-rich magma,



• ~Likuruanga
Ulawun*

• Bamus

• HargyIGalloseulo

* Volcanoes known to hove erupled dl.Jrlnq Ihe last
IOOyears, may include Bamus ana !"akalio

~ Approximate 330-m conlour of Ihe Schroder and
Andewo volconic complexes

o 100 km
I I I

~

Banban b *
Lolo au

'" Cape

\3 Eo

Cape Reilnitz area

Cape Hoskins area

WitoriIPago*,
Buru • Volcanic centres on momland Ne... Eriloin

(Island volcan;;es are shown SiJlld)

K I M

. Kimbe

Dakataua IMakalia
Bulu

"--
Lotomgan

TALASE.:::t:
•

Bangum

.~e,c~er011
Garbuna / Wago
Krum met Dufaure

• Nara~:. ~Mundua Group

's Q Garove
LA.NDS

Unea-

'N'T U

.:'
Ottilien Reef

Schrader

Andewa.., ~"Cl

PIA 425

Fig. 6. Main volcanic centres of the eastern arc. .\Iakalia, Pago, and Galloseulo are post-caldera volcanoes which respectively

lie inside the older volcanoes of Dakataua, Witori, and Ha.rgy.



F

Northern

SoLJt·he~

#. -.
G

H

EasternI
I
I
I
I
I
I

D

et]

Western

c

B
G

o 200km
I I I

N

•
• • A.. !.....• •

'-;?v~ I.'

PIA 427

Fig. 10. South Bismarck Sea volcanoes (solid circles) grouped into western zones - A, B, C, D - and eastern zones - E, F, G,

H. Zone A - Schouten Islands. Zone B - Aris to Cro.rn. Zone C - Long and Tolokiwa. Zone. D - Umboi to Cape Gloucester area.

Zone E - Kakolan Island, Cape Deschanps, Likuruanga, Ulawun, Bamus, Hargy/Galloseulo, Sulu, Witori/Pago, and Buru. Zone F ­

Lolobau Island, Banban Island, Cape Reilnitz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, DufaUl'e,

Wago, and Krunmel. Zone G - Willaumez Peni.nsula (excluding Krtmnel) and KiJrbe Island; the r southern' volcanoes of zone G are

Garbuna, Welcker, Bangum, and all those south of Lot~n near Talasea Harbour. Zone H - the Witu Islands.



-127-

so, in terms of the model for petrogenesis presented earlier, mass­

balance calculations must take into account the minerals likely to

have formed at higher pressures (Ptotal' pH20) - for example,

amphibole. However, a major problem with calculations of this kind

is that more than one combination of mineral compositions and mineral

proportions may account for the differences in composition between

two rocks, and that none of them can ~Tove that the rocks represent

magmas that lie on the same liquid line of descent. On the contrary,

the viewpoint described at the beginning of this section takes an

opposite stand - th:-.t the rocks, even from tbe same volcano, have

compositions which may have evolved, at least to some extent, along

independent lines which may, or may not, have been modified by crystal

accumulation.

Problems of the acid ~o~ks

In each of th~ variation diagrams presented earlier, most

rocks from each of the zon~~, except zone C, form a more or less

continuous band of composition from andesite to dacite, and to

rhyolitein the eastern zones (Eto H). The most obvious explan­

ation for this feature is that the acid rocks are ~he products of

crystal fractionation from andesitic parents. But there are five

problems.

Firstly, as discussed on page 28 with reference to curves

11 and IV in Figure 11, the eastern rocks appear to show bimodal

distribution; and when the acid rocks are excluded the remaining

basalts and andesites are extremely close to showing normal or

Gaussian distribution, suggesting that they consti~ute a natural

population distinct from that of the acid rocks.

Secondly, Page & Johnson (1974) showed that acid rocks and

rocks containing less than 62 percent silica have slight but apparently

real differences in Sr87/sr86 ratios. Five dacites and rhyolites

from the eastern arc have ratios of 0.7037-0.7038 (+ 0.0001 standard
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deviation), whereas seven basalts and andesites from both arcs have

values of 0.7034-0.7036. If the acid rocks are the products of crystal

fractionation of andesite, why are their Sr87/Sr86 values higher than

those of the andesites?

Thirdly, many of the dacites and rhyolites form minor cones,

coul~es, and cumulodomes, which are apparently unrelated to the

major stratovolcanoes that produced the basaltic and andesitic rocks.

If the acid rocks were produced by crystal fractionation of andesite,

why .were they not all erupted from the same vents as the andesites?

Fourthly, of the ten volcanoes whose stratigraphiesare

shown in Table 5, only three have acid rocks, and ~he time relations

between the aci~ rocks and the associated basalts and andesites are

different in each of them: on Garove, dacites and rhyolites are older

than the andesites; on Hargy/Galloseulo, dacites are younger than the

andesites; and in the Lolobau sequence, older andesites and younger

dacites and rhyolites are separated from one another by basalts of

intermediate age. Therefore, the eruptions of dacites and rhyolites

appear to have been random events relative to those of the basalts

and andesites.

Finally, not all the acid rocks appear to be comagmatic with

the basalts and andesites of the same zone. For example: one of the

five rocks from Kimbe Island, a zone G volcano, is a dacite, but in

several variation diagrams 'Tt shows the chemical characteristics of

dacites from oth~Y zones; and, in Figure 20, points representing rocks

containing more than 67 percent silica from some of the zones in the

eastern arc fall well below the P205:Si02 trends shown by rocks with

less silica from the same zone.

The explanations for each of these features may be indep­

endent of one another. For example: perhaps the acid centres of

volcanism are separate4 from the major centres of basaltic land

andesitic volcanisrn, because the rheology of, or energy deficiencies
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in, the acid magmas prevented their rise through the central

conduits of the large stratovolcanoes, but nevertheless allowed them

to find other independent courses to the surface; and, perhaps the

slight differences in Sr
87

/sr86 values are due to as yet unknown

differences in the behaviour of Sr87 and Sr86 during differentiation

(cf. Boettcher, 1973; Gill & Compston, 1973). ('n the other hand, all

the above difficulties may point to an a1ternati"Te mode of origin

for at least some of the acid rocks.

At present, anatexis of young, non-radiogenically enriched

crustal rocks cannot be dtscounted. Crustal thicknesses beneath the

volcanoes of zones E and F, for example, are about 35 km (e.g.,

Finlayson & Cull, 1973), and the depth of origin of the primary

magmas for these volcanoes has been interpreted to lie between 35

and 60 km (see p. 93). Water rising from the downgoing Solomon Sea

slab may have partially melted the upper mantle to form the primary

mafic magmas, and at present there seems to be no reason why water­

induced melting could not also have taken place at the base of the

crust to form magmas. These acid magmas would therefore be able to

rise and erupt independently of the basaltic and andesitic magmas.

Throughout the late Cainozoic the crust at the southern

margin of the Bismarck Sea may have been thickened by island-arc-

type magmas intruding its base. Accordingly, it will be low in radio­

genic strontium (Sr87 ) relative to older continental crust. Moreover,

if the differences in composition between the intruding magmas were

analogous to those shown by the late Cainozoic volcanic rocks, the

base of the crust would show a lateral compositional zonation.

