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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 the boundary between
the South Bismarck and Indo-Australian plates, The western arc
is considered to overlie a near-vertical downgcing :31ab which,
throughout th: late Cainozolic, mayv have Peen characterized by
generally higher rates of subduction nearcr its eastern end. The
eastern arc consists of volcanoes arranged on three principal
lines: (1) an east-west line formed by the Witu Islands (excluding
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 plate. To
account for the distribution of these eastern volcanoes, an imbricate
thrust slice (the Vitiaz slice) in the northwestern corner cf the
Sclomon 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-
normative 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 SiOz) and low-
silica andesites (53s;8102<<57 percent) are common in the western
arc, high-silica andesites (57s;SiOZ<<62 percent) are less common,
dacites (625§Si02<:70 percent) are rare, and rhyolites (72270 percent
SiOZ) have not been found. The volcanoes of the Schouten Islands,
at the western end of the western arc, &2re unusual because basalts

appear to be absent. The range of rock tvpes in the eastern arc




is wider: andesites are common, basalts and dacites are less
common, and rhyolites are rare., Basalts in both arcs are either
quartz-normative or olivine-normative. Rocks having high

Mg/ (Mg + Fe2+) values are also present in hoth arcs, and may
represent approximations to primary magmas that were in equilibrium

with the olivine ¢ upper mantle peridotite.

In comparing the compositions of rocks containing the

same amounts of silica, pronounced changes 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 related to
depth to the present-day Benioff zone. A favoured model for
petrogenesis in both arcs is the partial melting of upper mantle
peridotite (not necessarily of uniform composition) under
hydrous conditious to generate mafic primary uagmas which rise
and {ractionate to form magmas of lower magnesius and higher

silica contents.

In parts of the eastern arc, and where the downgoing
slab is at a shallow depth (less than about 100 km), water may
have been released from hydrated oceanic crust in the upper part
of the Solomon Sea slab by subsolidus dehvdration of amphibnle,
and may have risen into the overlying mantle and generated
primary magmas by partial melting of peridotirte. It is
suggested that these primary magmas gave rise to the volecaric
rocks between:the southern end of Willaumez Peninsula and
‘At depthé slightly greater than about 100 km, a

Likuruanga.
hydrous eclogaste 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 uncertain, although as the depth increases the
magma compositions are thought to be governed increasingly Ly
inhomogeneities in the source peridotite rather than by the

infiuence of slab-derived melts.




Beneath Willaumez Peninsula, 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 melting
of subducied 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 formed by partial
melting of mantle peridotite under conditions similar to those
that existed over the 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
ascent may have enhanced fractionation resulting in a greatgr
proporticn of acid rocksvamong 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 shallow depths (possibly in a dilz-ational
environment), so that little time was available for the magmas
to fractionate during their relatively short ascent to the
surface., Anatexis of young crustal rocks in the South Bismarck
plate cannot yet be ruled out as a possible process for the

derivation of at least some acid rocks.
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INTRODUCTION -
Papua New Guinea, at the southwestern margin of the
Pacific plate, contains about 110 principal late Cainozoic
volcanoes (Fig. 1), of which 30 have been classified as 'active'
(Fisher, 1957) and 14 have erupted this century (Cooke, McKee,
ent, & Wallace, 1976). The volcanoces are in a variety of tectonic

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

This Report details the distribution and petrology »f
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 petrogenesis in the light of
plate theory and the published results of experimental
petrology. 348 whole-rock chemical analyvses (major oxides) are
available, of wnich 260 are unpublished analyses of rocks
collected by Bureau of Mineral 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 (19272), and Johnson, Taylor, &

Davies (1972).

The Report is divided roughly info 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 estaklished. The geology,
petrography, and major-element 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.
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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 into six groups. The wide ranges of volcanic rock
compositions and tectonic styles in these six groups demonstrate
that exceptionally complex geodynamic events have governed magma

genesis in Papua New Guinea,



by

1. Volcanoes between the southwest:orn coast and central
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
(JakeS & 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 evidehce that they are directly related to a
downgoing lithospheric slab (Johason, Mackenzie, & Smith, 1971).

2. Late Cainozoic volcanoes of eastern Papua consist of rocks

also identified as calcalkaline and shoshonitic (Ruxton, 1966;
Morgan, 1966; JakeS & Smith, 1970), and again - as in the Highlands -
there is little suggestion from seismic evidence that they are
directly related tc subducted lithosphere (Johnson, Mackenzie, &
Smith, 1971). These volcanoes include Mount Lamington, whose
eruption in 1951 is widely recognized as a classic example of

Peléan-type activity (Taylor, 1958).

3. The volcanic islands in the southwestern part of the

Solomon Seu (off the coast of eastern Papua) are made up of roci.s

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. Milsom, 1970; Luyendyk, MacDonald, & Br. 'a, 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.



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 include strongly undersaturated and fraction-
ated types such as tephritic phonolites and phonolitic trachytes.
Quartz trachytes 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, 196J;
Bultitude, 1976), although petrologicai 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 volcanic
arc' (Johnson et al., 1973), and could bhe considered as a severth
group. However, although tnis 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 between different parts of the 'arc'. In this
Report, two distinct volcanic arcs are recognized within the
'Bismarck volcanic arc', and it is ifurther suggested that the
volcanoes nf the Rabaul area, in the extreme east, be considered

as a province 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).



This zone continues westwards into Indonesia, and southeastwards
through the Solomon Islands and New Hebrides, where it defines part
of the boundary between the Pacific and Indo-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 Pacific and Indo-Australian piates have 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 boundaries in this region,
but they all agreed that one minor plate underlies the Solomon
Sea, and thut 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 volcanoces described in this Report
coincide with the rajor zone of seismicity associated with the
southern margin of the South Bismarck plate (Fig. 3). The northern
margin of this plate is marked 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 indicatiang left-lateral strike-siip
fault movements (Johnson & Molnar, 1972; Turtis, 1973b; Ripper,

1975, in prep. a). .

f’"

The southern margin of the South Bismarck plate is
adjacent to the Indo-Australian plate in the west and to the Solomon
Sea plate in the east; the southh Bismaryck Sea volcanoes are there-
fore associated with two plate boundaries (Fig. 3). Because
movements at these boundaries have proba“wly had an important influence
on magma genesis througnout the late Cainozoiz, 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 should also be
capable of accounting for the distribution pattern of the volcanoces.
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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 70O beneath New Britain
(Denham, 1969; Johnson, Mackenzie, & Smith, 1971; Curtis, 1973a;
Fig. 4). Focal mechanism solutions indicate northward underthrusting
of the Sclomon Sea plate beneath the South Bismarck plate (Ripper,
1970, 1975, in prep. a; Jchnson & 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-secticns 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.
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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 1lithospheric slab immediately south of the volcanic
arc (Fié. 3). Present-day seismicity is consistent with this
interpretation. Intermediate-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. 4, 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 80° 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.

Two south Bismarck Sea wvolcanic arcs

Because the south Bismarck Sea volcanoes are thought to
be associated with two plate boundaries, two volcanic arcs are
recognized in this Report.
1. A 'western' arc ccnsists of the volcanic centres bhetween
the Schouten Islands and the Care Gloucester area of west New Sritain
(Fig. 5), and is associated with the South Bismarck/Indo-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

corner 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. 1), are
also associated with the boundary between the South Bismarck and
Solomqn Sea plates (Fig. 3). However, because they are separated
from the volcanoes in the eastern arc by the complexly faulted
Gazelle Peninsula (Davies, 1973; Fig. 1), these volcanoes are con-
sidered to occupy 2 structural environment distinct from those of
the other south Bismarck Sea volcances. Consequently, the chemistry
of their rocks is not discussed here in detail, burt - using the
chemical analyses published by Heming & Caimichael (1973), Heming
(1974), and Matsumoto (1975) - is compared with the rock chemistry

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

The chemistry of rocks from Uvo (Fig. 5) and Andewa and
Schrader (Fig. 6) is not discussed in this account. These volcanic
centres have not bee: adequately studied by ground surveys, but
their degrees of dissection indicate that they are older, at
Jeast in part, than the other south Bismarck Sea volcanoes. 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 New 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 iz Huon Gulf, and

a2 northern part that extends into Vitiaz Strait. This branching of



the trench is shown in Figure 7 (see also Fig. 1), and also by the
results of a BMR 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 sedimentation rates have not been much greater in the
south than in the north. This splitting of the New Britain trench
suggests that the northwest ccrner of the Solomon Sea plate has not
underthrust the South Bismarck plate along a single line, but rather
may carry an imbricate slice (termed the 'Vitiaz slice' in Fig. 3)

beneath west New Britain (see below).

The structure of the western and southern margins oS the
Solomon Sea piate are complex, and their nature is much more obscure
than either tlLe eastern or northern margins, which are clearly defined
by the axis of the New 3ritain-Bougainville submarine trench (Figs.
1 and 7). The seismicity of the western and southern margins
appears to be much mure diffuse and of a lower order of intensity
than that of the eastern and northern margins (e.g., Denham, 1973).
The southern margin (the Woodlark Basin, Fig. 3) was interpreted by
Milsom (1970), and olhers, to be a zone cf 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
feailures, and the position of the zone representing the margin in
Figure 3 should therefore be regarded as speculative, This zone is
drawn passiiag northwards through Cape Ward Hunt, and correspondinug
with the major offset between the Adelbert-Huon coastal ranges and
New Britain; it is considered to mark the present-day western
extremity of the New Britain trench system, and to define the present-

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

The mainlrad of Papua New Guinea south of the western arc
may be 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). 1Inter-
pretations of the geological evolution of mainland Papua New Guinea
are still at a speculative stage, but there appears to be 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 Ramu and Markham valleys
(see: Dewey & Bird, 1970; Karig, 1872; Johnson & Molnar, 1972).
Jagues & 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 volcanism (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 Tertiary island arc, but that after the collison the arc
polarity reversed, and a zone dips southwards beneath the coastal
ranges and the ilighlands at the present day. As discussed above,
there is little evidence for a simple southward-dipping Benioff
zone, and the distribution of earthquakes suigests 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 Indo-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-southwest section through the western arc, coastal ranges, and
Highlands (see Figs. 1-3). Johnson, Mackenzie, & Smith (in prep. b) used these dia-
grams to illustrate the evolution of late Cainozoic volcanism in both the western arc
and Highlands province (Fig. 1l ), 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 crust. Stippling represents chemical 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 ihis region are unknown, and the assuned values
are those detemined by Brooks (1969) for the southern part of mainland Papua New

Guinea.

1. Southward-dipping subduction in the mid-Cretaceous resulted in arc-trench-
type volcanism, and chemically modified 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, volcanism started in an island arc several hundreds of kilametres 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 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 magmatism south of the collision zone was initiated by
partial melting of mantle which had been chemically modified during the Cretaceous

subduction.

4, By the late Pliocene the slab beneath the Tertiary island arc had become
steepened, and continuing subduction gave rise to the volcanoes of the western arc in
the south Bismarck Sea (SBS volcanoes). Uplift and warping in the Highlands region led
to partial melting in the chemically modified muntle,



—-14-

passing along the axis of the Ramu and Markham valleys (Curtis, 1973b;
Krause, 1973; Luyendyk ~t 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
spre2ad niore or less evenly over a wide zone covering the ccastal
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 faults 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 are identified as 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 the western arc (see below
for further 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

the 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 is steeper and much more prominent than
the northern side, which is simply the southwest-dipping flcor of the
Bismarck Sea. Erlandson et al. (1976) called the valley the 'New
Guinea trench', and regarded it as a subduction zone 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
seismicity west of Wewak is also of uncertain significance, although
Ripper (in prep. b) suggests that it marks the eastern corner 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 Curtis (1973b) independently

calculated the magnitude and direction of the present-day relative
velocity vectors between the South Bismarck and Indo-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 the 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 rates of convergence

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

between dip and rate of convergence proposed by Luvendyk (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 cf 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 14°s
and longitude 148° or 147°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 shown .n Figure 2¢, where they form a line
whicii is part of a pole great circle containing the South Bismarck/
Pacific pole (at 1408, 1480E) and the Indo-Australian/Pacific pole at
58°S, 169°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 8
Rate A%imuth Rate A%imuth
(cm/yrx) (E 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 BPS 327
Taylor (1975, 8.04 at IBP 29 11.65 at IBS 11
unpublished) 9.3 at IBS 29 12.5 at BPS 8

*values calculated for a 'preferred' model in which BI pole is at IBP
triple junction, and left-lateral slip rate between B and P is 13.5 cm

per

a2 72 B v o I
1]

year (see text).

Indo-Australian plate
South Bismarck plate

Solomon Sea plate

Pacific plate
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Krause (1C73) also propose.. that the present-day pole of
rotation for jthe 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
IOOS, 143.5°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 within 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 the late
Cainozoic will have caused greacer rates of convergence at the
eastern part of the South Bi<marck/Solomon Sea plate boundary than

beneath the western part (ci. Table 1).

Johnson & Molnar (197%2), _ Curtis (1973b), and Xrause (1973)
all regarded the seismic zone Croussing the.Bismarck Sea as 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 sectors of the seismic 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).

VOLCANO DISTRIBUTION AND GEOLOGICAL SKTTING

Coral reefs and submarine peaks

A1l the principal and some of the minor late Cainozoic

volcanic cenires along the southern margin of the Bismarck Sea are
shown in Figures & 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 and coral
islands may have volcanic foundations, their locations are taken

into account in the following descriptions of volcano distribution.



-18-

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

Bayv, east of Willaumez Peninsula.

Cther prominent areas of coral in the Bismarck 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 south of Manus Island,
A1l these islands and reefs, and the Witu Islands and Ottilien 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 subhar%ne volcanoes is largely unknown. A
submarine volcano is though% to be present 35 km north-northeast of
Karkar Island, where marine disturbances were observed in 1951
(Taylor, 1956; Fig. 3). Moreover, the results (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 the western
and eastern arcs can be confidently recognized as late Cainozoic

volcanoes, and be.ore the significance of their distribution can be

evaluated.
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Fastern 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 inclined Benioff zone (Fig. 4)
under~lying an arcuate geanticlinal island ridge which shows positive
free-air and Bouguer anomalies (Finlayson & Cull, 1973; Wiebengua,
1973); and active volcanoes on the concave side of the arcuate ridge.
In the vicinity of the Witu Islands, crustal thicknesses are atout
20 km, but they increase to a maximum of about 45 km beneath . e
south central coast of New Britain (Finlayson & Cull, 1973;

Wiebenga, 1973)1 In the Solomon Sea area, the base of the crust is

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

Unusual features of the New Britain island arc are, firscly,
the splitting of the submarine trench gt its western end (see above),
and, secondly, the distribution pattern of the volcances (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 the 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 Witu Islands. They lie opposite a section of New Britain
where late Cainozoic volcanoes are conspicuously absent (between
Andewa and Willaumez Peninsula), and opposite the two western
branches of the New Britain trench. Apart from Unea, the Witu Islands



{and Ottilien Reef) form a zone which extrapolated 170 km soufh-
southeastwards ccincides - presumably by chance - with the volcanic
line of Banban, Lolobau, and Likuruanga on the north coast of New
Britain (Fig. 4). The eastern velcanoes are therefore not arranged

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

Western arc

In contrast to the eastern arc, the volcanoes of the
western arc occupy a much narrower zone (Fig. 3). This is consistent
with the interpretation presented 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 inclined -.lab will presumably all t~nd to rise vertically,
and have little curportunity to move away from the slab and erupt

from centres over a wide volcanic zone,

Like the volcanoes of the eastern arc, the western volcarnoes
are arranged in a series of lines, nrot all of which are parallel to
the general trend of the arc. Talawe, Aimaga, and Tangi form a
north-south line in the Cape Gloucester area of west New Britain
(Fig. 5). In additior, two parallel lines of islands trend north-
westwards and intersect the general trend of the western arc at an
angle of about 30O (cf. Carey, 1938); these are (1) the Siassi
Islands (coral)-Umboci-Tolokiwa line, and (2) the Long-Crown-Hankow
Reef (coral) line (Fig. 3). Both lines appear to be related to the
fault pattern on Huon Peninsula to the south, suggesting they
represent the surface traces of underlying fractures (cf. Bain et

al., 1972; Robinson, 1973).