Anatexis of this crust may therefore be a source of acid rocks which

are only slightly higher in Sr87/Sr
86

than the mantle-derived basalts

and andesites, and whose bulk-rock compositions depend on which part

of the crust from which they were derived.

Anatexis of young crust is proposed as an alternative to

crystal fractionation, until such time as more detailed work is able

to clarify the significance of the problems outlined above.
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CONCLUSION

It is concl~ded.that plate theory, the results of experi­

mental petrology, ,~nd crystal lractionation offer explanations for

the distribution and composition of the volcanoes at the southern

margin of the Bismarck Sea. However, in the preceding sections these
,

explanations are presented only as a broad framework which might

prove useful for future work; additional studies are needed before

the framework can be regarded as secure. For example, more detailed

seismological data are required to confirm, and refine, concepts o£,
I ,

the form of the present-day plate boundaries, and to determine more

accurately the style of relative movements between the plates. In

addition, petrological conclusions may have to be revised in the light

of data provided by trace-element and isotope geochemistry, by mineral

analysis, and by further high-pressure experiments. Additional geo­

physical studies on crustal thickness, heat flow, sea-floor topography

and structure, and heat distribution in downgoing slabs may also

demand revisions to the interpretations presented in this Report.

Nevertheless, it is thought that the concepts of lithospheric sub­

duction, and of partial fusion of upper mantle (and possibly crust)

under hydrous conditions, followed by crystal fractionation, should

form the basis for further studies in this region in the immediate

future.
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APPENDIX 1

EARTHQUAKL DISTRIBUTION AT THE SOUTHElli~ MARGIN

OF THE BISMARCK SEA

by

V.F. DENT AND R.W. JOHNSON

Epicentres of well located earthquakes between January 1969 .

and June .1974 are showninFJgure A. The data sources and selection

cri~eria for these earthquakes ar~as follows.

Events in 1969 and 1970 , and between J;Uly and December 1971:

data source - Regional Catalogue of Earthquakes, v. 6, nos. land 2,

v. 7 , nos. 1 and 2, and v. 8 ,no. 2 (published by The In ternat·i.onal

Seismological Centre, Scotland); selection criteria.- only those

events recorded by 10 or more stations, and with co-ordinates given

to twodecimaT places. Events between January and:~une1971 and

betweenJanuaryl~72 and June 1974: data ~ource -earthquake data

fiJB of the Bureau of Mineral Resources; sel~ction criterion - onl~

those events recorded by 10 or more stations .. ·'

Cross-sections showing the distribution of the earthquakes

beneath four sectors of the western arc and three of the eastern arc

are pfesented in Figures B1 to B7. The surface traces of the cross­

section planes are shown as solid lines in Figure A. The two

dashed lines on either side of each solid line indicate the boundaries

of the area'within which the epicentres were projected normally onto

each central plane.
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19NG~q:;S a A. Q'J .3'> 11.0" a.8:; 'l.b';) • 1 7 13.801 13.51:J , '13 • 13 ."9 .?13 • 18 ,fl9

19NG"lqS9 bl.71d .27 17.2~ 3.3 ..1 <,.1.15 .13 3.2\1 0.8", 3.35 1.?01 • 10 • IS .~S .",q

19NGV'l9b1 53.?" .35 14 • 5 1<1 5.311 3.7., • I 'j
8.a., 11 • 2~ 2,1 i:l .b2 • I 1 .21 .07 .13

19NGPl9&~ 1>t'l.2~ .29 17.au !.Qe 2.1l0 ·~" 3. a5 7.5:; 3.~5 I • I 6 • I b • .,7 .09 .fl8

GTR15618 5n.J~ .69 15.1>1Il 2.75 8.55 • I tl 3.30 7.70 2.85 I • 15 .23 .59 .2" ,01

GT~15&28 54."0 .57 18.31o:l 2.3" 7.30 • 1 7 :5.75 9.70 2,5" .A8 • I 1 .2b • I .5 .02

GTR I %35 511.?0 • 75 18.1<' 2.85 1).9", • I 7 3.25 9.05 2,50 .89 • 1b • 1i:! .11 ,I'I~

GTii'151\7q 51j.~'" .59 11:1.6ic.l 2.lI5 7.?~ .10 3.50 '1.8., 2.b<1 .-'19 • 11 • 1"
.~1 .05

GTRI5039 1>2 • .,1t • aa 1b.!".l 3.35 J.?5 • I ~ 2.801 6.85 3.;'1:; I. "d .23 ."'7 • 1.5 .01

GTPI5b~b ;, 3. 9t' .38 Ib.l><' a.9';' 3,C/~ • I 7 b.7d 10.5~ 2.111:l .6'1 • 12 .01> .07 .05

GAMTH021 53.~l:l • l3 la.39 b.11 3.b" • 15 B• .5~ 10.93 2.ClI ,. 7a .22 0."'~ .~3 "'."'Ill
GAMTMD23 53.018 .3';; 111.8~ 5.Q/) "3. l\ I • I b 7.3 1 1"',10 2. !>I .B.5 • I '1 • I:H .0.5 0.00

GAMTHD25 53.1115 .35 13. 90 6. ,H 3,«'1 • 16 ~.bllJ 121.bi:l 2.51 .'1U .2~ ".00 1i'I."kl 0.PI'"

GAMTH031 52.79 • Ja la.20 11.9'3 ".75 • 1h
El.bo It.08 2.Cb ,79 • I 1 "."''' .02 "'."'0

GAMTMD5b 52.lb .30 lb. b2 b.23 2.73 • I b ~.a~ 10.96 I .IHl .71:: .22 0.00 V'l.11l1-J 0.",0

GAMTHDS8 51 ."~ .33 Ill.19 b.1B a.~2 .15 /1.7.5 1''1.58 2.5<J .83 • 19 • 13 .08 "."'0

GA~1TM(j59 51. 70 .31 I I> • (Ill 5.87 3,~5 • 1 11 (l.IlS 11.~Hl 1 • all .1;:' .21J ~.00 0.00 0."'0

GAMTMD60 51 .7 b .32 16.29 5.2" 3.;]2 .1 'l 8. jl 11. HI 2. I \l • 71l • 10 3.0\:) 0.0~ 0.0f1

GAMTMDI>I 51 .7 a .32 Ib.bd 5.2\1 3,~5 • 18 8.71 I I • I '" 1 • ~" .72 • I 0 0. III \1 0.;:'''' 0."'0

GAMTI1D6a 51 .74 .31 lS. 8a 1).33 2.'19 • 13 Po.ac 11 • I:; 1.2b .72 .2;: 0.00 ~,0k.l "'."'kl
GAI1TI11)1>3 ~ 1 • ~2 .30 lb. 18 5.7~ 3.16 .12 8.37 10.90 ".32 • 7 I .2" 1:'1.1:'10 0,"l0 0.00

GAHTI1Db4 51. 11 5 .35 la.5b 5.01 ~.a9 • I b 8.b'" 10. 9 9 2.018 .91 • 1'; 0.0r1l .0l<. 0."0

GTR15ba9 ~?70 • 3 7 l.7.0kl 11.45 (I.a0 • 1 7 &.8\1 10.75 2.50 .1'>" • 11 .08 0.0~ ."l2

GIR15b51 5?C/il:I .3'1 17.00 a.35 4.a5 • 1 b b. HJ 10.b~ 2.55 • b 7 .12 • I ~ .03 .02

GTR15bl2 53.'0 .f-I! 17.8~ J.5\1 b.40 • 1 7 ll.9'" Cl.S0 2.Q~ .72 .20l .31 .lIb ,02

For more precise locellrj descriptions I see references Itsted 10 rhe IOrroductiry-, PIA 576

'NG' sample numbers refer moinly to hirherto unpublished BMR analyses.
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:ONl: Si02 Ti02 AI203 Fe203 FeO MnO M90 CaO Na20 K20 PL05 H20+ H20- CO2c
32NG"'7lil2 57.M' • r;"l 17.8U S,8~ .be • I b .3 • 7il 7.65 3.>10 1.f.3 ,29 .42 • 1b 0.?l1ll
32NG~7~2 S3.7k' .f.1I 17. 7 \1 3.~~ ':i.~1:l • 1S S.3S Cl."i:l 2.8~ 1 .51 .3~ • 1b • 1B .0532NGl1l7t'I<I 56. Hl .50 18."''' 3.b\) 3. a S • 15 11. ,Hl 8.0;'" 3 ..lil5 1 .7 I .31 .09 • 1 Cl .05
32Nli~H19 50. Q~' .b'l lb,'H' 3.bS 5.25 • I 7 7. 11 5 llil,5'.1 2.b0 1 • lill .29 , 1 Cl • 11 • 1232!IJGC'I"19 51. ?i-J .7b It..bl:! t6.;iS (I.Cl\) • 1 7 b.Ci-J 1I',8il 2,.55 1 ,3" , en ,211 • 1 tl 0."'032N['Ql721 5lil,Cl0 .7'!> lb.?~l 2.C,0 1>,211 • 11\ r.bO 10,b;) 2,35 1,20 .20 ,3Cl • 1 7 ,""32'iGQl722 53.C'l0 .72 lCl,1'1 3,45 (I,2S • I 5 3.Cl0 Cl.I~ 3,C'l5 1 , 8 il .33 .611 • 1 I; ".,,~3cNGC'l72b 4El.'l~ • I'd Ib. 7\) J. Cl5 b.~5 • I 'l 7.51<1 II. Q(J 2.15 .8B .22 .lb • 12 .Vl8
32NG"728 5('1. HJ .71 17. 7" 4.(\5 5. 7 1'l • 18 b.0" 1(~,9i:l 2,50 1 • I tl .3oS • 17 , I .5 0.00
GjR15~85 55./)kl .81 1t-.5\1 2. Q'" 8. 2~l .21 3, I ., 7 • .5ol 3.13 1 • Cl.5 • .3 0 • 1 3 ,25 ."'23c?NGl1l1217l 48.511 .88 17.Cl", .3 • 8 tl 7.~5 • 2~' b.21<1 11,e<l 2.3" • I, I • 1 'i • Ll 5 ,6 I .0S32NGP.12<l Sb. 70 .All 1C; • ll' ~.F.J 1I.2f<.\ .25 3. 1,a b.9~ 3.25 ?2S .3'i .07 .05 • I \)32NG"l?7 58.'iI' .7b 11I.8., ~.?~ 7.05 .2S I • Q'I 5.2" 3.b0 3. le .4'1 1.<'2 • I 8 0."032NGQl131 4Cl. NJ .77 18.'H' 3,25 7.4l1 • I 9 b.25 I I • be 2.10 • ~ 1 .21 .1l5 .31 0,Il0
32NGlill(10 S 5. ;>ll' .AlI 15. 70 2.25 8.75 • 1b 2,'1<:1 7.S", 3. n 2.20 .b.5 • (I i:l .02 • I 132NG9I1 4 2 ,,'1.3<) .7b 17.5~ 3.5' 7.Cl~ .2~ a.'l~ I I • 7 i.1 I.Q5 1 • I I .2'- .30 ~.0" • I 1
3cNG~143 51. a", obS 17 , lI IJ ?7~ 1\.t;J5 .22 4.(11:) lQ1.Q<) 2.35 l.l3 .2~ • 1 7 • ~ 1 • I :532NGl-\730 SQI.Hl .78 15 • 7,) 5.7" 7.:?0 .23 5.31<1 10.2", 2.50 I ,25 .2<1 .1'1 .0 'I • I"32N[,\:l73'l 5Q1.Ql1 .bB IQ.20 3. 45 1..55 .1 Q ~.b~ 1".5,) 2.35 1.25 .25 .33 .33 ."532NGQl73Cl 5~.a0 .Ele? 15.30 3,2~ 7. q ~l .2b 3. IS /:-.Q5 3. I " 2.0S .3'1 • I 'I .01 0.C'l1132NGC'l7(1(1 ~:>1 • 1~' .6il Iq.l\) -=!.Q5 7.2\1 • 19 3.7~ 10.biJ C?55 1,4" .2b ./lb • ~H! lIl."'''3cNGQl7511 <l8. 10 .bb 17 • ql~ lI,75 b.t-5 • ? ,) ~.85 11,5~l 1 • Qq ,72 • I ~ • a0' ."q 0.~V1
3c?NG~75q 4b.l,~ .56 17,:HJ ;,t.CfS 6. H.l .24 7.310 12.2i.l 1 .70 • b I • 1 , • 'Hl .8b 0."'''
ZO'l[ 0