Bagabag, Karkar, Manam, and Aris Islands form 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 mainland coastline extends closer to the

western arc than at any other point.
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The Schouten Islands make up a fifth line of volcanoes.
This line is parallel to the Bagabag-Aris line, but is about 25 km
northeast of its western extension; it lies opposite the gap
between the Prince Alexander Mountains and the Adelbert Range
(Fig. 53). Bam, about 625 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 m below sea level,
and many of the volcanoes elsewhere in the western arc are higher
than 100G m above sea level, the volumes of magmi produced by each
of the Schouten Islands volcanoes are apparently considerably less
than those produced by most of the other wester-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 vclcanic
arc appears to be wider in the east, possibly because (as discussed

above) rates of plate convergence are greater there.

Available bathymetriz 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 to be Tertiary features, and are not considered to

be submarine trenches in the generally accepted sense.

VOLCANIC ACTIVITY, STRUCTURE, AND MORPHOLOGY -

The south Bismarck Sea volcanoes are made up of lava flows,
coulé€es, 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 deposits have probably been reworked,
at least to some extent. The pyroclastic-flow deposits are of nuées
ardentes (including some of basaltic composition), possible lahars,
tash-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 35°. 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, CGarove, and Ritter.
Many of the large stratovolcanoes have satellite cones. There are,

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

appear to be related to any of the major centres. Many of these
smaller volcanoes consist of silica-rich rockxzx (dacites and rhyolites).
Examples are Banban Island, Kakolan Island, Cape Deschamps, Cape
Reilnitz, centres around Talasea harbour, and the sa*ellite cone on

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

A1l the volcanoes, both principal ind minor, were probably
active in the Quaternary; some, however, miy 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 yvears (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 volcanoces 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 the western arc (Fig. 5).
Pyroclastic materials were erupted at all the active subaerial centres,
and lava flows issued from all but two of them (Bam 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 widespreag, 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. Bam, 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
featnre 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 Bam 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 active 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 Dakataua/Makalia,
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 'tholeziitic', 'calc-
alkaline', 'calcic', 'high-alumina basalt', '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 which plagiocalse,
clinopyroxene, pleochroic orthopyroxene, olivine, 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 : basalt

=53, <57 : low-silica andesite
=57, <62 : high-silica andesite
=62, <<70 : dacite

=70 : 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 than 53 percent silica
range from i‘c¢ss than 5 percent to more 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 Mg0O values, the basalts of the south Bismarck Sea are therefore

subdivided as follows:

<7 percent by weight MgO : low-magnesia basalt

=7 percent by weight MgO : 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 (Yoder & 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, are 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 8102 54.93 3.92 47,47 66.76
TiO2 0.52 0.15 0.24 0.89
A1203 16.40 1.69 11.69 21.56
Fe203 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
K,0 1.14 0.51 0.13 5.14
P;O5 0.20 0.08 0.08 0.63
Eastern 205 SiO2 58.60 6.29 48.24 76.19
TiOZ 0.66 0.28 0.24 1.93
A1203 16.60 1.65 12.57 2G6.44
Fe203 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
Ca0 8.13 2.58 1.23 13.10
Nazo 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 recalculated to 100 percent without volatiles

using the Irvine & Baragar (1971) transform.

list of chemical analyses.

See Appendix 2 for full



TABLE 3. CHEMICAL AND MODAL ANALYSES AND CIPW NORMS OF 10 ROCKS SELFUTHD FION
113 ANALYSED ROCKS FROM THE WESTERN ARC

1 2 3 4 5 I 7 8 9 10

SiO2 6G0.5 5:.9 60.2 51.80 55,1 18.1 51.2 51,3 52,10 55,1
TiO, 0.36 0.38 0.29 0,33 0.5 0.66 0.76 0.6G9 0.52 0.53
AL, 16.7 16.50 17.40 14.19 17.3 17.9 16.60 15,00 14.30 16.8
Fe,0, 1.38 4.30 3.90 G.18 2,55 14,75 4,05 1.08 4,00 3,35
FcO 3.40 1.25 2.40 4.02 5,00 6.65 4.90 5.35 5.50 5.65
MnO 0.09 0.16 0.14 0.15 0.17 .20 0.17 0.09 0.15 0.18
MeO 4.95 5.0 3.45 ].73 4,90 6.85 6.80 1,50 8.35 .10
Cal 8.00 9.40 7.55 10.58 9.05 11.50 10.80 4.35 11,30 8.8
Naj0 2,80, 2.25 3.05 2.50 2.45 1.99 2,35 3.8 1.97 2.75
K0 0.50 1.35 1.16 0.83 0.65 0.72 1.3t 3.00 0.83 1.58
PO, 0.13 0.19 0.16 0.19 0.15 0.15 0.27 0.37 0.18 0.18
H,0% 0.66 0.3 0.07 0.13 0.49 0.40 0.24 0.19 0.20 0.70
H,0- 0.36 0.10 0.09 0.08 0.47 0.9 0.16 0.07 0.06 0,01
o, <0.05 0.04 0.08 - 0.95 <0.05 <0.05 0.10 <0.05 0.05
Total 99,97 100.09 99,94 99,71 99, 82 99,96 99.64 99.89 99,76 99.78
'1 .

CIPW nomms' :

Q 17.26 7.22 15.69 - 1r,12 - 0.2 17.57 2.45 6.92
or 3.55 8.09 6.91 4.96 3.90 4.31 7.98 17.78 4.96 9.45
ab 24.36  19.20 25.96 21,32 20,97 17,00 20.05 32.31 16.75 23.51
, an 31,37  3L.11 30.49 25,29 34,73  38.05  31.11 15.09 27.53 29.61
! ( wo 3.28 6.10 2.55 11.04 4,06 7.71 8.85 1.74 11.42 5.77
: di ( en 2.20 3.28 1.42 6.59 2.23 4,10 5.42 0.57 7.01 2.82
i ( fs 0.84 2.62 1.03 3.88 1.68 3.35 2,93 1.22 3,75 2.85
i hy ¢ en 10.25  10.26 7.21  12.56  10.12 6.63  11.66 3.19 13.93 7.52
( fs 3.90 8,21 5.20 7.39 7.63 5.48 6.30 6.78 7.15 7.61

o1 ( fO - - - 1.95 - 4.48 - - - -

( fa - - - 1.27 - 4,05 - - - -
i1 0.68 0.72 0.55 0.63 1.14 1.27 1.46 1.31 0.9 1.03
mt 2.02 2.74 2.61 2.68 3,07 3.16 3.31 1.58 2.94 2.97
ap 0.31 0.45 0.38 0.45 0.35 0.36 0.6f 0.88 0.43 0.43

Volume rcent

phenocrysts
Plagioclase 26 27 28 28 27 23 3 25 26
Olivine <1 - <1 1 3 3 <1 <1 <1
Orthopyroxene 4 3 1 8 - - - 4 3
Clinopyroxene 9 2 6 <1 21 1 21 9
Fe/Ti oxides <1l 1 2 1 <1 1 <1 - 2
Amphibole - - 1 - - - - - -
Total A 40 4 44 30 48 4 50 40
1. High-silica andesiteb, Vokeo (18NG1037)C. 6. Low-magnesia olivine-thsleiite
f e { AINCOTE
2. Lowsilica andesite, Bam (18NG1010). basalt, Long (32NGO754),
. A . ) " 7. Low-magnesia quartz-~tholeiite
3. High-silica andesite, Aris (19NG096G3). basalt, Tolokiwa (328GO719).
4. High-magnesia olivine-tholeiite basalt, Manam . R © epens
{Morgan, 1966; his sample 12). This sample €. Dacite, Umboi (32NGOLLCH).
is quartz-nomative when Fe, 0,/FeO value of the 9. High-magnesia quartz-tholeijte
original analysis is used il ?he norm calculation. basalt, Ritter (3ZVGO(4A),
No mndal analysis available, 10. Lowsilica andesite, Langila
S. low-silica andesite, Bababag (2&iG0792). (32NGO021B),

a. Calculated without volatiles using the FC‘ZOS/FCO transform of Irvine & Baragzoy (14971)Y,

b, Rock names based on classificaticn shown on page 25, using the silica value obtained oter re—
calculating to 100 percent without volatiles using the Irvine & Baragar (1971) tran=fonn. :

¢, BMR sample numbers shown in parentheses for samples 1-3, and 5-10.




TABLE 4. CHEMICAL AND MODAL ANALYSES AND CIPW NORMS OF 10 ROCKS SELECTED
FROM 205 ANALYSED ROCKS FROM THE EASTERN ARC

1 2 a 4 5 6 7 8 9 10
SiO2 72.4 52.4 53.9 53.85 58.30 63.9 59.0 51,57 53.7 49.2
Ti0, 0.31 0.77 0.67 0.52 .46 0.80 0.51 0.80 1.54 1.14
A1203 13.4 17.80 18.5 17.30 15.9 14.00 15,9 15,91 15.10 15.0
Fezoa 0.88 3.32 2.956 3.68 3.65 1.81 3.15 2.74 3.95 3.45
FeO 1.48 6.55 5.70 5.53 3.75 5.55 3.90 7.04 7.95 6.05
MnO 0.07 0.18 0.15 0.15 Q.13 0.15 0.13 0.17 0.24 0.18
Mg0 0.81 5.17 3.90 4.82 4.70 1.95 3.40 6.73 4.15 11.3
Cal 2.75 10.61 9.70 9.45 8.15 5.70 6.70 11,74 7.90 10.8
Na20 4.05 2.35 2.50 2.55 2_835 3.60 2.9n 2.41 3.60 2.2
R20 1.64 0.36 0.36 0.56 0.88 0.99 1.34 0.44 0.415 0.25
P205 0.03 0.08 0.07 0.12 0.13 0.18 0.14 0.11 0.19 0.11
H,0+ 1.98 0.19 0.86 ) 0,45 0.54 1.07 0.35 0.43 <«0.01
H;O- 0.11 0.07 0.48 ) 0.72 0.47 0.09 0.59 0.10 0.55 0.27
CO2 0.04 0.05 <0.05 ) 0. Ut <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 normsa
Q 35.62 5.51 9.63 7.66 13.51 22,71 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 1.48
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 6.04 9.4
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 Q.5¢ 14.09 3,15 2,05
hy ( en 2.07 9.60 7.86 9.57 9.01 3,81 7.91 19.45 7.6. 12,65
( fs 1.63 8.19 7.38 B8.51 5.80 5.99 6.34 6.71 8.50 3.93
o1 { o . . : - . . . S -
il 0.61 1.46 1.29 1.01 0.89 1,54 0.99 1.52 2.96 2.17
mt 1.30 3.3: 3.20 2.97 2,89 2.65 2.97 3.35 1.47 3.84
ap 0.07 0.19 0.17 0,28 0.31 0.43 0.33 0.26 0.45 0.26
Volume percent
Rbenocrysts
Plagioclase 20 25 27 29 23 14 26 3 <1 -
Olivine - 2 <1 1 - - - - - 10
Orthopyroxene <1 1 1 5 1 2 - - -
Clinopyroxene <1 <1 - 4 11 2 10 3 <1 -
Fe/Ti{ oxides 1 - - 1 1 2 - - -
Amphibole 2 - - - - - - - - -
Quartz 13 -~ - - - - - - - -
Total 36 29 28 40 38 18 30 6 ca.l 10
1. Rhyoliteb, Sulu Range (SLNGSOBZA)C. 6. Dacite, Lolobau (32NG1049).
2. Low-magnesia quartz-tholeiite basalt, Ulawun 7, High-silica andesite, Banpum
(Johnson, Davies, & White, 1972; 51NG0156). (S1ING2708).
3. Low-silica andesite, Likuruanga 8. Low-magnesia quartz-tholotate basalt, bakataua
(53NG08524). (Lowder & Carrichacl, 1970; therr sample 311).
4. Low-silica andesite, Mataleloch, Cape 9, Low-silica andesite, Garove (A8NGOLIT),
Hoskins area (Blake & Ewart, 1974; thelr 10, High-magnesia olivine-tholeiite basolt,
sample 77). Mundua Group (48NGO582).
5. High-silica andesite, Dufaure (51NG2G85B).
a,b. See footnotes for Table 3.

C.

BMR sample numbers shown in pareatheses for samples 1-3, 5-7, v, uand 10,
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the Australian Mineral Development Laboratories (AMDL, Adelaide),

who used mainly 'wet chemical' analytical methods (MgO, CaO, NaZO, KZO
were determined by atomic abscrption). 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 Report are those given by Morgan (1966), but these
are almost entirely of rocks erupted in 1957-62, One of the 25
analyses given by Morgan (op. cit., his sample number 23, from Karkar)
is not used here as it is known to contain secondary silica (G.A.M.
Taylor, pers. comm., 1972). The groundmass analysis of an andesite

given by Lowder & Carmichael (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 volcances in both the western and eastern arcs,
and between the volcanoes of each arc. To facilitate a description

of 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 groured into zones E, F,
G, and H.

Zones A, B, C, and D are sectors of the western arc. The
line of volcanoes 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 western 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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Fig. 10. South Bismarck Sea vclcanoes (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 Crown. Zone C - Long and Tolokiwa. Zone D ~ Unboi to Cape Gloucester area.
Zone E - Kakolan Island, Cape Deschamps, Likuruanga, Ulawun, Bamus, Hargy/Galloseulo, Sulu, Witori/Pago, and Buru. Zone F -
Lolobau Island, Banban Islund, Cape Reilnitz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, Dufaure,
Wago, and Krummel. Zone G - Willaumez Peninsula (excluding Krumel) and Kimbe Island; the 'southern' volcanoes of zone G are
Garbuna, Welcker, Bangum, and all those south of Lotomgan near Talasea Harbour. Zone H - the Witu Islands.

Eastern
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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 zone 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 volcances at right-angles to the strike.
Therefore, the use of the term ‘'zone' for the volcanoces 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 provinces, 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 inadeguate to expose

the cores of many volcanoes), (3) the inaccessibility of ike 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, because a large number (1200) of rocks has been examined in,
thin section, and because a large number (348) of chemical analyses

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

unrealistic.

The analyses have been culled so that (1) the number of
analysed rocks from any one volcano is roughly proportional to the
volume of the subaerial rart of the volcano, and (2) in any one
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 & Carmichael
(1970) and of Blake & Ewart (1974) are all included, but all those
of Morgan (1966) and a few of those of Johnson, Davies, & White (1972)
are omitted, because they are biased towards recently erupted rocks.
"No rocks from Manam, Uvo, Andewa, and Schrader are represented.

Cumulative frequency curves - I and II 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 most 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 si.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 (Fig. 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 cf curve I, 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 III), which shows a positively skewed dis-
tribution, and curve II, which shows a bimodal distribution. Curve
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Fig. 11. Cumlative frequency curves for five suites of rocks from the south Bismarck
Sea volcanoes. Silica vaives (% by weight) taken from original analyses., I = western
rocks. II = eastern rocks., iII = western rocks excluding those of zone A. IV = 2aSt—

ern rocks containing 61.5 percent by weight silica, or less. V = rocks of zone H,

Numbher of Median
Curve smples Silica range silica value
I 124 46.6 - 65.9 4.3
II 192 47.5 - 75.33 56.6
III 102 46.6 - 65.9 53.35
v 138 47.5 - 61,5 54.7

1% 29 47.5 - 70.3 53.7
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II has an inflexion »etween about 61 and 62 percent éilica, which
corresponds roughly to the andesite/dacite boundary (see p. 25); this
indicates 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 separate 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 vertical probability scale) that this suite of rocks
shows - for all practical purposes - 'normal' or Gaussian distribution.

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

Among the castern volcanoes, three other aspects of rock-
type distribution are ncteworthy. The first is that although dacites
and rhyolites appear to be distributed throughout 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 have been noted 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
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form in Table 5, which shows that in seven of the ten volcanoes the
younger rocks are consistently richer in si.iica than the older rocks.
The three exceptions are Long, in the western arc, and Garove and
Lolobau, in the eastern arc. On Garove, the sequence appears to be
reversed, as dacites and rhyolites are the oldest exposed rocks, and
basalts seem to be the youngest. The ~lder parts of Long show a
basalt-to—andesite sequence, but basalts were again erupted in 1968
and 1973-74 (Cooke et ai., 15676). On Lolobau the sequence is
andesite-basalt-dacite; it is the only c<xample found in the south
Bismarck Sea of a 'divergent-type' of 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 large 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 equivalent to McBirney's 'coherent-type' of volcano. Witori/
Pago (Blake & Bleeker, 1970; Blake & Ewart, 1974) and Dakataua/Makalia
(Lowder & Carmichael, 1970) may be other examples of coherent-type
volcanoes. The stratigraphies of the other south Bismarck Sea
volcances are unknown because exposure is insufficient, or bhecause

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, “bherefore, a summary of petrography is prasented rather than
a detailed account; differences between 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).