32~:GOl;;lQll 55."'0 ."a 1~.q~ 3.3':1 5.1,'J • 113 <l.11<! 8.~~ 2,7" 1. So • 10 .35 .03 , 15
32"1LJ~002 5e.50 • f., 1 17.'lI! 4.~J 6.S0 • ? ~~ 5,b~ q,!,>., 2.5<1 1.0il .1/) .88 .50 .05
32\1G9I\1"3 'J3.7ll .56 1 b. HI 3,55 b.25 , 19 5. Hl q.55 2.7<1 I • (17 .22 .23 .011 • 1532'1(,;0,,,13 5a.q\1 ,43 17.80 3. Q'l a.bS • 18 (I.7v' 8.8.: 2.5~ 1 • I " • le .73 .27 ,"'532\1""'1J2(, 5~.alcJ .5b 1 7 • 11 ~1 3.35 5.lIll • 1 7 3. QI) A,25 2.85 I .74 • 19 .0b .0b ."'5
32~GQI<l21 5".Q0 • '5 I lb.81l 3.25 5.a5 • I b 3.qs 8.3i:J 2.85 1 .7 I • 19 .15 .02 ."'532NG"..12a 55.10 ,53 1t-.8\.1 3.lS 5.~S • 1A tI. 11<1 8. 8t.~ 2.75 I • C; 8 • 10 • Hl .01 .1l532NC,iHJ2b 47,Q0 • b I 13.2'" a. IS ~.5r. • I 'I 1 91 • q C,l 13.3~ 1.~8 .41 • 1<I .b9 .35 ,"'532'<GQl02b 5e. 4 \1 ,53 lb.0'" 4.511 5.81:1 • 18 7.25 11. 70 1 • '14 .7 j .14 .50 .2O ."'5
32N('Q1~?8 5Cl."i0 .~., 18. "'~, ~,~5 ~.Q5 .<'0 5.35 HI • 1 <: 2.a0 • 7 I .11 .69 • 31 .0~
32NG»~31l 5 'I. 4 ~ • .3 7 15. Ill) 3. 7" 5. 1" • 18 5.70 q.55 2, :Hl 1.01", • 11 I .27 .21 .1l5
32'JGII031 u9. 7 0 .a8 13.flt' 4.2(' ~.I\" .2" Cl.35 12.0~ I • Cl,] ./la • 1 7 .32 .0b .05
32~G~~3b 52."'16 , ", 1 17 • I\) 3.55 ~.a5 • Iq a.~11 '1.25 2.b5 1.5ll •c~ .8b • 12 .~5
3i'NG0037 S~.Q~, .Sb 17.a'" Q.4~ b.<?i1 • 1 'I 5.5',) Q.q~ 2.35 1.04 • 1S .80 • 13 .0':132/<,/GCol{i(l0 5<,.Q0 .5~ 1/:-.21:1 5.25 5,85 , 1 7 S.b" 9.'15 2.45 1 • 2 7 • I 7 .q9 • .3\1 .0532NGOl\Ja3 5'! • "'~' .Sq 16.2i:.l 3,7 ... 1,.35 • 1 7 5,SS ~.7\.l 2.35 1 .2'1 • 1 7 .36 • I I; ,09
32·... ;;1'10(17 52.?1:I • <it;, 15.(111 3 • .3.1 6.35 • 18 7, 1S 1".20 <"as 1.3b .23 .62 • 1a 0.""32'1G{I",51 119.3~ ,a0 I I • 6 ~ 3.S5 5.80 • 1 7 I 5. I '" 10. 8r~ 1 .73 .82 .1 C .35 , 1" ."'532NGe08b 5b.?0 .53 I 6 • .3 11 2.7e S.2~ .07 b,65 8.3" 2.80 1.00 • 19 • 12 .i3b 0.00
3~NG{l0q1 51 .~.., • '5 1 14."1l 2.55 b.20 • I 7 q.85 11.36 2,~" 1 • 16 .22 .2ll ,08 0.010
32Nl,"'i:l'lil 5<'. a ~1 .";2 1(1.30 11.011 '5.';0 • 1 .., 8,35 I I • 3 'r: 1 , Q7 .83 • 10 .211 .~b 0."'0.32\1GN'911 5<'.4e, .'53 13.7ll 3.115 1..05 .1 '; Cl. I ~ 11. a .: t,82 .88 .2" .15 .05 0.0032NG:;\067 57.Q", .57 17.9\<J 5.9i; ?811 • 1 I 3.5~ 7.55 2,Cle 1. b5 • 1 Cl .• 85 .2b .0532NG0i.lb7 S7.S~ .5~ 18,211 a.3\'1 2.(1" .15 .3 • 1 il 7. lI S 2.Cla 1 , 7b • 1 Cl 1. ? 1 ,25 • 10.32'1GOI~67 58. , '" .4b I 7. b ,1 6.2,,' .2c , I S 3 • .3" 6.95 2.7" I.Qe .20 1.73 .3:S 0.003 2 'i(;C'I~ H: 57.80 .44 17. 7~ 3.50 3.10 • 1b 3.2-' 8."'5 3,25 l.b0 • 19 .41 .25 e.0l032NG0079 117."'" .55 1 iI • HI 3.25 6.nlil • I 8 1<,,10; 12. il e 1. b2 .51 • 1 b • 1 7 .21 .2032 '1r,0i.l!l2 52.0l~ .ab 13,7\1 3,2(' 11.'55 .18 B.b'" 11 .5'" ~ ,82 .134

• 1 "
.b7 • 1b 0.00

32NG0l08S 5 I • 10 • f. 2 10.blil 2.QlJ 11.55 • 1 7 b. 9 ", 1 1 • 5" I ,8" .b8 , 1 !l .41 • 1 7 .05
3c~1,"b2q 5<".;..1\1 .51 13,6" 3 • I <l 6.015 • I 7 I I • 7'" 11.22 1.3'1 .75 • 1 !l 1. 10 .09 ."'~32N(;C'!\o172 5"'.80 ."3 15. 9 11 3.65 1l.<;5 • 1 'I ':-.95 10.<''; 1 .92 I .24 .27 .33 .23 .05
3C?%"075 5a."'~ .5t> 1 B. It' lI,!l~ (I.~5 • 15 lI,e", C"'. 0~. 2,30 I • be .2b .3b .bb • 153C?Nr.""\:l'lb 5t1.<;~ .5(1 1".3k; 3. HI 5.Q5 • 1b '5.2~ 9.B~ 2. 15 1.4 Q • 14 .0~ • I 1 1l.((I0
,32 NGOII "0 52.(1,) ,"2 18,3(1 5,1)5 7,2~ .20 (I.7tJ q.'l~ 2.0'J .Cl2 • 1S • ~ 1 • I 5 .0 'J
3c?NGOlI2lb 55.'''' .ab 21 .511 ;:>.L'~1 (1,1'15 • I 5 ?3\:; Cl.b5 2.'5O .Q2

• 1 "
.27 ."'7 0."'032NG0107 53.~~ .tlc 18.3~ j. 15 '-',75 , 1 8 5.1~ 9,8.: 1.84 .1I'l .131:1 0.011 .32 0."''''

52~G,",110 bll.311 .6'1 15.~~ 1 ,t'I" 5, ~5 • ~Q 1.5e (1.35 3.80 3. ~'\1 ,3 I .1 q .flI7 • 1 \132'1G'" I 11 4'l.QfIl • tit:' 12."'1) 3.65 b.05 .18 la.'ll:l 11'1,5iJ I."e • 5~' , I 1 .25 ,07 0.010
52'1G"tlb2 5(1.Q0 .61 15.'10 2,95 f.. 3ll • 11> 5.85 Q,5e I • Cl 7 I • 31., • 1 7 .37 .33 l1l.Col"32NGC1l6b7 54. ?'J .<;7 16. HI 2.Cl5 6.IHJ • 1 7 5.6'" 9,8~ 2.'J'J I • t.0 • 1 7 ,b5 • I 5 1Il.0032NGC1lb 7a 5/l. Q0 .S!) 16. :hl 3. <\0 5.1\5 • I b '5. (15 '1,3': 2.15 1.12 • 1 Cl .2Q • I 3 1'1,00
32NGI'lb75 5~.41U .58 17.01.1 3.'55 b.1I<l • I I:! 5.10 '1. 4 ';: 2.(10 .'11 • 1 9 .30 • 18 Il,"''''3i:NGl'lb79 4'1.'50 .6" lB.7", Q • ~~., 6.35 .?" 5.55 HI, 8~ 2.2" .bb .lb .2<l .08 • I \132NG"'682 591.1'10 .63 1'5 • 8l~ 4.75 7.25 • <' 1 7.""S 11.0(' 1.84 ,53 • III .3~ .20 0.00