TABLE 5. SIMPLIFIED STRATIGRAPHIES OF TEN VOLCANOES

Volcano Sequence

Kadovar* low—silica ancdesites —s crater formation — high-silica

(Zone A) andesite (only slightly richer in silica).

Aris* low—silica andesites —>crater formation —> high-silica

(Zone B) andesites.

Long+ basalts, type 1 —> basalts, type 2 (richer in silica),

(Zone C) and andesites associated with cauldron subsidence —>
basalts, type 2.

Sakar* basalts —» crater formation —>» high-silica andesites.

(Zone D)

Talawe/ Talawe basalts and low-silica andesites —> Langila low-

Langila* silica andesites (richer in silica). Langila is a

(Zone D) satellite volcano on the northeastern flank of Talawe,

Hargy/ andesites —> cauldron subsidence —> andesites (mainly

Galloseulo¥* richer in silica) —» Galloseulo dacites.

(Zone E)

Bamus* andesites (mainly low-silica) —» collapse event —>

(Zone E) high—-silica andesites.

Lolobau andesites and (?)dacites—>basalt —> cauldron subsid-

(Zone F) ence —>basalt (poorer in Fe) dacites and rhyolites.
Several samples of uncertain relative age.

Unea* basalts and andesites —> cauldron subsidence —> andesites

(Zone H) (mainly richer in silica).

Garove dacites and rhyolites —>low~silica andesites —>cauldron

(Zone H) subsidence —>» basalts. Several samples of uncertain

relative age, including the basalts, which are only
assumed to be post-caldera in age.

The prefixes
varieties of andesite are represented.

'"low—-silica' and 'high-silica' are omitted where both
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 andesites).
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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, low-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 H and 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 (Tig. 12). Among the

eastern rocks, !ower phenocryst contents are charasteristic of rocks

*Modal analyses for the BMR rocks were made by counting 2000-2500
pcints for each sample (excluding vesicles) using a 1/3 mm grid.
T'hese values are probably reasonably accurate estimates for most
rocks, but some samp’es - particularly those from the western arc -
cont='n phenocrysts or phenocryst aggregates of clinopyroxene several
millimetres wide K and in these the area used for point-counting is not
necessarily representative of the entire rock. (Using the visual
estimation 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 1limit between 'phenocryst' and 'groundmass' grains,

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

each sample,
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Fig., 12. Volume percent total phenocryst contents v. weight percent SLOZ for 162 eastern

and 106 western rocks (including data of Lowder & Carmichael, 1970, and Blake & Ewart,

1974).

9, and 13 percent quartz phenocrysts respectively.

Samples 1, 2, and 3 are quartz-rich rhyolites from Sulu Range containing 4,
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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 samples

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 complex oscillatory zoning is common; 'dust'-1like inclusions
are concentrated in bands parallel to the zoning; and the cores of

many crystals countain abundant irregular areas of groundmass material
(mostly glass which in many exampicc is laden with opaque minerals),
suggesting that the phenocrysts have grown rapidly. The compositions
of plagioclase phenoncrysts from many basalts and andesites - determined
optically by the Carisbad-Albite twin method ~ are predominantly by-
townite-labradorite; plagioclase <~lupusitions are less calcic in the
more acid rocks. In common witu other island-arc andesites, 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 (25-600) 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 & 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-

1ike 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
proportibn of augite phenocrysts in the western rocks. Most eastern
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
phenocrysts 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, 1s 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 phenocrysts 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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and show no evidence of resorption; olivine is also present in the
grourdmass, indicating that it continued to crystallize throughout

mosc of the cooling history of the rocks. In contrast, olivine pherno-
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):
(Mg, Fe)25104 + 8i0, = 2(Mg, Fe)SiO, (1)

In some rocks, zones of iron-titanium oxides are commonly presernt
between the pyroxene coronas and olivine cores. Both the pyroxeis
and the oxides may be the result of oxidation of olivine, as expressed

by the following equation (Muir, Tilley, & Scouon, 1957):

3Fe28104 + 3Mg28104 + 02 = 2Fe304 + 6Mg8103 (2)
Kuno (1950) and Presnall (1966), however, suggested that the iron-
titanium oxides surrounding olivine phenocrysts are also the product

of é 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 clinopyrcxene (pro-
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bably pigeonite or subcalcic augite). In some rocks, the grainsize
is too small to identify the ny-oxene species by optical means alone.
The olivine phenocrysts in a tew 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 systems (O'Hara, 1968):
Olivine + quartz-normative liquid —> diopside (3)

'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'.

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 all,
are probably 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 H (Fig. 10), but they appear to be

extremely rare in zones C and H.

Amphibole phenocrysts appear to be more common in the
western 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,
phenocrysts of primary amphibole have not been found in any andesites
from the eastern arc; they appear to be restricted to the rhyolites
and, possibly to a lesser extent, to the dacites. They are, for
example, present in quartz-phyric rhyolites from the Sulu Range;

in pumices from Witori/Pago (Blake & Ewart, 1974); in rhyolites from
northern Willaumez Peninsula (Lowder & Carmichael, 1970); and in

some 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 several 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, irou-titanium
oxide phenocrysts are best developed in rocks containing ortho-
pyroxene, rather than olivine, phenocrysts. In many of these rocks,
orthopyroxene and iroun-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 are 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, which is higher than for any other rocks in both the

western and eastern arcs.
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Apatite phenoczvsts are consplcuous 1n some rocks,‘partrc-ﬁg

‘ularly in silica-rich ones.” They are,ress ea311y ldentlfled 1n

basalts and low-<ilicsa ande81tes "because ap%t:tc,gra1ns, espoc1a11yu‘

where small, may be easily mlstaken for. pyroxene. %patlte pheno-
crysts are, for example, expecxally plomlnenﬁ in tnerrocks of zone T

H, and in the amphibole~bearing i1avas of Sahar.ww

‘i i 7

Quartz phenocrysts are present in several rhyolltes, iu;
some dacites, and in a few andesites. Amounts. rarelv xceed 1 to‘2
percent, except in the rocks of the Suiu Range,‘some of Wthh oontaln
several percent (up to 13% in one sample, see Fig. 12). ‘Rare
biotite phenocrysts are also restricted to rocks of high—silica
content. Blake & Ewart (1974) identified them in the matrix of an
agglomerate from the Cape Hoskins area, and Lowder & ‘Carmichael i

(1970) described them from rhyolites in the Talasea area.

The groundmasses of the south Bismarck Sea rocks show a

wide range in texture and mineralogy. In most rocks, the common

oxides‘ and interstitial glass. In many of the basalts (especially

‘un those of zone E) the ca101um—poor pyroxene is low-2V cllnopyroxene B

(plgeonlte or subcalcic augite), rather than orthopyroxene, Olivine
is present in the groundmass of the olivine tholeiites. In rocks
richer in silica, highstemperature polymorphs of silica;(tridymite
and cristobalite) are present in the groundmass, or in small vesicles,
and alkali feldspar is present interstitially. Apatite is probably
ubiquitous, although it is difficult to recognize optically 7
because of its small grainsize, A distinctive groundmass texture‘i
is found in many acid rocks: colourless, more or less circular areas
up to about 0.1 mm in diameter and consisting mainly of salic minerals
are enclosed by a darker, more glassy matrix; grains of iron-

titanium oxides are séattered throughout the rocks, but in some S

':the ox1des are concentraLea at the edyes of the colourless areas. f;

bﬂnerulltlc structures are preserved in some glassy rocks. True

ob51d1ans are found- anly 'in the Talasesa area.
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Some 311161 rlch lava flows contain inclusions of material

w

coarser in grainsize than ‘the 1avas containing them. Similarly
 coarse—"ra1ned rocks are found as fzagmentq in pyroclastic- flow and
air-fall deposits. Thebe‘lnclu51ons'are thought to be fragmonts torn
from the conduits of the volcénoes. The grains 1ze of some samples
'suggests the rocks are pfobablv"from dykes andf51lls or from the
centres of lowlv coolﬂd 1ava tlow but others have a coazber

'wraln quggostlnw derlvatlon Lrom larg rer intrusive bodies, or from

slowly cooled materlal constltutlng the condult walls.

- ‘Chemical analyses are available ror three sets of host-
lavd/fﬁolnsion pairs: (1) amphibole-bearing gabbroic inclusions
(49.46¥51562_% S5i0, ) in,gn»amphibole—bearing high-silica andesite
cumulodome‘on'AFis, (2} a gabhbroic inclusion.(51.97 % ULO ) in a
dacite on Bangﬁﬁ.xénd (3)*dn andesitic inciusion in a d&pltC lava
flow at Cape Deqchdmns.’ In GaCh of these samplos the host lava
. contains more‘3111ch ‘than'. tne inclusions. The Aris inclusions are
especially stfiking;.they consist of zoned plagioclase, augite;
brown amphibole in gralnq up”to 3 cm long,rare pleochroic ortho-
pyroxene olivine, 1ron thanlum oxides, and interstitial | B
cristobalite. At least one inclusion from Aris is olivine-
normative; it contains about 1 percent alkalis, which is the lowest

value of all the analysed rocks from bnth the western and eastern

arcs (Fig. 18).

VARIATION DIAGRAMS

Typesvof diagrams

Many studies of island arcs have demonstrated that: in
rocks of the same silica content, total alkalis (Na 0O + K O) and'Kzo‘
show systematic changes as depth to the Benioff zone lncreases In

this study, variations in all the major oxides (excluding water and



-39-~

carbon dioxide) relati?e tofsilica are described. Total alkalis and

K,0 are shown to change svstematically throughout both the western

a;d eastern arcs, and it is also demonstrated that Na O K O/Nazo

}TiO p 05, Cao0, Algog, WgO and MnO show systematic varlatlons.
Unless étated therwise 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 oxidation state of iron has been standardized by the procedure

recommended by Irvine & Baragar (1971) - that is, if ELZOB >>TEO + 1.5,

sufficient Fe203 is converted to FeO for Fe 03 to equal T102 + 1.5.

Statistics of these transformed oxide values are given in Table 2. To

avoid unnecessary congestion, a few rocks are not plotted on many

of the variation diagfame, and natural logarithmic scales are used -

in some diagrams to disperse points in areas of high density.

Limitations of the method of data presentation

In all the variation diagruams, each rock-point symbol is
‘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 volcane in
each variation diagram is 1mpract1cable, and therefore the only vol-
canoes distinguished are those whose rocks appear to be chemically
distinct from those of all the other volcanoes in the same arc., This,
however, is a biased procedure, because the rocks of each voleano are
"distinct' from the other rocks to the extent that all depart, in
different degrees, from an 'average' set of compositions for an entire
arc. To daefine these departures statistically is beyond the purpose
of thls study, but note that in each of the variation diagrams a
31ngle rock point svmbol 1dent1f1ed with more than one volcano in
one or more zcnes does not imply that the rocks of each volcano
cannot be statistically distinguiéhed in the variation diagrams.

v Anoth :r-limitation of the method of data presentation is
in the grouping of the volcanoes into zones, A to H (Fig&qlo).‘ This
“grouping was found by trial and error to be the most useful,fér -

describing overall chemical differences, but it is,notlheceSSarily
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Fig. 10. South Bismarck Sea volcanoes (solid circles) grouped into western zones — A, B, C, D - and eastern zones - E, F, /é, *
"H. Zone A - Schouten Islands. Zone B - Aris to Crown. Zone C - Long andvf’l‘oldkiwa. Zone D - Umboi to Cape Gloucester area.
Zone E -~ Kakolan Island, Cape Deschanps, Likuruanga, Ulawun, Bamus, Iiaxgy/GalioSeulo, Sulu, Witori/Pago, and Buru, | Zone F -
Lolobau Island, Banban Island, Cape Reilnitz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, Dufaure,
Wago, and Krummel. ‘Zone G - Willaumez Peninsula (excluding Krumnel) and Kimbe Island; the 'southern' volcances of zone G are

Garbuna, Welcker, Bangum, and all those south of lLotamgan near Talasea Harbour. Zone H - the Witu Islands.




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 Si0, 54.93 3.92 47.47 66.76
Ti0, 0.52 0.15 0.24 0.89

11,0, 16.40 1.69 11.69 21.56

Fe,0q 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

Ca0 9.55 1.75 4.37 13.65

Na,0 2.44 0.53 0.94 3.82

K50 1.14 0.51 0.13 3.14

P,05 0.20 0.08 0.08 0.63

Eastern 205 510, 58.60 6.29 48. 24 76.19
Ti0, 0.66 0.28 .24 1.93

Al,04 16.60 1.65 12.57 2044

Fe,0, 2.02 0.38 0.33 3.28

FeO 5.81 1.82 0.85 9.05

MnoO 0.15 0.03 0.05 0.24

MgO 4.07 2.21 0.24 35

Ca0 §.13 2.58 1.23 .10

Na,O 2.98 0.80 1.52 5.74

K,0 0.85 0.67 0.16 3.88

p;oS 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 chemical analyses. ' o
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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 in Figure
16 their Nazo contents are more similar to those of rocks from the
northern part of zone G. The rocks of Kimbe Island (Fig. 6) ailso
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 diagrams, it
has been found easier to retain the grouping A to H in all the
diagrams, and to make reference in the text 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' compositions of rocks from different zones. These ‘-
regression lines were¢ computed using program BMDOSR (Dixon, 1971)
with modifications by Mayo & Long (1976). Silica (weight percent)
is plotted along the horizontal axis ouf all but one of the two-
axis.diagrams, and in the regression calcilations is treated as the
independent variable; in Figure 25, a plot of MgO versus FeO + Fezos,

MgO is the independent variable.

For any data set, program BMDCSR calculates a series of
lines of best fit, stdrting with a simple’linear;regression, and
successively increasing the degree of. the polynomiai - through
two-degree (quadratic),~three—degfee (cubiec), and so on - to some
predetermined limit - in this study, to thé fifth degree. F values
are calculatéed for eagh regression line, and are compared with one ka&

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, Pago, and Galloseulo are post—caldera volcanoes which respectively

‘lie inside the older volcanoes of Dakataua, Witori, and Hargy.
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does not remove significantly more of the remaining sum of sguares
produced by the data points about the regression line, the poly-
nomial obtained before the addition of the two terms is assumed to
give the best fit through the data points. The signilicance of the
difference between the sum-of squares of two successive regression
lines is measured by dividing the difference by the fhean-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 level. 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 I value for linear
(one~degree) regressions 1s 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 obtaiacd.

A measure of the closeness of fit about each regression
line is given by the ratio, RSS, of the sum of squares due to the
fit of the polynomial and the total sum of squares. RSS values
muitiplied 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 variations in the western and eastern arcs.

Other statistical tests

The above multiple-regression program tests the'relaﬁiéns’
befween onliLy two variables at any one time.. MO0 enable differgﬁces in
the mnajor-element chemical compositions of the whole rock tq/be
statietically evaluated, two other programs have been used in this
study: one involves Q-mode factor analysis (Klovan & Imbpie, 1971);
‘the other uses nonlinegr mapping (Howarth, 1973), for whﬁch techniquesv

and results are discussed in Appendix 3.