ZONE £

S~NG~8511 55.~" .SI1 17.9kl 3.3S 5.011 • 15 a.25 9.3~ 2,75 ,tlb ."" ,tl3 .37 0.((111
53NlJM50 53, A~l .b7 lb.7kl 3 • I ;\ 5.55 .15 3.8:J Hl.10 2.35 .tl4 ."" • b b ,29 0."''''S3NG."b52 53. Q0 .67 18.51:1 2,'l'J 5.7\1 • 15 3.QI:1 9.7C 2.50 .3b .01 .8b .all 0.1l0
53"1&01:157 btl,711l .tl8 15.71tl 3.65 I • Q5 • I :5 I • Q~ 5.20 3.50 .'13 ."" .70 .88 "".1Il0

piA/Sri
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:ONl: Si02 Ti02 AI203 Fe203 FeO MnO M90 CaO Na20 K20 PL05 H20+ H20- CO2c
32NG"'7lil2 57.M' • r;"l 17.8u S,8~ .be • I b .3 • 7il 7.65 3.>10 1.f.3 ,29 .42 • 1b 0.?l1ll
32NG~7~2 S3.7k' .f.1I 17. 7 \1 3.~~ ':i.~1:l • 1S S.3S Cl."i:l 2.8~ 1 .51 .3~ • 1b • 1B .0532NGl1l7t'I<I 56. Hl .50 18."''' 3.b\) 3. a S • 15 11. ,Hl 8.0;'" 3 ..lil5 1 .7 I .31 .09 • 1 Cl .05
32Nli~H19 50. Q~' .b'l lb,'H' 3.bS 5.25 • I 7 7. 11 5 llil,5'.1 2.b0 1 • lill .29 , 1 Cl • 11 • 1232!IJGC'I"19 51. ?i-J .7b It..bl:! t6.;iS (I.Cl\) • 1 7 b.Ci-J 1I',8il 2,.55 1 ,3" , en ,211 • 1 tl 0."'032N['Ql721 5lil,Cl0 .7'!> lb.?~l 2.C,0 1>,211 • 11\ r.bO 10,b;) 2,35 1,20 .20 ,3Cl • 1 7 ,""32'iGQl722 53.C'l0 .72 lCl,1'1 3,45 (I,2S • I 5 3.Cl0 Cl.I~ 3,C'l5 1 , 8 il .33 .611 • 1 I; ".,,~3cNGC'l72b 4El.'l~ • I'd Ib. 7\) J. Cl5 b.~5 • I 'l 7.51<1 II. Q(J 2.15 .8B .22 .lb • 12 .Vl8
32NG"728 5('1. HJ .71 17. 7" 4.(\5 5. 7 1'l • 18 b.0" 1(~,9i:l 2,50 1 • I tl .3oS • 17 , I .5 0.00
GjR15~85 55./)kl .81 1t-.5\1 2. Q'" 8. 2~l .21 3, I ., 7 • .5ol 3.13 1 • Cl.5 • .3 0 • 1 3 ,25 ."'23c?NGl1l1217l 48.511 .88 17.Cl", .3 • 8 tl 7.~5 • 2~' b.21<1 11,e<l 2.3" • I, I • 1 'i • Ll 5 ,6 I .0S32NGP.12<l Sb. 70 .All 1C; • ll' ~.F.J 1I.2f<.\ .25 3. 1,a b.9~ 3.25 ?2S .3'i .07 .05 • I \)32NG"l?7 58.'iI' .7b 11I.8., ~.?~ 7.05 .2S I • Q'I 5.2" 3.b0 3. le .4'1 1.<'2 • I 8 0."032NGQl131 4Cl. NJ .77 18.'H' 3,25 7.4l1 • I 9 b.25 I I • be 2.10 • ~ 1 .21 .1l5 .31 0,Il0
32NGlill(10 S 5. ;>ll' .AlI 15. 70 2.25 8.75 • 1b 2,'1<:1 7.S", 3. n 2.20 .b.5 • (I i:l .02 • I 132NG9I1 4 2 ,,'1.3<) .7b 17.5~ 3.5' 7.Cl~ .2~ a.'l~ I I • 7 i.1 I.Q5 1 • I I .2'- .30 ~.0" • I 1
3cNG~143 51. a", obS 17 , lI IJ ?7~ 1\.t;J5 .22 4.(11:) lQ1.Q<) 2.35 l.l3 .2~ • 1 7 • ~ 1 • I :532NGl-\730 SQI.Hl .78 15 • 7,) 5.7" 7.:?0 .23 5.31<1 10.2", 2.50 I ,25 .2<1 .1'1 .0 'I • I"32N[,\:l73'l 5Q1.Ql1 .bB IQ.20 3. 45 1..55 .1 Q ~.b~ 1".5,) 2.35 1.25 .25 .33 .33 ."532NGQl73Cl 5~.a0 .Ele? 15.30 3,2~ 7. q ~l .2b 3. IS /:-.Q5 3. I " 2.0S .3'1 • I 'I .01 0.C'l1132NGC'l7(1(1 ~:>1 • 1~, .6il Iq.l\) -=!.Q5 7.2\1 • 19 3.7~ 10.biJ C?55 1,4" .2b ./lb • ~H! lIl."'''3cNGQl7511 <l8. 10 .bb 17 • ql~ lI,75 b.t-5 • ? ,) ~.85 11,5~l 1 • Qq ,72 • I ~ • a0' ."q 0.~V1
3c?NG~75q 4b.l,~ .56 17,:HJ ;,t.CfS 6. H.l .24 7.310 12.2i.l 1 .70 • b I • 1 , • 'Hl .8b 0."'''
ZO'l[ 0