TABLE 6. RSS VALUES X 10> OF REGRESSTON LINES ¥OR RCCKS OF 2ZONLS z\l'l'(',) li

n = 29

SHOWN IN VARTATION DIAGKAMS
L Figura
; Number L5 16 17 18 19 20 21 22 23 24 25 26 a7
Variation K0 Nua 0 K, 0/ Na,0 TiO,, P,0- Cao A l,)(),3 MgO o FeO+ o MO FoeO/ MnO
diagram 7 v.” NT,0 R0 v, © v oo v. v, Fe,0, v. Fe, 0. V.
§io, §io, v.” V. sio, Sio,  sio, €10,  Fi0, v.” Y roor oyt 5t0,,
< © §i0,  §i0, < < < © 510, Fe,0, $10, -
Zono A 473 396 913 584 749 302 757
n* = 24 (@D (z (1) (1) (3) 1) 3)
Zone B GO0 672 123 781 55 891 274 767 379 281 118
n = 52 (2) ) (1) (3) 5) (2) (2 (3) (2) 23 (1)
Zone C 817 886 644 8835 . 563 917 177 621 183 182
n = 23 (1) (1) (1) 1) (1) (1) (1) (1) (1) (2)
zZone D 744 707 367 311 447 872 320 29 772 C15 237 126
n = a4 (1) (L (1) (13 (3), (1) (2) (2) (2 (5) (2) (1)
Zone E. 859 819 616 §94 457 370 957 545 643 884 814 736
n = 83 (1) (3) (1) (3 (3) (3). (L) (3) (2) (3) 3) 3)
Zone F 894 847 621 931 318 973 519 847  S41 728 549
n = 58 (1) (2) (4) (2) (2) (1) (1) (1) 1y (2) (3)
Zone Gs 978 933 886 986 892 682 990. 759 830 964 639 538 927
n = 17 (1) 2) (1) 1) (s) {2) (2) (1) (1) (1) (1) (1) (1)
Zone Gn 827 970 639 916 400 452 977 387 909 912 939 582
n = 18 (1) . (2) (1) 2) (2) (2) (2) (1) (2) (2) (5) 2)
Zoue H 788 918 527 975 751 944 314 769 671 592 459
(4) (L) (1) {(4) (5) (2) (1» (2) (2 (3) (4)

*n = number of samples

~Numbers in parentheses indicate degrees of regression
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S1lica saturation

The degree of silica saturution,in the rocks of the south
Bi§Murck Sea is 1llustrated in Figurezlé with reference to the norm-:-
ative pseudoternary svstem Ol-le-Q (the base of the 'basalt tetrn~,/
hedron', Ol1-Ne-Q-Di, of Yoder & Tilley, 1962; see inset in Fig. }45.
By plotting molecular percentages, and by using the joins Ab-0Ol1 and
Ab-Hy as field boundaries, the three principal types ol basalf -
alkali, olivine tholeiite, and guartz tholeiite - can be diétinguished.
The normative proportions of the south Bismarck Sea rocks have‘beenf‘
calculated using the oxidation adjustment discussed on page 30 ”
(Irvine & Baragar, 1971). Because’ the'strect ol this adjustment is
to reduce the Fe OB/FeO values of some rocks, the degree Of si1ica
saturation shown by the CIPW norm is lowered: 31 of the rocks shown
“in Figure 14 are olivine tholeiites (ol-normative and hy—nOfmative),
put 12 of them are Q-normative (quartz tholeiites) when the

FeDOB/FeO values of the originral analyses are used in the CIRPW

calculation.

’ Figure 14 is a ternary variation diagram, and no regreséion
lines‘haVe been calculated for the rocks of zones A to H. However, to
facilitate>déscription gtnerallzed field boundaries have been drawn
to the diggram. ‘These boundaries have no precise statistical Ql"nlf—*
icance, and to dltferpnt extents all are drawn somewhat arbltrar¢lyu
The lower—case letters a to h in Figure 14 1nd1cate that the approp—
riate compos1t10nal 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 of each zone differ”‘f
in their degrees of silica saturation. The Piedds trend away f“om;' o

i

the 01 apex, and away from the A4b-01 join.

‘ ::MOst of the rocks from zone A fall in field a (Fig. l@);
which represents the most silica-saturated compositions of all thé
_western rocks; no basalts have been found on the volcanoes of zone A,
The rocks of zones B and D deflne a joint field b-d; these rocks are

1e<s silica-saturate >d than those of zone A, and include many basalts,
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Fig 14, Molecula.r percentages of rocks from the w&.tern and eastern arcs plotted in

‘part of the normative pseudo-—ternary bystem Ol—Nﬁ-Q (see 1nset of ught-hand dlaglam)
21 of 24 zone A rocks define field a. 83 of 96 rocks from zones B a_nd D define fleld |
b-d. 22 of 23 zone C rocks defme field 'c.- 156 of 158 rocks from zones E anu F," and
s'jfrom the southern part of zone G, deflne field _ﬁ‘gs.:' 15 of 18 rocks from the: -
northern part of zone G deflne field g”, A1l 29 zone H rocks define fleld h. N'.f, is
the one sample from Narage. “ ‘




\\ﬂ._the rocks of Ulawun and those of volcanoes in the southern part of ;
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of which 14 are olivine tholeiites. Field ¢ contains most of the
rocks from the two volcahoes 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
silica saturation are therefore observed throighout . ‘ength of

the western arc.

| A similar pattern of chemical variation is shown by the
rocks of the eastern arc. Rocks from »_r.2s E and F,.and from the
southern part of Zone G; are combined in a single field e-f-gS; within
‘which ‘the rocks ofvtbe‘southern part of zone G and of zone E - except
those of Ulawun - fall malnly in the Q-rich part whereas many of
those ftrom zone F pilot cloqer to the Ab-Ol join; these rocls are Lhe
most silica-saturated of all the eastern rocks, and, although many“ 2
- basalts ere represented; none of them is 011v1ne—normaL1ve.f Field g
contains p01ntq representing rocks from the northern part of zone C
these rocks are less silica-saturated than those of field e-r—os, and
they include one eWivine tholeiite - from Kimbe Island. - All the
" rocks of‘zone H faillin fiﬂ]d h; they are the least 51llca—sarurated
of allzthe eastern rocks, and they include seven olivine tholeiites, |
‘of which five are from the Mundua Group. The one sample from Narage ‘
'ISlend, which is the most northeri. veleano in the eastern arc, is thé;
closest of all the olivine-normative basalts to the Ab—Ol\join, and “
appears, therefore, to be the least silica-saturated; however, this
rock has a hlgh original Fe /FeO value, and it is slighfly Q-
normative when this value 1$ u\ed in the CIPW norm calcﬁlation.

[

In the eastern arc, therefore, pronounced decreases in the
degree of silica saturation are observed as depth to the New Britain

Benioff zone increases. Exceptions to this general conblusion are. i

zone G whlch plot in 1nappropr1ate parts of field e~ fng .“W‘ i -

i
1

h
0o

Whether or not many of the olivine tholelltes mentloned ;;

y:\

above represent the comp081t10ns of true magmaSIcannot be ascerta]ned“

for two reasons. Firstly, because of post emplacement ox1datlon 5»
fi

i

cifects, the Fe OB/FeO values of the rocks may not represent those |

ii
1
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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) - standardize the rocks for petrological comparison, but

there is no certain wayv of knowing if the adJusted Fe 0, /PeO 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 FeDOS/FeO values.

Secondly, olivine phenocrysts may or may not have accdmul—
ated in the rocks. Of the 19 south Blsmarck Sea rocks which are
oliane normative using the Fe /FeO valu@ of the original analyses,
all but two contain olivine ﬁhenocrysts. If these ollv;ne crystals
are cumulates, the comp@sitions of the rocks plotted ih Figure 14
will have been displaced towards the Ol apex from the true liquid
CompOSlthnS, which for scme rocks may have been Q- normative. The’

proporportlon (if any) of 011v1ne phenocrvsfa that represents a

cumulus fraction cannot be estlmated so some of the rocks may owe

their olivine-normative character to the accumulation of olivine.
However, two of the 19 olivine-normative rocks contain less than
1 percent total phenocrysts, and alimost certainly represent liquids

of true olivine tholeiite composition.

In spite of these difficulties, there is little doubt that
rea1 differences in the degree of silica saturation exist between the
most basic rocks in each of the zones, A to H. In the western arc, .
no basalts have been found in zone A; quartz tholeiites are common,

and olivine tholeiites much less common, in zones B and 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 te be absentj

quartz tholeiites and rare olivine 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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- Because potﬂsSium is believed to be the most sensitive of
thc major elements to differences in the tectonlc setting of 1sland-
arc volcanoes, many studies have given con81der1b1e attention to
pdtash:silica relations. Correlations between increasing potassium
content (for rocks containing the same amounts df silica) and in-
crea51ng depth to the underlying Benioff zone are now recognlzed as
common features of island-arc geology (e.g., chklnson & Hatherton
1967) and some authors have used potassium as a prlnclpal chemical
‘parametcr in classlfvlng island—-arc rock assoc1atlons (e.g., Taylor
et al., 1969{ Jakes & Gill, 1970, Mackenzie & Chappell, 1972;
Ninkovich & Hays, 1972). | i i
: ’VEriations in KZO in the rocks of the sourheBismarck Sea .
. volcanoes are illustrated in Figure 15 with reference . to the zones
f defined“in;Figureylo. The regressiOn lines for thetrocks of the
f western 7ones B, C, and D show that zone C rocks have the hlghest
f'Kz
tne rocks,of zone D are more potassic than ‘those of zone B. lh\ KZO

0] contents (comparlng rocks of the same <1llca content), and that

contents of rocks from zone A show a comoaratlvely wide  range:itwo .

Q”xsamples from Kadovar plot above the zone C regre851on line, but all

FCLthe 0 hers olot below the /one D Iegre551on line; and niae samples
“from Vokeo'and Viai Islands in the west .have the lowest h O wvalues
of all che western rocks contalnlng the éame amount of s111ca This
scatterfof points is so broad that the dalculated F value was too low:
,to allow a regression llne to be calcul%ted for these zone A rocks.
Nevertheless in Splte of the scatter, and except for the two
anomalous samples from Kadovar Flgure/lo shows that, for rocks of
the same silica content K20 contents generally increase between zone

A and /one C,. and decrease in zone D. f

Ia
: It
? { : /!
1 i

) f Most eastern rocks contain less thln half as much K20 as
western rocks with tne‘same silica coutent but there is considerable
compos1t10na1 overlap. iZExcept for th#se of Ulawun, the rocks from

S

fi
I
1.
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Fig. 15. Weight percent K20 (log10 scale) v. SiOz_for rocks from tbé western and eastern arcs. RSS values: (x 103) for
regression lines: B = 690, C = 817, D = 744, E = 859, F = 894, G southern = 978, G northern = 827, H = 788, "
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volcanoes in zone E contaih the least K2O of all the eastern rocks,

as shown by regression line E, and the rocks of zone F are generally

'gﬁfmore'potassic; the rocks of Ulawun, a zone E volcano, also have gen-

erally higher K20 contents. This general increase in KZO content
northwards (Ulawun excluded) is consistent with the generally accep- -
ted view that rocks richer in K,O overlie the deeper parts of the
underlying Benioff zone, Howev;r, many of the rocks from the |
southern part of zone G seem to contain more K,O than rocks of the
same silica content from the northern part of zone G. Within zone
G, thérefore, lower K,O0 values correlate with the deeper parts of the
Benioff zone. ~In theﬂnorth, where the Benioff zone is deepest, the
rccks of zone H show a wide range of K2O 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 Qf zone
H cuts across both of them. The dacites and rhyolite of zone H (all
from Garove Island) have KZQ contents Similar to those‘of zone F, and
the zone H regression line therefore has a pronounced minimum at the
silica-rich end: ' 3

t

i In common with the rocks in other island arcs, therefore,

‘rocks of the same silica content in the south Bismarck Sea generally

increase 1in K O content as the depth to the Benioff zone 1ncreases.
However, Ulawun, the volcanoes in the southern part of zone G nd
some volcanoes of zone H, all have rocks whosc K20 values are incon-
sistent with a regular pattern of contlnuously increasing KZO as
depth to the Benioff zone increases. These rocks demonstrate that,
in this island arc,vthe correlation of K2O 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@lstently in a predlcted part of the ’20:8102 diagram (see p. 72

for further dlscus51on)

A striking feature of Figure 15 is the wide range in KZO

“contents for most silica values in rocks from both the western and

' eastern. arcs. Some rocks have low K,0/values - for example, some

of those “from zones A, E, and F - and could, therefore, be con-

4
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sidered as‘members of a 'tholeiitic' association (cf. Jake$ & Gill,
-1970). At the other extreme are rocks which are‘rich in K,0 - for
example, the andesites of zone C. Some of these KDO_rich ;oCks are
shown to be 'shoshonitic' when plotted on the KZO:éiO2 grid of
Mackenzie & Chappell (1972), but only two of them - both from

' Kadovar - are found to be 'shoshonites' sensu stricto when Mackenzie
& Chappell's K,0/Na,O limits are applied (greater than 0.6 at 50%
fSiOZ; greater ;han I.O at 60% SiOz). Between the two extremes are

rocks which can be termed 'calcalkaline' and 'high-K calcalkaline’,

depending on which scheme of classification is used"(cf. Taylor,
et al., 1969; Jake$ & Gill, 1970; Mackenzie & Chappell, 1972).

_ In Figure 15, points representing the rccks of the eastern
arc afe not spread evenly across the variation diagram: a gap between
- the F-and northern G regression 1iﬁes contains relatively few points.
4 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 classificr
ationS‘bgsed on K20:Si02 relations is suitable forfdiscriminating h
between the rocks of the south Bismarck Sea volcanoes. These classif-
icationsg divide the spectra of points in Figure 15, for both the
'western‘and eastern arcs, into arbitrary fields which are of no
practical siqnificéhce. Morebver, 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' (ef. Jake$S & 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' rock associations.

Théfvalidity of these associations is discussed on page 65.
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‘Na20:8102
‘The pattern of N&,0:5i0, variations in the rocks of the
south Bismarck Sea snows some similarities to that for K2O:Si02. There

are, however, important differences which suggest that, to a large
extent, Nazo and K,O0 behave independently. Na,)O:SiO2 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 KZO (Fig. 15), have the highest NaZO values of all the
rocks from the western arc. The lowest values are in the rocks of
zone A, and the values in rocks from zones B and D are intermediate.
For practical purposes, the rocks of zones B and D are not distingu-
- ishable by their Na20:8i02 relations, although the basic rocks of
zone~B tend to be less sodic than those of zone D. The Nazo‘yalues
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 ré¢ks have low Nazo contents, and, uﬂlike ‘
their KZO contents, their points in Eigure 16 are sufficiently Well
clustered to allow a regression line to be calculated, although the
RSS value of 473 is comparatively low. " -

/

Consistent patterns of variation iﬁ Nazo across inclined
Benioff zones (in rocks containing the same ‘amount of silica) are
thought to be either less clear than those,gsing K20:Sio2 relations
(e.g., Ninkovich & Hays, 1972), or even non-existent (e.g., Hatherton,
1969). As shown in Figure 16, %he zones E; F, northern G, and H
- regression lines demonstrate progressively increasing Nazo 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 havé anomalously low Na2O values that cluster about a re-—
gression line below the one for the rocks of zone E. Rocks from
Ulawun ‘have high Na,0 values'compared/with other zone E rocks having
‘the same silica‘conzent, and this accounts for the 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 Na O: SlO relations is that the rocks
of Unoa the southernmost volcano of zone H, have Va O 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 Nazo 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, Va O generally increases as the depth to the Benloff
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 part. This is the reverse of the pattern for the
KzO: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 zZzones, Another feature
shown by a comparison of Figures 15 and 16 is that in rocks con-
talnlng the same amount of silica from different volcanoes -~ espec-
ially those Irom'7ones A and H -~ relative differences in KZO are
not necessarily commensurate with similar relative differences in -
Nazo, Thus, in zone A, Vokeo rocks are less potassic than those of
Viai (Fig. 15)¢ but they contain more NazO than do the Viai rocks
(Fig. 16).; and, in zone H, Unea rocks contain more Kzo but less NazO
than those of Garove (Figs. 15 and 16). A more complete evaluaticn
. of Variationsein the ratio of K20 to NaZO is given in the following
section.

K2O/Na20:8102

A plot of alkali ratios against silica for the rocks from

the bﬂuth Bismarck Sea is glven in Figure 17,

The pattern of regression lines for the zones of the
<gwestern arc is rather similar to that for K2O SJO relatlons in
Figure 15: the lines for zones C, D, and B show progressively lower
K2O/Na20 values (comparing rocks with the seme silica contents), and
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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KZO/NaZO values for the rocks of Tolokiwa are lower~than those for
'Lonngsland rocks, und are generally similar to those lor zone D

rocks. The only two samples having K O/Vazo values greater than 1
are Trom hadovar (zone A), whereas notably low values are shown by

five rocks from Vokeo.