32~:GOl;;lQll 55."'0 ."a 1~.q~ 3.3':1 5.1,'J • 113 <l.11<! 8.~~ 2,7" 1. So • 10 .35 .03 , 15
32"1LJ~002 5e.50 • f., 1 17.'lI! 4.~J 6.S0 • ? ~~ 5,b~ q,!,>., 2.5<1 1.0il .1/) .88 .50 .05
32\1G9I\1"3 'J3.7ll .56 1 b. HI 3,55 b.25 , 19 5. Hl q.55 2.7<1 I • (17 .22 .23 .011 • 1532'1(,;0,,,13 5a.q\1 ,43 17.80 3. Q'l a.bS • 18 (I.7v' 8.8.: 2.5~ 1 • I " • le .73 .27 ,"'532\1""'1J2(, 5~.alcJ .5b 1 7 • 11 ~1 3.35 5.lIll • 1 7 3. QI) A,25 2.85 I .74 • 19 .0b .0b ."'5
32~GQI<l21 5".Q0 • '5 I lb.81l 3.25 5.a5 • I b 3.qs 8.3i:J 2.85 1 .7 I • 19 .15 .02 ."'532NG"..12a 55.10 ,53 1t-.8\.1 3.lS 5.~S • 1A tI. 11<1 8. 8t.~ 2.75 I • C; 8 • 10 • Hl .01 .1l532NC,iHJ2b 47,Q0 • b I 13.2'" a. IS ~.5r. • I 'I 1 91 • q C,l 13.3~ 1.~8 .41 • 1<I .b9 .35 ,"'532'<GQl02b 5e. 4 \1 ,53 lb.0'" 4.511 5.81:1 • 18 7.25 11. 70 1 • '14 .7 j .14 .50 .2O ."'5
32N('Q1~?8 5Cl."i0 .~., 18. "'~, ~,~5 ~.Q5 .<'0 5.35 HI • 1 <: 2.a0 • 7 I .11 .69 • 31 .0~
32NG»~31l 5 'I. 4 ~ • .3 7 15. Ill) 3. 7" 5. 1" • 18 5.70 q.55 2, :Hl 1.01"' • 11 I .27 .21 .1l5
32'JGII031 u9. 7 0 .a8 13.flt' 4.2(' ~.I\" .2" Cl.35 12.0~ I • Cl,] ./la • 1 7 .32 .0b .05
32~G~~3b 52."'16 , ", 1 17 • I\) 3.55 ~.a5 • Iq a.~11 '1.25 2.b5 1.5ll •c~ .8b • 12 .~5
3i'NG0037 S~.Q~, .Sb 17.a'" Q.4~ b.<?i1 • 1 'I 5.5',) Q.q~ 2.35 1.04 • 1S .80 • 13 .0':132/<,/GCol{i(l0 5<,.Q0 .5~ 1/:-.21:1 5.25 5,85 , 1 7 S.b" 9.'15 2.45 1 • 2 7 • I 7 .q9 • .3\1 .0532NGOl\Ja3 5'! • "'~. .Sq 16.2i:.l 3,7'" 1,.35 • 1 7 5,SS ~.7\.l 2.35 1 .2'1 • 1 7 .36 • I I; ,09
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APPEh1D I X 3

MULTI-ELEMENT TRENDS OF VARIATION OF THE SOUTH

BISMARCK SEA' ROCKS AS SHOWN BY THE NONLINEAR

MAPPING ALGORITHM

by

R.J. HOWARTH* AND R.W. JOHNSON

Introduction

The major-element chemical analyses of ro~ks from each of, th~

~~stern and east~rn arcs, discussed in ~hB main part of this Report,

dan beconsid~red as complex data sets consisting of a numb~r of

/~easurements !i( i. e., the weight percentage~ 0 f eleven major oxides,
/' " ' , .. '>" .

{excluding v<)'latiles) for a larger nul.~l:>er of sap"ples. These data sets

have bee~>;~UbdiVided into classes on~h(3 basis of .the geographic

zones A to: H (see p. 26 and Fig.· 10), each of which has its own gross

chemical~haracteristic~.

To assess the overall chemical di£ferences between the rocks

in different zones, the percentages of all the major oxides, and their

interrelations, should be evaluat~d. Multiple plots of pairs of

oxides do not give a full picture of the overall data structure.

What, is required is a device which can produce a pictorial repre­

sentation,of the distribution of the samples in eleven dimen-

sions (corresponding to the eleven major oxides), which is
. ,.

readily assimilated, and which contains as faithful as possible

a representation of the:in\llti-dimensional structure of ·the data;

the mag'}i tude of chemi~~I differences b~tween t he zones, and .,

b~ how ~uchtb.ei'di.:tJe~irom one anothe;., can therefore be~r~adily
appreciated.!

~ *AiJpl'ied' Geoch~mistry!ResearchGroup, Imperial College of Science
-r:,

and TElchnology, University of London
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Samples defined by three measured variables ca. repre-

sented by unique points in a three-dimensional model, 01 '1 a ternary

diagram, and inspection of the model or diagrwJ will determine if

the sample points are grouped into 'clouds' of more closely packed

points separated by empty or sparsely occupied volumes of 'measure­

ment space'. In this way, points showing smal~ interpoin~ distances

would form 'clusters', and an inspection might reveal which one of

the three measurements is best for distinguishing between th~

clusters. Sample points defined by more than three measurements

cannot be seen; in other words, relationships cannot be visualized

in higher-dimensional space.

To overcome this problem, Sammon (1969) introduced the

non linear mapping algorithm (NLM) to produce a two-dimensional view

oia set of points originally in multidimensional space. This view

shows the 'structure' of a data set ina form which can be readily

interpreted by eye (see also 'Q-mode £actor analysis', page 63).

Theory
I

Suppose N points exist in L-dimensionalspace, and two of

these points are i and j. The positions of i and j can be expressed

as a number (L) of co-ordinates? thus, for i, the co-ordinates are:

x· I ' x· 2 , x.
3
... . x. L ; and for j, the co-ordinates are; x· I ' x. 2·,1 1 1 1.) .J

X j3 ··· .xjL ·

The distance between points i and j: dlj' can be expressed h

by the following equation:

d1.
1.)

(,

L
_'.- L-JC=l

For example, in two dimensions, th~ corresponding interpoint,

distance, d .. , is:
1.)
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If the measurement xI(I=1,2,3, •.L)iss~aied to ran~e between

o and 1, the i-th and: j-th samples will show maximum similarity when

they occupy ,the same position in measurement· spa'ce, i. e .dl
j

= 0;

when they are as far a.part as possible, d't'. = L, and thE y show1J .
maximum dissimilarity. For example, in two dimensions the maximum

dissimilarity will be: '

Because some elements have larger values than others (e.g.,

8i02 ) and will outweigh the others in calculation of the interpoint

distances, it is conven±en~ to transform the variables so that ~hey

are given equal w~ight~ng~ Although all the variables can be easily

transformed by dividing through by the maximum, or range, for each
.":'-, .•,........ J

variable, this procedure gives undue importance to' i'hel arg~st'and

smallest values .An alternattve' approach used i n~the NLMaigorithm ,

tsto normalize by divi~ing through by the staI1da,rd devia.tirn, (the

roo( mean-s~tiare deviatIon of the values from the mean) of each,

variable. This has the:~ffectof making the variance equa.l for each

variable, rather than fC>I'cing the range into the interval 0 to 1.