Because'KDO is thought to show proportionally greater
increases than NaéOj the ratio Kzo/Nazo is generally believed to
increase systematically across island arcs (in rocks containing the
same amountce of silica) in a similar manner to KZO (e.g., Jakes &
White, 1972). This generalization is true only in part for the rocks
of the eastern arc. As shown in‘Figu*e 17, K O/Va G increases slightly
between zones E and F in rocks with %the same SLllca contents, but it
then increases sharply in rocks from the southern part of zone G.
'KZO/NaZO yalues of rocks from the northern part of zone G are lower
than those of rocks from the southern part of zone G. The rocks of
volcanoesuin ZOQe H show a wide range in KZO/NRZO for any given silica
value. The four-degree regression line for zone H cuts across the
lines for zones L, F, and northern G, and the K O/Va O value for vhe
only sample From Varave (the n01th“rnmost volcano of zone H) falls
above the ehtrapolatlon of the regression line for the southern part
of zone G. .Thus, in tbeveaStefn arc, K,0/Na,0O in rocks with the same
~silica content generally increases northward from zone E to zone F,
to the southern part of zone G,‘to Narage. However, the“other rocks
do not accérd with this progression, and the overall pattern in the
eastern érc is that of KZO/NaZO increasing 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.

NaZO + K2028102

In early studies, such as those of Tomkieff (1949), - Rittman
(1953), Kuno (1959, 1966), and Sugimura (1960), total alkalisfsilica
relations were used as the pr1nc1pal means of illustrating changes in
the chemical composition of volcanic rocks across island arcs and
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According fo Kuno's (19539) 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,
‘however, is inappropriate for these rocks, because the boundary line
o separates silica-rich rocks from silica-poor rocks of the same
| volcano of voicanic zone%wand assigns a different association name to
each group. Similarly,_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.

;102:8102

Reglonal variations in titania contents are n01 norma{iy;u
‘ descrlbed for the rocks of island-arc volcanoes, but‘pronouncedﬁ“
differences are observed among the volcanoes of thesznth

Bismarck Sea. These variations are illustrated in Fignrewlg;

| In the western zones A, C, and D, the. ranges of T102 valnese“
at most silica levels are wide, and corresponding regress1on lines

have not been calculated. The T102 SlO relations are different for

the rocks of these three zones the rocks of zones C and A‘generally‘f
- contain the highest and lowest T10 values respectively, and the rocks
.'of zone D have intermediate values (comparing rocks with the same

- silica content). The regression line for zone B shows that low—
“silica andesites in zone B have T102 values similar to those of

zone D, whereas rocks with higher silica contents hgve TiOz contents

~closer to those of the zone A rocks; zone B basalts (mainly From Manam)

have the lowest Ti02 contents of all basalts from the‘westerncarc.

‘_k | Forvthereastern arc, regression lines have been&calculatedj
only for thegySCks of zones E and G (Fig. 19). These regression’

Llfnes, in cohjnncpion‘ﬁith sample points for fhe‘othef eastern zonesyx
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blotted in Figure 19, indicate some progfessive changes in TiO2

contents across the New Britain Benioff zone., Rocks with the same

* silica content from zones E, F, and southern G show generally

similar TiO, values. However; within these zoneé; rocks from

Lolobau (zone F) and Bamus and Ulawun (zone E) have TiOz values
"which are generally higher than those of rocks from the other

volcanoes, although similar to thdse of rocks from the northern

part of zone G. The highest TiO2 values are in the rocks of ZOne

H, although, like the Na 0: 8102 relations (Fig. 16), the rocks of

- Unea have generally lower values which are similar to those of rocks

from the more southerly zones. Two zone H rocks have more than 1.75

v»percént TiOz, which - according to Chayes (1965) - is more typical of

oceanic rocks than ‘circumoceanic ones. Overall, therefore, the

~pattern of T102:8102 variation  appears to be one 6f generally
increasing TiOz‘values (in rocks with the same silica content) across
the New Britain Benioff zone, although the increases between one zone

4ahd thé next are generally not as c¢lear as.for the other chemical

relations discuissed above.

P205:8102

Consistent regional variations in PQOS:SiOZ relations are

~

shown by the south Bismarck Sea volcanoes (Fig. 20).

In the western arc, no regression lines have been calculaped
for the rocks of zones A and B, The regression lines for zones C .
and D, however, indicate that P205 values are higher in the rocks
of zone C, and that the rocks of zones D and B have rather similar
levels of P O5 (comparing rocks with the Same 5111ca content). These
relations are closely parallel to thoseffor Na 0: SlO9 (Fig. 16)
The rocks of zone A have a wide range of PZOS values, those from
Vokeo and Viai contain the lowest 1mounts of P205 (compared with other.
western rocks with the same silica_content), and they therefore show
relative‘abundances similar to those shown by K20:Sio2 relations
(cf. Fig, 15). 2 5'is generally more abundant in rocks from the

western_arc than in those from the eastern arc (Flg 20)
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continental margins. In particular, the three compositional"series'
identified by Kuno (1959) for Japanese volcanoes - 'tholeiite', 'high-
alumina basalt', 'alkali', which overlie sucééssively deeper parts

of the Benioff zone - have in some.studies been adopted as a standard
by which rocks from other.islaﬁd arcs can be compared (e.g., Kuno,
1966; Brothers, 1970; Mitchell & VWarden, 1971). Thé boundary'line’
between’Kuno's 'tholeiitic' and 'high-alumina basalt' fieids is
drawn in Figure 18, which shows Nazo + K20:8102 relations forvthé
south Bismarck Sea rocks. o

In Figure 18, the four regression lines for the 2ones'of .
the western arc, in the order A-B-D-C, show generally increasing
alkali contents for rocks of the same silica content. Thus alkali -
contents are shown to increase eastwards between zones A and C, aﬁd
to decrease in zone D to values which are generally slightly higher
than those of zone B. The separation of points representing the
rocksAof zones A and B is fairiy clear, although both ends of the

zone A reégression line cross the regression line of zone B.

‘ The regression lines for the eastern zones - E, F, C, and
JH‘+ indicate that rocks from‘the more northerly zones are consistently
richer in total alkalis. In Figures 15, 16, and 17, the reguiar
pattérns of northward increasing values for K20, Nazo, and KZO/NaZO
were interrupted by the rocks of some volcanoes, or groups of - ,
volcanoes; but when Na,O and K,0 values are added together and
plotted againqt silica, a much more even pattern of 1ncre%51ng
values is evident (Fig. is) Even the regression line for high K, O/hazo
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 rocké of Ulawun (zone E)
are exceptibns, as theif higher alkali contents cause the lower end
~ of the zone E regression lihéﬁtO‘cross the zone F and southern zone
G regre581on 11nes his effect is eliminated when the zone E

regression line 1S recalculated excludlng the Ulawun rocks (not

illustrated here).
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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 NaZO:SiOZ relations. Comparing rocks with
the same silica content from zones E, F, northern G, and H, a pro-
gressive northwards increase in P205 is evident. Rocks from the
southern part of zone G do not accord closely with this progrc351on
hut rather have values which are similar to those of both zones E
and F. Moreover, the rocks of Ulawun und, to a lesser extent, Bamus
have slightly higher P.)O5 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 1ess than 0.1
percent P205, this contrasts with the valﬁeq of the western rocks;

most of which contaln more than 0.1 pexcent P205
CaO:olOZ
Compafed with the oxides considerwd above, Ca0O has a narrow .°
range of values in rocks containing the same amounts of 5111ca and
regression lines with high RSS values have been calculated for rochs
from all the zones (Fig. 21, Table 6). In- spite of the narrow
range, consistent regional patterns of Ca0O 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 witbafﬁe
same silica content from the remainder of the western volcanoes
(Fig.‘2l)¢ This is the only prominent difference between one group
:sstorn volcances and all the others, The low Ca0 values indic- - ;

'a,eﬁ by the zcue C regression line are due mainly to the rocks of

Long Island, whose andesites appear to form a subsidiary trend which /

diverges from the main trend of points. The andesites of Karkar_(zone
B) also appear to be poor in, CaO. It is emphasized, 'hoWever fhat'”
these low values are characterlstlo of the rocks from two dlstlnwt

and geographlcally well separated volcanoes (Fig. 5) and are 9ot

regarded as contributing to a regular pattern of chemical: va;}htlon

throughout the western arc. I o ya

7
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In the eastern arc, a general decrease in CaO northwards
across the New Britain Benioff zone is shown by rocks containing
the same amounts of silica. The rccks of zone H have the lowest
- Ca0 values. Those from the unorthein part of zone G have higher CaO
values, and the remainder of the eastern rocks show the highest
values of ail. 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 Na20:8102 (Fig. 16) and PZOS:SiO2 (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 UlaWuniare
| ,excluded from zone E; and (2) the positions of the regression lines
hﬁor zones E to H are consistent with progressive changes in CaO
ihh@ents across the New Britain Benioff zone, if the regfesSion line

fgffthe southern part of zone: ' G is excluded. Hatherton (1969)

sHngd that the CaO contents of circum-Pacific rocks could be cor-
‘rela{ed inversely with increasing depth to Benioff zones. The ;
eastern volcanoes of the south Bismarck Sea demonstrate the same L

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 Ca0O and NaZO + KZO - or, expressed in
a different way, the 'alkali-lime index' of calcalkaline rocks is g
between 56 and 61. Rocks with an alkali-lime index of more than 61
were called 'calcic' by Pea¢ock. Since 1931, the term 'calcalkaline'
has been used in different senses and defined 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 léss outmoded, as
( most 'tholeiitic' rock associations have alkali-lime indices greater

than 61.

A comparison of CaO:Si02 relations in Figure 21 with

Na, O + KZO:SiOO relations in Figure 18 shows that the alkali-lime

2
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indices for rocks from zone A, in the western arc, and from zones

E, F, and G, in the eéstern 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,.

‘AIZOB:SiOZ

A1203 values have a wider range than CgO 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 Alzo3 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 relatively 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 A1203 contents than
other western rocks with the same silica contents. The Long Island
andesites are also characterized by relatively low A1203, but the
basalts, on the other hand, have high A12O3 contents. These differ-
ences in A1203; 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 B and D have similar A12O3 contents, as
shown by the close correspondence of their regression lines. Like
Ca0, therefore, A1203 does not increase or decrease in any clearly
systematic pattern along the western arc in the same way as

alkalis, TiOz, and p205'

Excluding the rocks from the southern part of zone G, a
broad subdivision can be established from Al,0 :S10, relations among
}he eastern volcanoes (Fig., 22). Regression lines show that A1203
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values are lower in most rocks from zones H and northern G than in
those from zones E and F, farther south. Therefore, lower A1203
values in roqks containing the same amount of silica correlate with
the deeper part of the Benioff zone. However, this inverse correl-
ation is more poorly defined than correlations described earlier for
other oxides, and the regreésion line fof[the‘rocks of the southern
part of zone G cuts across all those for‘the{focks of the other

eastern zones.
MgO:Sigg

MgO:SiOZ relations for rocks from the western and eastern
arcs are illustrated in Figure 23. The basalts of each arc show a
wide range ofﬂMgO‘values, but the range is much less for the non-

.. basaltic rocks. High-magnesia basalts are more common in the west

/than in the east, and in the east they appear to be most common in

the volcanoes of zone H.

Among the western volcanoes, variations in MgO are similar
to the variations shown by CaO (cf. Fig. 21). Except thoée of'Sam; |
the rocks of zone A are richer in MgO than other westefn rocks with
the same silica content. On the other hand, rocks from Karkar and
Long volcanoes (in zones B and C, respectively) are comparatively |

low in MgO. The only regional difference, therefore, between o

. group of geographically related western volcanoes and any other

is the higher MgO contents of rocks from the western end of the arc -

that is, from west of Bam 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, 1is only partly true for the rocks of the
eastern arc: most andesites and dacites from zones E and F contain
less MéO than those with the same silica content from the southern
part of zone G (Fig. 23); moreover, a greater proportion of zone E
rocks —Kparticularly the andesites - apparently have lower Mgo values
than thdge 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 Britain Benioff zone increases., However, rocks from the north-
ern part of zone G contain less MgC than those with the same silica
content from the southern paft; and zone H rocks contain less MgO

- than those of zone G, especiaily when the rocks of Unea are excluded.
In these rocks, therefore, MgO decreascs as the depth to the Benioff

zone increases (cf. Hatherton, 19F9).

FeO + Fe20318102

The total 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 6f 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 ¢ther zones invthé same arc. Possible exceptions 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 containihé*the 2
- same amount of silica (Fig.,24). HOwever, because Bam rédks‘arg |
not especially iron-rich, anda because those of Vokeon are definitely
iron-poor, consistently higher iron contents do not appear td be
characteristic of all rocks from zone A. Other notable western rocks
are those of Karkar (zone B) and Long (zone C), which havéahigher .
total iron oxide contents than other rocks of similar silica conten"@= -

(Fig. 24). | S

The bundle of regression lines for the rocks of the

. eastern zones indicates no obvious regiona: .‘fferences in F9203 +
?FeO:SiQZ relations, although there is a suge tion that some
andesites from zones H and northern G may be slgnificantly; but

slightly, more iron-rich.
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- Traditiconally, variationS'in the total iron oxide (F) -
'contents of 1sland arc rocks are illustrated relatlve to magnesia

(M) in MF dlagrams or to magne51a and total-alkalis (A) in FMA / ¢
diagrams. Other variations in total iron oxide contents for the southa
Bismarck Sea rocks are therefore discussed in the following section
with reference to both'Figure 24 and to the MF diagram, Figuféﬁzs.:

MgO:FeO + Fe203

, +In MF and FMA diagrams, the intermediate members of
tholeiitic'rock associations are said to be richer in iron than
those Qf'calcalkalihe associations (e.g., Tilley,51950; Kuno, 1968;
- Irvine & Baragar, 1971). 'HoweVer ‘in both types‘of diagram, there
‘ﬁappear to be dliferent oplnlons on where the boundary between the

two assoclatzons should be drawn

A% shown in Figures 24 and 25 the FeO + Fezo3 oontents of
most rocks from,the western and_eastern arcs are low, so the rocks
coufd be termed caloélkaline. Nevertheless; in rockq with MgO oon-
‘tents within ‘the range 2 to 7 percent there is a considerable range in

= total Lron oxlde values and some rocks have sufficiently high values

to’ warrant the term tholelJtlc (Fig. 25) For example, Jakes &
White (1969) considered the rocks of the south Bismarck Sea .(whose
"analyses were presented by Morgan; 1966).to,be tholelltld; In
addition, in FMA diagrams, these and other rocks fall in the tholei-
itic fields of Kuno (1968) and Irvine & Baragar (1971). Note‘that
-in Ficure795 the points of rocks of both the western and eastern
arcs do not concentrate in iron-poor and iron-rich fields; rather
they form a continuum of compositions which cannot be divided into’

v

;Tmeanlngful groups by means of a single boundary line.

‘ Becauqe alkali contents are lower in tholeiitic rocks
‘than 1n calcalkallne rocks, and 1roa contents are lower ‘in calc—“
'alkallne rocks than in tholeiitic ones hlgh iron contents shown
in MF and FMA dlagrams are commonly revarded as a function of de-
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creésing alkali content (Naéo + KZO, or KZO) in rocks containing
the same amount of silica. Jake$ and Gill (1970) and Jake¥ & White
(1972), for example held this view, aod claimed that rocks showing
. greater enrlchments in iron overlie the shallower parts of Benioff
f*zones. A comparison of Figure 25 with Flgures 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 thdn_thoSe from the alkali-rich zones. On the
contrary, Figure 25 shows that to some extent the opposite may be
'troe because, in ihe range 3 to 8 peroent Mg0O, 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-
‘ﬁalkaii 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 considefed more accurate to simply conclude that iron-rich com-:
‘positions,dfbﬁﬁotfcharacteriStic of low-alkali volcanoes. o

Secondly, in the eastern arc, the rocks from volcanoes -
overlylng the shallower parts of the New BrJtaln 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 to be true,
because a few rocks from voloanoes in zones G and H have the highest
vtotai 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
1ndlsL1ngu1shab1e from those of rocks from zones E and F, a cor-
relation between higher iron contents and the deeper parts of the

Bénioff zone cannot be recognized with a high degree of confidence.