Starting with a data set of N points inL-dimensional space,

and an equal number of points scattered over a two-dimensional plane

at random, the NLM algorithm proceeds in a cyclic fashi6n, adjusting
..

the positions of the points individually in two dimensions in each

iteration until theinterpoint distances Cd . . ) best match those in
1J

th~original L dimensions (d!.); that~s, there is maximum similarity., .., . 1J
At this time, the best possible representation of the original data

structure ~s obtained. ~The adjustment process produces a non-
I ,}

linear transformation (as each point will be ',displaced by a different

amount), a'rid~i:t operates by searching for the minimum<of the

}mapping error I, E, where:
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(dot'. - d .. ) 2/d ,!, l
lJ lJ' ljJ

Howarth (1973b) gave a detailed description of the method

and its app~ication,to geological problems.
I

ApPlication

The NUl computer program was developed by J. W. Samrnon at

the Rome Air Development Center, New York, and sUbsequently modified

by the Applied Geochemistry Research Group, Imperial College,

London, £or use with geochemical data, so as to treat up to 500

samples at a time*. :The data may be log-transformed (base 10), or

left untransformed, and similar weighting maybe given to each

variable by dividing through by the variance before the NLM

algorithm is executed. The program then prints out: (1) the initial

t~o~dimensional co-ordinates (usually the measurements fo~the two

variables showing the greatest variability are taken as the initial

configuration rather than a completely random set of points);

(2) the.imapping error, E, .on each i teration (50 cycles are usually

more than sufficient for a stable solution to be reached); (3) a plot

of the points using the final NLM two-dimensional co-ordinates.

If r~quired, points can be identified as belonging to particular

glasses ,_, but this is done only. to identify points on the final

plots; it is not taken into account in calculating the mapping,

which is based on the measurements alone.

The NLM algorithm has been used extensively on different

"'sets of geochemical data since 1971 (Howarth, 1972, 1973a, b; Fanta,

1972; Castillo-Mufioz, 1973), in all of which itha~ proved a most

effective method for the analysis of data structures.

*A copy of theNLM algorithm can be obtained by writing to the

Programme Librarian, 'Imperial College Computer Centre, Exhibition

Road, Lon40n SW7 2BX
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The results of nonlinear mapping presented here for the

western and eastern arcs show both the degree of overlap between

classes defined by zones A to H, and also the variation within each

zone. The algorithm was also found to be useful in clarifying

interzone relations, as well as being a convenient method of

portrayal for the eleven-dimensional system.

Rocks of the western and eastern arcs

Eleven NL~ plots are presented for the south Bismarck Sea

rocks in Figures I-XI. In each plot, variance has been normalized,

but the data is not log-transformed. The samples used in the non­

linear mapping are the same as those selected to estimate the

relative abundances of rock types on pages 27-29 of this'Report.

Plots for each of the western zones A to D are shown in

Figures I-IV; .Figure V is a composite diagram for all the western

rocks; Figures VI-X are independent plots for rocks of the eastern

zones E to H; and Figure XI is a composite plot for all the eastern

zones. Each rock is represented by a single sample point, whose

symbol corresponds to one of the zones A to H.

The position of every sample point in an NLM plot is

defined by the dimensional co-ordinates, but, as the numerical

values of these co-ordinates have no petrological significance,

scales are eliminated from the x and X axes of each diagram. The

most important aspect of NLM plots is the relative position of points

within the borders of each diagram, and the pattern shown by

points of one class in relation to those of another,class, which

reflects their position in the original eleven-dimensional space.

Points for the rocks of zone A are shown in Figure I.

They fall in the bottom right-hand corner of the diagram; the upper

left-hand part of the plot is noticeably free of points. In

contrast, points representing the rocks of zone B occupy a broader
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area of the NLM plot, as shown in Figure 11. Although there is

considerable overlap with the area covered by the rocks of zone A,

many zone B rocks occupy an area up from, and to the left of, the

zone A area, and fall in the lower central part of the diagram.

Points representing the rocks of zone C are plotted in

Figure Ill, and indicate an even further migration away from the

bottom left-hand corner of the diagram. These points form a group

restricted almost entirely to the upper half of the diagram, and

there is practically no overlap with the area of points representing

rocks from zone A. Rbcks from each of zones A and C are therefore:.{

seen to represent extreme compositions.

In the NLM diagram of Figure IV, the field occupied by

zone D rocks is shown to be well separated from th?t of zone C.

Most of the zone D points are res~ricted to the lower half of the

diagram, and they cover an area whose extent is close to that

defined by the rocks of zone B.

A regular progression of compositional change can therefore

be demonstrated for each of the four western zones across the' NLM

diagram. This progression. reflects the chemical changes using

oxide-pairs (cf. Figs. 3~ and 32) described in the main part of

this Report, but here the changes are based on simultaneous

considerations of all eleven oxides for rocks from the western end

to the eastern end of the western arc. Compositions change in the

same relative direction in both the NLM plot and along the arc,

between zones A and B, and b3tween Band C, but the direction is

reversed between zones C and D, and the compositions of rocks from

zones Band D are shown to be rather similar.

In Figure V, most of the points representing the western

rocks cover the lower three-quarters of the NLM diagram, and con­

stitute a coherent, single field of points. However, five rocks ­

four andesites from Long Island and a basalt from Crown Island ­

plot close to the top edge of the diagram, where they are separated
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from the rest of the western rocks. This suggests that these five

rocks have bulk compositions distinctly different from those of

other western rocks; that is, they may not be part of the same

I series I. (As pointed out on page 75 of this Report, the rocks of

Long Island have distinctive chemical properties, and the andesites

in particular are unusually low in A120 3 .)

NLM plots for rocks from zones E and F, in the eastern arc,

are similar to one another, as shown by a comparison of Figures VI

and VII respectively and by Figure XI. The fields for both classes

occupy the lower central parts of the diagrams, and concentrate

towards'the left-hand side, although here the points of zone E are

displaced more towards the top edge of the diagram. Even though the

oxide-pair diagrams presented in the main part of this Report demon­

strate that chemical differences between the rocks of zones E and

F are definitely present, the nonlinear mapping plot shows that

these differences are smaller than those between other pairs of zones.

Only fifteen rocks from the southern part of zone G define

the field shown in Figure VIII. The sample points are widely separa­

ted, but twelve of them (high-silica andesites and dacites) form a

group consisting of a central cluster of ten points and two points

to the right of them. Two other points, representing rhyolites, lie

in the bottom right-hand corner, and the only basalt is represented

by the point near the top left-hand corner; these three points are

separated from the central group of andesites and dacites, reflecting

their widely differing compositions. The points of Figure VIII

cover more or less the same area as those for zones E and F, in

Figures VI and VII, except that the points representing the basalt

and two rhyolites are outside the areas of the zone E and Frocks.

Most sample points for the northern part of zone G plot in

the upper half of Figure IX, and nearer the top edge of the square

than points representing most rocks from zones E and F and the

southern part of zone G. A further upward displacement of points

is shown by the rocks of zone H, in Figure X, many of which plot
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closer to the top edge of the diagram than do those from any of the

other eastern zones, and all but one of which plot in the upper half

of the diagram.

In Figures VI-X, therefore, an upward progression is demon­

strated, from the fields defined by rocks from zones E and F, and

the southern part of zone G, to the field of rocks from th~ northern

part of zone G, to the zone H field. This progression, which is

further illustrated in Figure XI, is analogous to the changes in

composition observed in the eastern arc as distance to the under~

lying Benioff zone increases (cf. Figs. 31 and 32).

In Figure XI, many of the points representing zone H

samples occupy fields which show no overlap with rocks from the

other eastern zones. This indicates that the zone H rocks are less

like other eastern rocks than are those from any other eastern zone.
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Fig. 4. Benioff zone beneath central N~v Britain

(adapted from Figure B6 in Appendix 1), showing

the limits of zones E to H (Fig. 10) and an

I envelope I of constant thickness and constant dip

enclosing the deeper earthquake foci. Depth

.ranges: zone E = 70-160 km, zone F = 95~230,

southern part of zone G = 130-285, northern

part of zone G = 185-385, zone H = 295-580.
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IHIGHL~,NDS VOLCANOES
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Fig. 9. Schematic representation of the tectonic evolution of mainland Papua New .
Guinea in a northeast-southwest section through the western arc, coastal ranges, and
Highlands (see Figs.:l-3). Johnson, Mackenzie, & &nith (in prep. b) used these dia­
grams to illustrate the evolution of late Cainozoic volcanism in both the western arc
and Highlands province (Fig. 1 ), but in the follc:ming description emphasis is given to
those. aspects of the interpretation that apply particularly to 'the developrrenf of the
western arc. Black bands represent oceanic crust. Stippling represents chEmical mOdi­
fication of mantle by slab-derived fluids. Short-line pattern in diagriunS2 and 3
represents post-Jurassic thickening of crust. 'The true thicknesses of the lithosphere
and low..:.velocity. ZOne (LyZ) throughout this region are unknown, and the assured values\
are those detennined by Bh)o.ks(1969) for the. southern part of mainland Papua New'.
Guinea. " .

1. Southward-dipping subduction in the mid--Cretaceous resulted in arc-trench­
type volcani9l1,and chemiCally roodified the mantle underlying the northern edge. of
the Australian continent, ,

2. In the Eocene the southward-dipping slab may have become detached. In the
late Eocene, volcanisrn started in an island arc several hundreds of kilanetres to the
north a..c::; a re1:mlt of northward subduction of the Incb-Australian plate, whicl:. carried
the Australia.I1 continent northwards fran Antarctica.

3. By the late Oligocene or early Miocene tbe continent had reached the
islan,d arc and, beC{tuseit\'.'aS .too buoyant to descend into the subduction zone, began
to collide with the arc. Subduction was arrested and island-arc volcanisrn ceased,
but ,plate convergence continued, and the continental margin and arc were \\'.3..Tp€d and
raised. Middle .Mioeene magmat19l1 south of the .collision zone was initiate<', by
partial ~lting of mantle whiqh had been chemically modified duringtheCr~taceous

;'csubduction.
'. .. '-.

4. By th~/,late Pliocene the slab beneath, the Tertiary island a±c','h~db~
steepeneu, and 60ntinuing subduction gave rise to the vol('~oes of the "western arc i.n
the south Bignarck Sea (SBS volcanoes). Upltftandwarping in the HighlanxJs region led
to partial ~lting in the chani<'"'81,~y roodified mantle. F"



F

(.)

Northern
J

Sou"t"he~G
•
•H - •

Eastern

D

~3'

Western

c

200km
.---...J

A

! B

~"',".~I.. '--.,
V •

N

"

o II

f)

piA 427

Fig. 10. South Bismarck Sea volcanoes (solid circJ~e:» grouped into western zones - A, B, C, D ,- and eastern zones - E, F" G,

'H. Zone A -:- Schouten Islands. Zone B - Arts to cri~vn. Zone C - Long and Tolokiwa. Zone D - Unboi to Cape Gloucester area.

Zone E - Kakolan Island, Cape Deschanps. Likuruanga, Ulawun, Bamus, Hargy/Galloseulo, Sulu, WitorijPago, and Buru. Zone F­

,Lolobau Island, Banban Islan~" Cape Reilnitz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, Dufaurt~,

Wago , 'and" Krunmel. ZoneG - \lillaumez Peninsula (excluding KrtrnIlel) and Kint>e Island; the 'southern' volcanoes of zone G are

Garhuna, Welcker, Bangum, and all those south of Lotargan near Talasea Harbour. Zone H - the Witu Islands.
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Fig. 33. ISO contents - detanni-ned from the regression Tines in Figure 15 at 52.5,

55,60, and 85 percent silica levels -plotted against depth-rangeS to the New Britain

Benioff ,zone - detennined fran Figure 4, and for zone E also from Figure B7 in Appendix
f) , I),,,-' _. , ", '

A:-c Letters corresponding to each zone are dra,wn opposite the midpoint of the lines
1) '.

representing each depth range.
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sho.rn in Figure 39. Light stippling shows hydrated crustal rocks in the upper parts of

the slabs. Coarse stippling indicates thickness of crust in cross-section A, which coin,

cides with the crustal profile K-L given by Finlayson & CIlIl (1973, fig. 9b; crustal
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Fig. 41. Temperature v. percentage-Irelting diagram for a model pericbtite cOOJIXlsition
at about 18 kilobars (after fig. 3 of D.H. Green, 1972). The solidus tenperature of .
abogt 1280 C under water-free' conditions decrea,es, as water content increases, to about
970 C under water-saturated conditions (excess water). For constant water contents,
rises in temperature cause increasing degrees of melting along the stepped paths shown
as solid curves. Different am::>unts of water introduced intopericbtit8 at different
temperatures will have differ@nt effects; forexample,0.5 percent water introdused
into anhydrous mantle at 1200 C will·cause atxmt 20 percent melting, but at 1000 C "
onlg about 1 percent of melt will be produced. . At 1:enperatures of less than about
970 C, any arrount of water \vill 'not cause melting; it will be used up in subsolidus
reactions to form amphibole. (According to Green, up to about 30 percent amphil:x>le
could form from his model pericbtite.) ThE'. dashed line:; between the dry ,and excess
W?tercurves define four fields in which partial melts of different campositionsare
in equilibrium with different phase assemblages; 01 = olivine, Opx = orthopyroxene,
Cpx = clinopyroxene, Amph = amphibole, L = liquid. Beneath the volcanoes of zones
E and F (Fig. 10), water fran the downgoing slab rnay have been introduced into the
overlying upper mantle at a terperature above that of the water-saturated solidus, alld
so have caused melting. West of zones E and F, the mantletenperature may have been .~.
belcm the solidUstenperature, and no melting may have t.:aken place (see 'text ancl Fig)
40 for details).
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Fig. 42. Postulated relations between late Cainozoic plate boundaries at the western end

of the western arc. Bathymetry adapted fran 1: 1 million geological map of Papua New Guinea

(Bain et al., 1972). Assuming the Pacific(P)/Soutb Bisnarck(B) plate boundary (PB) is a

single fault, the present-day poc::j tion of PB is shown as a solid line between Viai and

) Blupblup: Vokeo and Viai are on 1 ~ Pacific plate (Koilis a coral island), and Blupblup"

ICadovar, and Barn are on the South Bismarck plate. A p<Jssible older position for the
~. ,

Pacific/South Bismarck plate boundaIJT is shown by PIB', in which case all the volcanoes are

on the South Bisrmrck plate (see text for an alternative interpretation). longer dashed

line represents speculative strike-lines for the upper surface of the dcmngoing slab.
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