‘& ~  Lowder & Carmichael (1970) analysed eleven rocks from five
volcanlc centres at, and north of, Talasea in the northern part of |
Wlllaumez Penlnsula (Flg. 6), and drew.a'line of 'moderate iron-
enrlchment} through points plotted‘in‘é MF diagram. Part of this
'TaIasea trend' is defined by an andesite (W in Fig. 25) which is
much more iron-rich than most other rocks with' slmllar ‘MgO contents
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plotted in Figure 25. The 'Talasealtrend' is therefore unrepre—‘
sentative of most rocks from the eastern arc. Moreover, Jake$ &

White (1969, fig. 2) used FMA relations to show that the rocks disc-

- ussed by Morgan (1966) from volcanoes in the 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, e
the iron-rich part of this tholeiitic trend is defined mainly by
Morgan's analyses of Karkar rocks, which - as shown in Figufé 24‘—
have unusuaily high total iron oxide values comparéd with those‘

for rocks from other parts of the western and eastern arcs. There-
fdre,Athe 'New Guinea-New Britain arc' trend of Jake$ & White - like =

the 'Talasea trend' of Lowder & Carmichael - cannot be regarded as,
representative of all the rocks from either the western ('New p

- Guinea') or eastern ('New Britain') volcanic arcs.

Fe203/F80:8102

The cooling of mdny south Bismarck Sea rocks after their
eruption is likely to have been accompanied by different degrees of
oxidation of FeO to Fe203. Therefore, the Fezos/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 FeZOS/FeO

values might be obscured by atmospheric oxidation,

Some south Bismarck Sea rocks contain more Fezo3 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 Fe203/FeO values of less
than 1.1 are plotted against silica, as in Figure 26, a systematic
pattern of regional variation emerges. Twenty-~four eastern rocks,
and twenty-seven western rocks, having FeZOS/FeO values of greater
than 1.1 are excluded from Figure 26; twelve 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 rocké
"from northern Willaumez Peninsula given by Lowder & Carmichael (1970).
Thirteen other excluded rocks are amphibole-bearing types from Aris,

Crown, Tolokiwa, Sakar, and Dufaure.
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In Figure 26, mannyocks with a high silica content from

: Karkar and Long volcanoes are shown to have lower Fe 0] /FeO values
than those with the same blllca content from other western_volcanoeso
Except for three Vokeo rocks, samples from zone A are’characterizedi
by Fez 3/FeO values conS1stently higher than those of other rocks
containing theisame amount of silica. These relative dlfferences
are similar tovthose shown by the MgO:SiOz relations illustrated

in Figure 23.

» The pattern of variation for the eastern rocks in Figure

26 is also analogous to that for MgO: SiO relatlons rocks from the

southern part of zone G have higher FeZOB/FeO va‘ues than those w1th
a 31m11ar silica content from zones E and F; more zone E rocks than

. .zone F rocks contain low PeZO?/FeO values (to avoid confusion, tnis7
»feature is not illustrated in Fig. 26, in which the 51m11ar1t1e5'

j between Ulawun rocks and rocks of zones E and F are alsolnot de-

flned), rocks from the northern part of zone G are lower 1n Fe2 3/FeO

than those with the same silica content from the southern part;

and zone H rocks, excludlng some from Unea, have lower Fe OB/FeO‘

values:than the rocks of zone G (cf. Fig. 23).

| Therefore, although the total iron oxide contents of the
nsouth Bismarck Sea rocks  ,are not related to the regional tectonic
‘setting of the volcanoesi(see-p; 58),.the oxidation state of iron -
and therefore FeO and Fe203 independently — apparently shows
systematic regional patterns similar to those for MgO:8102 yar;—’
ations. It follows also that M/F values must also be related to

the oxidation state of iron (see below).
MnO@SiOZ

The range of MnO values is narrow. Mo‘t‘rocks havé MnO
contents between 0.1 and 0.2 percent, but values' are commonly less
than O 1 percent in the a01d rocks (Fig.” 27). Desplte thls/res—
trlctlon, differences Ln MnO content can be detected between some

volcanoes, and betweenna few groups of volcanoes. o
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Consistent regional differences in MnO content between
the rocks from one group of western volcanoes and those from any
other group are ﬁot apparent. However the rocks from Long Isldhd
have much higher MnO cdhtenté“(mostly greater than 0.2 percent), and
those from Vokeo have lower MnO éontents, than rocks with the same
silica content from other western volcanoes.  These relations appear
to correlate with high and low total iron oxide contents respectivély

in Long Island and Vokeo rocks (cf. Fig. 24).

The non-basaltic rocks of the eastern volcanoes show some
broad differenées“in MnO contents between rocks with the same silica
content from different ﬁarts of:the arc, The rocks of Garove Island,
zone H, are the richest in MnO (Fig. 27). Those of the other
eastern volcanoes form a broad zone of low MnO values, within which
the rocks from the othfr zone H volcanoes and from the northern part
of zone G appear to be slightly more MnO-rich than some of those
from volcanoes farther south, and significantly more MnO-rich than
those from the southern part of zone G. The high MnO contents of the

Garove rocks may correlate with correspondingly high FeO values

beéause, as shown in Figure 26, F02 3/I‘eO 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
OB/FeO, and correspondingly low FeO (Fig. 26; see below for

further discussion).

' (Klovan & Imbrie, 1971).

@-mode factor analysis

In the previous sections, chemical variations within the
western and eastern arcs were described in terms of changes in the
content bf one or two oxides rélative to silica (or to total iron
oxides in Fig. 25). In this section,: the variations of all 11
maJor oxides (volatiles excluded) are considered together using
Q-mode factor analysis with an orthogonal VARIMAX rotation
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A Briefly the procedure in Q-mode analysis is to calculate
a series of sets of decreasing numbers of ‘'factors' which-expreés
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
ﬁarameters. 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; séﬁled
varimax factor scores for the oxides in each factor are listed
in Tables 7 and 9; and oxides with the highest absolute scores
(>|1i) are listed in Tables 8 and 10. 96.93 percent ¢f the varia-
tion in all 11 oxides is accounted for by the three factors 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 ircreasihg .

,Silica content.

The composition of factor 3 is different foi the rocks
of the western and eastern arcst‘In the western arc, TiO2 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:SiOé
plot (Fig. 19): the rocks of zones A and C contain the lowest and
highest TiO? values respectively, and those of zoneé'B and D contain
similar intermediate TiO, values. In the eastern arc, points

2
representing rocks from zones northern G and H plot 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 Factors
1 2 3

510, 0.034 2.234 0.959
Tio, ~0.292 ~0.246 ~2.347
A1,0, -0.021 0.907 -0.966
Fe,0, 0.857 0.720 ~1.003
FeO 1.441 ~0.137 ~0.767
MnO 0.911 0.129 ~0.862
MgO 1.789 -0.073 -0.882
Ca0 2.005 ~0.045 0.146
Na,0 -0.139 1.797 ~0.274
K,,0 -0.143 1.094 ~0.308
P,O, . -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 SiO2 TiOz‘
MgO ,NaZQ ~Fe203

FeO Kdo =
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TABLE 9. SCALED VARIMAX FACTOR SCORES FOR Q-MODE
FACTOR ANALYSIS OF ROCKS FROM EASTERN ARC
(cf. Fig. 29)

'Oxides Factors
1 2 3

8i0, | ~0.325 2.208 ~0.856
Ti0, 0.312 0.167 1.499
A1,0, . 1.444 0.402 1.760
Fe,0, 1.059 0.790 0.063
FeO 1.544 0.032 0.716
MnO 1.027 0.380 1.063
MgO 1.077 -0.268 0.368
Ca0 1.672 0.021 _0.408
Na,0 . -0.266 1.699 0.434
K,0 ~0.353 1.276 ~0.023
PO - ~0.044 0.760 1.668

275

TABLE 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

Factors S 2 3
: Oxides Ca0 Si0,  Al,04
: H FeO' ~ Nay0 pzqs
o | ” 41,0, gzo Ti0, e
T - MgO - .~ MnO

MnO - -
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closer to :the factor 3 apex (Fid:~29).' A1203, P205, and TiO2
dominate factor 3‘(Tab1ei10), and thegpattern of points in Figure |

=29 1s rather similar ts that in Figures 19, .20, and 22, in which ok
thu rocks from zones northern G and H can in general be readlly t /
dlstlngulshed from one another and from rocks of the other zones.- o
ﬂ_p”Tpe comblnetlon A1203 P905 T10 does not correspond to any famlllar‘ W
+ " petrological parameter, but note that (1) P, O and TrO are the f
v’foxides of incompatible major elements, and (2) as in factor 3. for r -
1,%he rocks of the western ar"”TiO2 has a 31gn1f1cant1y high varlmaxéﬁ

ﬁfactor score (see below for further discussion).

For the rocks of both'arcs factor 3 1s dominated by

oxides which have wide ranges relative to their average abundances/

at any given silica level. ThlS is lllustrated clearly in Table

6, where = because of the wide ranges - regression lines were not .
determined for TiO 'SiOé relations in five of the nineTZOnes, andJ~
where RSS values for the regression lines for A1203 SIO and :

P205 SlO rc]atlons are relatlvely low.

Results from the vaode ‘factor analysvl are 91m11ar TO | those
from..the nonllnear maoplng (NLM) program (Appendlx 3) Howpver ‘the
_relatlve 1mportance of components 1n the two comp051te perameters
,whlch determlnc ‘the NLM patterns cannot be 1dent1f1ed directly,
and ~therefore, for the purposes of thls Report Q-mode factor

~analysis is the more useful technlque.

ROCK CLASSIFICATICH

‘Slnce 1850 (Tilley, 1950 Kuno, 1950), two hypersthene—‘

normatlve associations - calcalkallne and tholeiitic - havé

‘commonly been dlstlngulshed in studies of island-arc volcanic rocks. -

Calcalkallne rocks are sald to overlle deeper parts of Benioff zones

/than tholeiitic ones-(e. g.,.Rlngwood 1974,.' The chemical

differences: between'these a58001at10ns have never been rlgorously .

2
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defined; but recently JakesS & Gill (1970) and Jake$ & White (1972)
proposed an empirical classification, in which the two associations
represent end members 'befWeen which there is considerable overlap'
and in Wthh some of the Lhemlgal features 'may vary independently
therebv blurrlng the dlst;nctlon According to Jakes, Gill, and
Whlte ‘the differences bctween calkalkaline rocks and rocks of an

'island arc tholeiitic series' are as follows.

(1) Tholeiitic rocks centain less K,0 and Na,0 + K,0 than.
calcalkaline rocks with the same silica content, and K O is relat-
ively less enriched in tholeiitic rocks with a hlﬂher silica content.
Jake¥d & Gill (1970, fig. 2) presented a hu018102 diagram which shows
one field of calcalkaline rocks and another of tholeiitic rocks
Jjoined at their basic ends but dlvergcnt at higher silica 'Valnesn'

(Flg. 30):

(2). K20/Na20 values in the tholeiitic rocks ére mostly'leséi

“~ than 0.35, whereas the range ferycalcalkaline rocks is 0.35-0.75.

& <7 . (3) Rocks of the tholeiitic series have a lower ‘'silida mode':
the most commdn3rock tvpe contains about 53 percent silica, whereas

in calcalkaline aesoclations the 'mode' is about 59 percent.

ﬂ-3 , (4) Tholeiitic rocks show greater degrees of iron-enrichment
. in MF and FMA d;agrams Jakef, Gill, and White did notﬁpropose a

precise boundaly ‘for 'dividing tholeiitic rocks from calcalkaline ‘7»\f
ones, but in aa FMA diagram they. 111uetrated the general chemlca]

featuree of each association by using examples Irom Melanesian
1a;and a;csc(cf. Jakes & Wh;te, 1972, fig. 2).

_ U51ng these pr1n01pal cxlterla Jake§ & Gill (1970) drew
attentlun to differences in trace~ element contents between the fwo
a38001at10ns vand especially to differences in rare—earth elgment
concentratlons Jakes & White (1972) outlined a few of the gcneral

. chemical characterlstlcs of rocks . Trom shoshonitic ass001at10ns ‘
(hlgher KZO and hlgher K O/Na O values than - calcalkallne rocks with

the same. 81110a content) o e SRR , , W

‘\\"
B i
& |
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The hypersthene—-normative rocks of the south Bismarck Sea
volcanoes 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.
Apaft,from two rocks from Kadovar, none of the south Bismarck Sea
rocks is shoShonitic (in the sense used by Mackenzie & Chappell,
1972, for rocks from the Papua New Guinea Highlands), and this
association is therefore excluded from the following discussion.

Using commonly accepted criteria, '1nclud1ng 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 KZO:SiO9 diagrams by other

authors to discriminate between different associations divide the

rocks of the, south Bismarck Sea into artificial fields which have

'nohgeologicaI‘significance.v For example, in Figure 30 the rocks of

the south Bismarck Sea are,plptted in relation to the gap between

the generalized calcaikaline‘and tholeiitic fields of,Jake§ &

'Gill (1970). This gap is partly-filled 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. 952) the field boundaries of Kuno (1959) and of Rittmann
(1958) - using Na204K20;SiO2 relations - have no relevance to the
south Bismirek Sea rocks, as’ ‘they separate rocks of dlfferent silica

contents from the same volcano or volcanic zone,

[

Secondly;xmost of the western rocks have KZO/NaZO vaiues
greater than 0.35 (calcalkaline), and most of the eastern rocks have
values of less than O. 35 (tholeiitic, Fig. 17). Therefore, accord-
ing to the cla831f1catlon of Jake$, Gill, and White, the most
common rock type 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
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eastern rocks .is 56.6 and that for the western rocks is 54.3 (Fig.
11). Moreover, 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). 1In the eastern arc, therefore,
basic rocks appear to be more common over the deeper parts of the

New Britéin Benioff zone. These correlations are also the reverse

of those suggested by Jake$, 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 Kuno
(1968), Jake$ & White (1972),“and Irvine & Baragar (1971) —.have
no relevance to the‘focks of the south Bismarck Sea (see Fig._37). o

A ; ‘ me

Fourthly, as discussed on page 60 with reference to Figures
15, 18, and 25, no relation can be established between increasiﬁg
total alkali content and lower degrees of iron-enrichment iﬁ7the
rocks,of either arc. Although the opposi%e may be true to a élight
exteﬁﬂ}:fef all practical purposes the degree of iron-enrichment is
considered to be independent of Na20 + K20:8102 and K,0:810, relations.
) -~ Fifthly, the rocks of many volcanoes from both the
‘ western and eastern arcs are thOlellth by one set of criteria, but
chalcalkallne by another set. For example, because the:rocks of )
“‘Dufaure (zone F) and Vokeo (zone A) are poor in aIkalis and;K2O, theye¥~
. are tholeiitic in character; however, their iron-contents are low,
 which is a calcalkaline feature. Johnscn, Davies, & White (1972)
showed that the total alkali and the K,0 contents nf Uiawun rocks
(zone E) were also of tholeiitic type; and that their iron contents
were, of calcalkaline type. Long‘IsIand rocks (zone C) have high '
K o, Nazo + K 0, and K O/Nazo values - a calcalkaline feature - but
are iron- rlch - 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 Ulawun are tholeiitic.



For all these reasons, it is concluded that an effective
calcalka11ne/thole11t1c subdivision cannot be recognized in the rocks
of the south Blsmarck Sea. Instead, the rocks of both the western
‘and eastern arcs should be recognized as a single, hypersthene-
| normative rock assoc1at10n characterized by wide, and essentially
continuous, ranges in 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

Variations‘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. 5

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;

(3) Intravolcano varlatlons that is, differences within
el

individual volecanoes.

Variations at_levels (1) and (2) are dlscucsed in this '
section; thosetat level (3) are dealt with briefly on page 125 . 1In
this section particular attentlon 1s glven to K20 8102 relatlons in
the eastern arc because of the w1despread interest 1n thcse para-—

to underl 1ng Benloff zonms

meters relative to‘depth ¥

{1
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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 oxidés can be compared with
one another, an attempt has been made in Figufes 31 and 32 to
summarize the chemical variations using 'average' values for each
oxide (or oxide combination) in rocks from each zone. The procedure

for the construction of Figures 31 and 32 was as follows.

1. Silica values of 50,v55, and 59 percent.were selectedvas'
representative of basalts, low—silica andesites, and high-silica
andesites, respectively, in the western arC'.and values of 52.5, 595,
60, and. 65 percent silica were selected as representative of
basalts, low-silica andesites, high-silica andesites, and dacites;

respectively, in the eastern arc.

2. Using the above s111ca values, and the regressionvlines
in Flgures 15-24, 26,/and 27, corresponding oxide values were read

off each diagram and plotted in Figures 31 and 32.

3. In diagrams where no regression linesvwere computed for
some zones, an arithmetic mean was calculated for the oXide values_
lylng within the appropriate silica range glven on page 25 . These

mean values are represented by solid dots in Flgures 31 and 32

With regard to the interpretation of the varxatlons shown

in Figures 31 and 32, note that no measure 1s glven of the 31gn1f1cance

" of changes in average oxide contents between one zone and another.
For example, there is little doubt that at 55 percent silica the

K O/Nazo values of rocks from the southern part of 'zone G are signi-
ficantly higher than those for zone F but +here is much more doubt
that, for example, at 52.5 percent s111ca the MnO valucs in zone F
.are significantly higher than those for zone E. Con51derable care
must therefore be taken so that 1nterpretat10ns of the apparent e

* changes in average oxide contents are not exaggerated.

Vi
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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 dnd?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 1lA.

In the eastern arc, the oxides (and oxide combinations) of
group 1 have generally_higher values in the more northerlyvzones.
vNotable exceptions are: (1) Kzo, which decreases northwards in rocks
" from zones G and H containing more than about 60 percent SiOz (see
next section for a detailed discussion); (2) Na O, which has minimum
values in rocks from the southern part of zone G and consequentiy
(3) X O/Na 0, which shows maximum values in the southern part of.
zone G, and decreasing values farther north in rocks from zones G
and H -~ith more than 60 percent silica. Northward 1ncreases ‘are also
shown by the group 1B oxides, but are much less clear than’ those
shown by theugroup 14 oxides. :InICOntrast to group 1, the‘group 2
oxides (and oxide combinations) generally have»lgygg 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 grodp 2A oxides show maximnm 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‘l oxidés'generally have
maximum values in zone C and to a lesser extent’ (P O5 and KZO/Na2O
are notable exceptions) minimum values in zone A. These relations
are more clearly shown by the oxides of group 1A than ‘by those of
group 1B.  The group 2A oxides generally have minimum values in zone
© C and maximum values in zone A, The group 2B oxide (Al2 3) shows
erratic behaviour between the western zones. Minimum percentages of
amphibole phenocrysts are also contained in zone C rdcks, and minimum
percentages of total phenocrysts are contained in some rocks from

Long Island, in zoneé 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 Subgroup Oxides
L A ‘ | K2O’ Nazo, T102? P205
o K20/Na20, Na20+K20
B o FeO+Fe203, MnO
: A CaO, MgO, ' 1
v4 . ‘ MgO/FeO+Fe203, FeZQS/geO
B . Al,0

273
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K-h relations in the eastern arc

During recent years, considerable attention has been given
to the re]atlons between the K O and SlO contents of circumoceanie
rocks and the depth, h, to Benlﬂff zones underlylng the arc-trench
systems. Since 1967, 'K-h' relations (Dickinson & Hatherton, 1967)
save 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 K,O increases in rocks with the same
silica content as h increases? on this assumption, KZO:-SiO2 relations
have been used to identify the existence, polarity, and inclination
of palaeoseismic zones (e.g., Lipman, Prostka, & Christiansen, 1971).

Beceuse 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 the four silica levels in Figure 32 (K52.5, Kggo K50 KGS)’
and depth ranges (h) of the New Britain Benioff 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 attrlb—

'uted to the relative differences in KZO between each of the zones

'E to H at the 52.5 percent 8102 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
Figﬁre 15 indicate K2O 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 KZO is lower in the

basalts of =zones E and F than in many of those from zones G and H.

K55. The low-silica andesites show a general but irregular
1ncrease in K20 northwards across the New Brltaln Benioff zone.
There: is no effectlve distinction between the low-silica ande81tes‘

of the nqrthern and southern parts of zone G, and the apparently
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higher h O value for zone 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 K,0 contents
are closer to those of zone F rocks than to zone E rocks (Fig. 15).
"If the Ulawun rocks are excluded from the data set, there is a much
clearer separation of the two regressionklines at low SiO2 values

(not illustrated here).

K60. At 69 percent Siog, K20 increases from«zone‘E to
zone I and abruptly to the southern part of zone G. But this
trend of- 1nc1ea51ng h O does not continue into the northern part
of zone G, Whlch - rather - apparently has a lower KZO content.
However, this reversal in trend may not be a real feature, for
Figure 15 shows that the high-silica andesites of the scutherh.and
northern parts of zone G are indistinguishable. A further increase
. in KZO is indicated by the zone H regression line, whose position
al K60 is controlled by the high-silica andesites .from one

volcano - Unea.

K65. The K20 variation is more clearly defined for the
dacites than for the other rock types. The K-h plot for Ké5 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 K20 value in zone H is due to the dac-
itic and rhyolitic rocks of Garove Island, whose K,O0 contents are
similar to those in the dacites and rhyolites of zgne F (Fig. 15).
Thus, in the progression northwards ffom 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 Si02 content) overlying deeper parts of the

Benioff zone, there are notable exceptions, and the trend is not
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necessarily the same at each 8102 level. The four plots’also
emphasize the conclusion reached above - that, in the séuth K. O
increases progressively betweea zones E, F, and southern G, and thmt
in the north, Kgb variations betwcen bcth parts of =zone G and zone H
appear to be unsystematic. ' KZO does not necessarily increase as h
incleases; 1in fact, in rocks from the northern zones containing
mdre than 60 percent silica, K20 decreases as depth to the Benioff

zone increases.

Integration of K—h‘relations for many island arcs
(especially Pacific ohes) into a worldwide corrélation has been
attempted by several investigators. For example, in a recent
study Ninkovich & Havs (1972) plotfed K 0O versus SlO for many

rocks from several arcs in the Cchum—Pac1flc region, and drew

':,pontours d1v1d1ng the points roughly into flelds _corresponding to

.‘fhe depths to the Benioff zone above which the volcanic rocks were
sampled. Three of these contours are shown in Figure 34. The five
regression lines fo} the New Britain volcanic arc (Fig. 15) are also
shown in Figure 34; they all 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 secliccted volcanoes and volcano clusters in 14 different arc—
trench systems overlying Benioff zones down to depths of 280 km.

The data for the New Britain zones E, ¥, 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 southerly zones of the eastern arc, therefore, accord
reasonably well with the worldwide K-h correlations of both

Ninkovich & Hays (.1.72) and Dickinson (1975), but the northerly ones

show pronounced departures.

Intervolcano variations

Superimposed on the interzonal variations are the compos-

itional traits of rozks from different volcanoes in the same zone.
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Fig. 34. Regression lines of Figure 15 plotted on the K-h grid of Ninkovich &
Hays (1972); h values represent depths to Benioff zones.
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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 KQO and
P,O. contents (Figs. 15 and 20). Vokeo rocks are further distin-

275 _
guished by their low FeQ + FeQO3 and MnO contents (Figs. 24 and 27).

(2) Karkar and Long. In addition to having exceptionally high
FeO + Fe203 contents (Fig. 24), rocks from Karkar (zone B) and Long
(zone C) are also characterized by low CaO, MgO, and FeZOS/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 :-'\.1203 (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 m high, and have
erupted throughout the Quaternary. The Bamus rocks are mainly low-
silica andesites whosg chemistry is similar to that of andesites from
Other zone E volcanoes. The Ulawun rocks, on the other hand, are
mainly low-magnesia basalts which show zone F chemistry. These re-.
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

TiO2 values than other rocks from zones E and F (see Fig. 19).



TABLE <10 CHEMTCAL AND MODAL ANALYSES ARND CIPW NORNS OF

10O BOCKS

SELECTED

Ca

BMR sample numbers shown in parentheses for samples 1-3,

_7’

9

'

and 10,

FROM Z00 ANALYSED ROURS FROM THE FASTERN ARC
1 2 3 < 5 0 7 8 3] 10
8302 4 72.4 52,43 53.9 53.85 HR, 30 G3.9 59,0 51.57 .7 19.2
Tio, 0.31 0.77 0.67 0.52 0,416 .30 0,351 0. 80 1.5 1,14
A1263 13.4 17.80 18.5 17.30 15,9 14.50 16,9 165,01 15,10 15.0
Fczo" 0.88 3.32 2,95 3.G8 3.65 1.81 3,15 274 3,95 3.5
FeO 1.48 G.55 5.70 5.53 3.75 5.55 3.40 7.01 7.95 G.05
MnO Q.07 0.18 0.15 0.158 0,13 0.15 0,13 0.17 0,24 0.2
MgO 0.81 5.17 3.90 1,82 1.70 1.95 3.0 6,73 4,15 11.3
Ca0 2.75 10.61 9,70 9.45 8,15 Dn.70 6.70 11,74 7.00 L0.8
Na,0 1.05 2.35 2.50 2.55 2.85 3.60 2,90 2.1 3.60 2.2
K26 1.64 0.386 0,36 0.56 0.88 0.99 34 0.1 0,45 0.25
‘ P,0, 0.03 0.08 U.ut 0.12 0.13 0.18 0,14 0.11 0.19 0.11
H20+ 1.98 0.19 0.86 ) 0.45 0.5 1,07 0.35 0.43 <0.01
}120— 0.11 0.07 0,48 ) 0.72 0.47 0.09 0,59 0.10 0.55 0.27
CO2 0.04 0.05 <0.05 ) 0.04 <0.05 0.05 - <0.05 0.056
Total 99.95 99.93 99 74 99.25 99.86 99.76 g99.78 100,11 899,795 100.00
CIPW norms®: .
' Q 35.60 5.51 9.63 7.66 13.51 22.71 15.91 1.79 6.37 -
or 9.93 2.13 2.19 3.37 5.26 5.95 §.09 2.060 2.72 1.8
ab 35.01 19.96 21.48 21.91 24.44 30.70 25,04 20.47 30.87 1¥.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 6.04 9.44
di ( en - 3.32 2.03 2.62 2.84 1.10 0.73 G.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 Z.Ql 19.45 7.65 12.65
( fs 1.63 8.19 7.38 8.51 5.80 5.99 G6.31 6.71 8.50 3.93
ol ¢ fa . . : . - : : S
il 0.61 1.46 1.29 1.01 0.89 1.54 0.99 1,52 2.96 2.17
mi 1.30 3.31 3.20 2,97 2.89 2.65 2.97 3.35 1.47 3.84
ap 0.07 0.19 0.17 0.28 0.31 0.43 0.33 0.26 0.45 0.26
Volume percent
phenocrysts
Plagioclase 20 26 27 29 23 14 26 3 <1 -
Olivine - <1 1 - - - - - 10
Orthopyroxene <1 1 5 1 2 - - -
Clinopyroxene <1 <1 - 4 11 2 10 3 <1 -
Fe/Ti oxides 1 - - 1 1 2 - - -
Amphibole 2 - - -~ - -~ - - - -
Quartz 13 - - - - - - - - -
Total 36 29 28 40 38 18 40 G ca.l 10
1. Rhyolitcb, Sulu Range (51N63032A)C. 6. Dacite, Lolobau (352NG10:19).
. de—magncsia quartz—Lholéiite basalt, Ylawun 7, High-silica andesite, Bangum
(Johnson, Davies, & White, 1972; 51NG0156). (5ING2708).
3. Low-silica andesite, Likuruanga 8. Low-magnesia quartz-tholeiite basalt, Dakataua
(53NG0O852A). (Lowder & Carmichael, 1970; their sample 311).
4. Low-silica andesite, Mataleloch, Cupe 9. Low-silica andesite Garove ((188G0537).
ggig%gs7g§on (Blake & Ewart, 1974; their 19, High-magnesia oliv?ne—thulciiLc basalt,
ST Mundua Group (485G0582),
5. High~-silica andesite, Dufaure (S51ING2685B). i
a,b. Sece fqotnotes for Table 3.
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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 K20 ccntents than other zone H rocks with the same silica
content (Fig. 15), and they inciude dacites and rhyolites, which are

absent from the other zone H volcanoes (see p. 29).

Attention is drawn to these volcanoces 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 volcanoces in the same zone, and in the same arc.

General theories for the origin of the rocks in both the
western and eastern arcs must therefore 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 the volcanoes in relation to the
geometry of the late Cainozoic plate béundaries (p. 17), (2) the
relative 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-arc-~type

rocks from other late Cainozoic volcanic provinces in Papua New

Guinea.

COMPARISONS WITH OTHER VOLCANIC:® ROCKS FEOM 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 Volcanié proviunces. in Papua:New Guinea, and classified them
into three magmatic assodiations: the rocks of the eastern and
western arcs were grouped into 'a 'SBS' (south Bismarck Sea) assoc-
iation; those of mainland Papua’&ew~Guinea (Highlands and%eastern
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’ assddiation

{see p.S and Fig. 1).

From a consideration of several types of chemical variation.
diagrams, Johnson et al. (in prep. a) concludc:d that the three
above associations could be effectively distinguished using the
normative mineralogical parameters shown in Figure 35. The
principal features of the SBS association shown in this diagram are:
(1) the absence of alkaline (nepheline-normativé) rocks f(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 SBS rocks are much more strongly silica-oversaturated
(corresponding to lower alkali contents in rocks with the same

silica content).

Q-mode factor analysis was also performed on the 868
chemical analyses. Three factors were obtained whose loadings are
similar to those reported above (p.6% ) for the SBS rocks alone. On
a triangular 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, DI, of Fig. 35), and factor 3 was dominated by the
oxides of the thfee major dincompatible 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~element abundances than rocks with the same DI from the

MRB and TLTF associations.
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Johnson et al. (in prep. a) also examined the chemical
differences between the three associations in standard variation

diagrams which have been used extensively in the literature -

:vincluding the FMA diagram, shown in Figure 37. In this diagram

there is considerable overlap of the SBS 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. 1) were not included in' the
SBS group, even though (1) the Rabaul complex is associated with
the same plate boundary as the SBS volcanoes in the eastern arc
‘(Fig. 3), and (2) the Rabaul rocks are chemically‘similar to the
rocks from . zone iH, in the eastern arc (see belcocw). Nevertheless,
the compositions of the Rabaul rocks do not reflect the systematic
pattern of variation across the eastern arc as the depth to the
New Britain Benioff zone increases (see below), and, as the Rabaul
complex 1is also geogréphically distinct, it is regarded as a ‘
separate volcanic province. Moreover, by including the Rabaul rocks
in the MRBrgroup a greater polarization of the SBS and MRB groups

is obtained.

taébaul volcanic complex

The volcanic complex occupied by the township of Rabaul is
at the nértheasternﬂtip of New Britain, and is a breached double

" caldera rimmed by dlder and younger volcanoes (Fisher, 1939;

‘Hemihg, 1974). 1In the eastern part of the caldera is Tavurvur ,
volcano,;whibh 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_bf the caldera (Fisher,

'1939), The caldera is seismically active (Myers, 1976).

Major-element chemical analyses of 27 volcanic rocks
, from;Rabaul were presented by Heming & Carmichael (1973), Heming
(1974), and Matsumoto (1976). Eight samples were of water—ricﬁ
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pumices which may have been chemically modified by ground-water
leaching. Using the Irvine & Baragar (1971) oxidation 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 compositions from basalt (both olivine-normative and
quartz—-normative) through andesite and dacite, to rhyolite (one
hydrated pumice). Heming (1974) noted the absence of rocks with
8102 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 suite at Rabaul is consistent
with the findings discussed above (p.28 ) with reference to curve

ITI in Figure 11,

The‘Rabaul analyses were plotted (though not illustrated in
this Report) in Figurcs 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 zbne H and to a lesser extent

those of the northern part of zone G.

: KZO and XK, O/Nazo values in the Rabaul rocks are high
throughouf the baSa!»~to—rhy011te range; in the andesites they are
‘similar to values in the zone H andesites, but in the basalts they
afé higher than in many basalts Jirom the Mundua group and Garoye

Island (zone H), and K,O contents in the dacites and rhyolites are

higher than in those of Garove. Na,O contents resemble those of rocks

2

from the more northerly zones in the eastern arc; some Rabaul pumices

are relatively Na20-poor, perhaps because of post-emplacement
‘leaching. Na20+K20:8102 relationships in the Rabaul rocks are the
same as those for rocks from zone H, except for two alkali-deficient

pumices. Rabaul TiOz contents are mostly in the range 0.8-1 percent,

and typical of those in rocks from the northern part of zone G and



from zone H. PZO5 values are also similarxr*, but none is as high

as the maximum'PZO5 value found in a rock from zone H. CaO contents
in the Rabaul rocks are low and identical with those of zone H.
A1203, MgO, Fe203+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 H and 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-arc-type magmas'are
numerous. — Oversby & Ewart (1972), for example, listed eight different
modern hypotheseé. However, according to plate theory, the litho-
spheric slabs that move across ocean basins are spbducted beneath
island arcs, and the downgoing slabs carry hydraﬁed oceanic crust,
or wet sediments, to levels where water is liberated and magmas are

*Note that the P205 values reported by Matsumoto (1976) for six
rocks are in the range 0.10-0.14 percent, whereas those given by
Heming & Carmichael (1973) and Heming (1974) for 21 rocks are, with

. two'exgbrtions, consisently higher (range 0.19-0.37). The range'
of higgér'valueé 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 1s generated under essentially anhydrous, or low pHZO,

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 are thought to have beén generated under
conditions controlled or influenced by significant quantities of
water derived from the upper parts of the Indo-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 partiaily
melted subducted sediments in island-arc magmas. It is assumed here,
therefore, that water is provided from oceanic crust consisting of
el hetérogeneous mixture of anhydrous mafic rocks, amphibglites,
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
aréa‘(Davies, 1968, 1971); the basaltic rocks are '...uralitized,
chloritized, and epidotized to some extent, and some are completely

altered to epidote' (Davies, 1968, p. 216).

Twenty-four rocks from the western and eastern arcs have
initial Sr87/Sr86 ratios in the range 0.7034-0.7038 (Peterman,
Lowder, & Carmichael, 1970; Page & Johnson, 1974), except for an
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andesite from Karkar which had a value of 0.7041. Peterman &
Heming (1974) reported Sr87/Sr86 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 0old radio-
genically enriched 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 studies 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. Four dif-
ferent laboratories have contributed relevant experimental results:

1. Australian National University (ANU), Canberra (D.H.
Green, 1972, 1973a, b, 1976; T.H. Green, 1972; Green & Ringwood,
1968, 1972; Nicholls, 1974; Nicholls & Ringwood, 1972, 1973, 1974).

2. Carnegie Institution and Pennsylvania State University,
Washington (Allen et al., 1972; Eggler, 1972, 1974; Eggler &
Burnham, 1973; Holloway & 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. University of Chicago (Huang & Wyllie, 1973, 1975; Lambert
& Wyllie, 1968, 1970; Maalge & Wyllie, 1875; Milhollen et al., 1974;
Nehru & Wyllie, 1975; Stern, 1974; Stern & Wyllie, 1973a, b);

) Results from several of these studies 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 proposal. At depths greater than about 100 km the
hydrated basaltic c¢rust will be converted to eclogite (e.g.,
Ringwood, 1974), and direct partial melts should therefore be in
ecuilibrium with giarnet, which preferentially incorporates the
heavy rare-earth elements (REE); but island-arc-type magmas are .
not strongly depleted in heavy REE, and therefore cannot h-.ve

been in equilibrium with an <¢clogitic source (see, for example,
Gill, 1974, for these and other geochemical arguments against a
direct slab origin). In addition, basaltic magmas erupted above
Benioff zones at depths less than about 100 km can be generated from
the downgoing basaltic crust only by complete or near-complete
melting (e.g., Hollo@ay & Burnham, 1972); however, it is doubtful
(1) if the high temperatures (greater than about llOOOC) 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, total melting will completely destroy the
subducted oceanlc crust, whlch cannot therefore be the same source
of basaltlc magmas erupted over the deeper parts of Benioff zones.
ﬁFlnallyr if thu'dlfferent types of basalt found at oonvergent _plate
fﬁboundarles are. all derlved by COmplete meltlng -of" oceanlc crust‘ it

is- dlfflcult to env1sage a s1m11ar1y w1de range of basaltlc oT

;'Tﬂeclogltlc comp081tlons for the crust, ‘and 1mpos31ble to account for

"tho origin of alkall basalts by complete melting of an oceanlc o

tholejlte source (e g Cawtnorn, 1976)
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; Many investigators now favour the generation of primary
island-arc-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 influx of water from the 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 ccmpositions 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'Hara, 1965). Other investigators, however, have at dif-
ferent timeslposed 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 equilibfium with the liquidus minerals, as
they appear to have been modifiéd by crystallizati n of low-temperature
minerals, or else equilibrium was never achieved because of the un-
suitable grainsize of the starting materials (e.g., Nichoils &
Ringwood, 1973,1974; Cawthorn et al., 1973a; Nehru & Wyllie, 1975).

- Loss of iron from the experimental charge into the platinum capsules
during long runs, and the difficulties of analysing pools of glass
with the electron microprobe, provide additional problems in the
interpretation of results (e.g., Merrill & Wyllie, 1973). 1ln spite
of these problems members of the Washington school have continued

to claim the validity of their‘experimental results (e.g., Mysen,

1975).

As a non-specialist, I am not gqualified to judge this
issue. Lﬁowever, as the Washington experiments have heen critized

‘by three independent schools, the concept that the high-silica
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rocks of island arcs arevderiQed from the &antle is not emphasized
in the following sections, and the widely accepted view that these
rocks are derived by crystal fractionation 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 beer in equilibrium with upper mantle
olivine and orthopyroxene (Green & Ringwood, 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 F92+ is the atomic ferrous iron
content shown in the rock analysis) in the range 63-73 could have
been in equilibrium with mantle clivine of 100Mg/(Mg + Fez+) = 87-92.
Rocks with Mg-numbers much less than 63 were considered more iikely
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,lthat 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 coefficient

KD - (X011V1ne) (XL;quld )
FeO MgO
(Xquuld ) e (X011V1ne )

FeO MgO
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is 0.3 (0.29-0.34 taking into account analytical error in
the determination of olivine 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). KD vaiues are, however,
functions of parameters such as temperature, pressure, water content,
oxygen fugacity, etc. Roeder & Emslie (1970); for example, reported
a range of KD values hetween 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 experiments with oxygen
fugadity controlled by the magnetite-hematite buffer showed that
'equilibrium' liquids (the claim of equilibrium is disputed) were
strongly depleted in magnesium. (Mysen & Kushiro (1974) used these
results in support of the concept that andesites (low in MgO) are
derived from the mantle; Nicholls & Ringwood (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 mantle, and
therefore that Mysen & Kushiro's (1974) concept was unacc ; iable.)

A It seems therefore that Mg-numbers in the range 63-73
cannot be used as precise indicators of equilibrium with mantle
minerals, Although in the following discussion atféntion 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 zZones are the

nearest approximations to the compositions of the primary magmas.

*Arculus & Curran (1972) and Sigurdsson et al. (1972), for exémple,
suggested that the parenta1 magmas of hypersthene-~normative island-

arc rocks from the Lesser Antilles were strongly nepheline-

normative.
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Temperature distributions in the mantle

?J.A‘Wide range of conditions determines the extent of

Cowe .
partial meit;ngrln the upper mantle and, therefore, the compositions
o: the resulting primary magmas. One of the most important con-

ditiows 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 that they are capable of extracting heat from the
surrounding mantle (e.g., Oxburgh & Turcotte, "1970; Minear & Toksdz,
;970a, b; Grjggs,‘1§72;>Le Pichon, Francheteau, & Bonnin, 1973;
Tokséz, Sleeﬁ, & Smith, 1973). Slowly descending slabs are likely
to heat up more feadily than quickly descending ones with the same
composition and thicknessl Thus, rates of slab descent will govern
the thermai regimes of the slabs, and of those parts of the upper
mantle above tdg slabs where primary magmas are believed to form.

In addition, 1% intermediate and deep-focus earthquakes in Benioff
zones are due to mechanical failure in the cold interiors of the
downgoiﬁg slabs, the deeper earthquakes will take placé more readily
in those parts of the slabs which have remained colder to greater
depths - that is, in slabs which have been subducted more rapidly

(Isacks: Oliver & Sykes, 19G8).

Rates of slab descent may be a primary control on the
disfribution of isotherms beneath island arcs, but other factors
may also have an influence -~ for example, lateral changes in the
thickness of the élab, lateral differences in thermal properties of
the slab and overlying mantle, ahd changes in the positions of
instantaneous poles of rotation throughout geological time‘ '

The possible interactions between all these variables are SO complex-
that they cannot e elucidated satisfactorily at prese nt and )
petrological interpretations for specific island arcs, such as those

given in the following sections, must therefore remaln la rgely o



-88-

speculative. However, in the following g ~odynamic interpretations,
rates of slab descent are considered to be of primary importance,
and the effect of all other unstated factors is assumed to be

‘constant.

ANC mbdel 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 Australian National University (ANU) has attempted
to integrate expéerimental results into general island-are models
using resu'ts from the fields of isotope and trace-element geo-
chemistry, geophysics (especially studies of thermal regimes), and
geology. The latest version of one widely publicized ANU model ”
was descfibed by Ringwood (1974,‘1975) and Nicholls (1974), and its

essential features are zhown in Figure 38.

, Ringwood and Nicholls believed that the hyperstheﬁe—
normative rocks of -island-arc volcanees can be grouped into
tholeiitic and calcalkaline associations. They also'accepted the =
claim of Jakes$ & White (1969), Jake$ & Gill (1970), and Gill (1970)
that the tholeiitic magmas are produced during the early stages of_y
island-arc development, in contrast to the calcalkaline ones which

form later - during a more evolved stage.

In the tholeiitic stage (Fig. 38 ﬁpper) the amphibolite of

‘subducted oceanic crust reaches depths of 80-100 km, where
temperatures are judged to be about, or less than, 650°C. The
,;ampnlbollte dehydrates (subsolidus) to form eclogite, and reieases
water- 1nto the overlglng peridotite, parts of which rise as diapirs
to depths where partial melting under hydrcus conditions generates
-tholeiitic magmas close to silica saturatlon. During thelr”ascent
fto the sulface these thclelltlc magmas. Iractlonate olivine and, at
lower pressures pyrerne and arphloole proddc ng. a spectrum of
"comp051t10n from quaxtz tholewlte to _more strongly oversaturated

comp081t10ns
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magmas by the scheme of Nicholls & Ringwood (1972, 1973). From Ringwood
(1974Y, and reproduced witli the permission of the Geological Society of

" Lpndon, [_IpEer' 'Early ‘phase of development of an island arc involving.
. dehydration of amphibolite ir: subducted oceanic crust, introduction of
“water into the overlying weige, and’ genexatlon of ”1sland—a.rc tholeiite"

igneous series'. Lower: 'Laler phase of island-arc development involving

) partial~melting of subducted oceanic crust, and reaction of liquids with
- mantle above Benioff zone, 1ead1ng to dlaplrlc uprlse and formation of

calcalkallne—type magmas '
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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 sérpentine,
taic, micas, epidote, and, at greater depths, high-pressure hydro-
Xylated magnesian silicates. Below 100 km, temperatures in the slab
are estimated to exceed 7OOOC, and the guartz eclogite partially
meits under hydrous cbnditions. These slab melts are KZO/NaZO—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 forméd, and the
'pyroxenite' partially melts to form andesites and, with higber
degrees of bartial melting at shallower depths, basalts which‘are
close to silfca saturation and which mastubsequéntly'fractionate,

‘Thé-broad features of this model are therefore (15 that the
.composition of thelupper maﬁtle giving rise to the primary magmas '’
abovexdowngoing'slabs is essentially homogeneous beforé sub-
ductibn, and (2) that the variations in volcanic rock compositions
across 1sland arcs - particularly in K20/8i02 - are due to chemiéal
interactions between the mantle, and the slab-derived siliceous
melts, - whose compositions 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—ionmlithophile) eiement and isotope variations in island arcs

- *Wilson (1954) was the first to speculate on the interaction between
“slab-derived siliceous melts and the upper mantle peridotite

beneath island arcs (quoted in Ringwood, 1975),
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are accounted for by differences in source peridotite compositions
before subduction (see p.g7.). 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-

riate (p. 695).

GENESIS 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)
aiong the length of the arc imply a further degree of complexity to
the discussion of plate movements and the formation of primary

magmas, So 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
Krummel, Fig. 10),'(2) the north-south chain of volcanoes making

up Willaumez Peninsula - zone G (and Krummel), and (3) the Witu
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Islands - zone H. The explanation adopted héfe for this curious
distribution is that the relative motion between the downgoing
lithosphere and the overlying South Bismarck plate is different
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 & Ringwood, 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 Ringwood and Nicholls model (see above), the mean temperature
of the downgoing oceanic crust at these depths is:-less than about
65000, none of the slab will melt because this temperature is below

the basalt-eclogite-amphibolite solidus (pHZO = 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 rises 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
under hvdrous conditions. Thus, in Figure 40A, if sufficient water
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the slabs. Coarse stippling indicates thickness of crust in cross-section A, which coin-
cides with the crustal profile K-L given by Finlayson & Cull (1973, fig. 9b; crustal
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end of Willaumez Peninsula, and zones E and F (Fig. 10), respectively, projected from the
east onto cross-section B. X-Y and X'-Y' are ascent paths of slab-derived water (see

text for details). The flat parts of the isotherms are taken from the 'undisturbed' mantle

geotherm of Griggs (1972).



TABLE 1. RATES AND AZIMUTHS OF CONVERGENCE
OF THE INDO-AUSTRALIAN AND SOLOMON SEA PLATES WITH THE
L ‘SOUTH BISMARCK PLATE

I S
Reference
’ Rate Azimuth Rate Azimuth
(cm/yr) (E 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 S or 327
6.2 at IBS: 31 12.4 at BPS 327
Taylor (1975, 8.04 at IBP 29 11.65 at IBS 11
unpublished) 9.3 at IBS 29 12.5 at BPS 8

*values calculated for a 'preferred' model in which BI pole is at IBP
triple junction, and left-lateral slip rate between B and P is 13.5 cm

per year (see text).

= Indo-Australian plate
= South Bismarck plate

Solomon Sea plate

U on W oH
]

= Pacific plate
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rises from X to Y, the peridotite will melt at Y, where the temper-
ature of 1000°C is above the water-saturated 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, guartz-normative composition might be
generated by 28-32.5 percent partial melting of peridotite (of model
'pyrolite’ composition). At 11000C (28 percent melting) the calculated
equilibrium liquid had 56.1 percent silica, 9.3 percent MgO, and
100 Mg/(Mg + Fe2+) = 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 condiitions. The maximum depths at which quartz-
normative magmas cian be generated when pHZO is less than Ptotal will
be less than 60 km, because anhydrous or low—pH20 (0.1 percent H2O)
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 apove) con-
siderod that primary magmas derived at 10 kilobars under water-
saturated conditions are tholeiitic basalts close to silica
saturaticn. 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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Fig. 41. Temperature v. percentage-melting diagram for a model peridotite composition
‘at about 13 kilobars (after fig. 3 of D.H. Green, 1972), The solidus temperature of
about 1283°C under water-free conditions decreases, 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 amounts of water introduced into peridotite at different
temperatures will have 'differgnt effects; for example, 0.5 percent water introduged
into anhydrous mantle at 1200 C will cause about 20 percent melting, but at 1000 C
onlg about 1 percent of melt will be produced. At temperatures of less than about
970°C, any amount of water will not cause melting; it will be used up in subsolidus
reactions to form amphibole. (According to Green, up to about 30 percent amphibole
could form from his model peridotite.) The dashed lines between the dry and excess
water curves define four fields in which partial melts of different compositions are
in equilibrium with different phase assemblages; Ol = olivine, Opx = orthopyroxene,
Cpx = clinopyroxene, Amph = amphibole, L = liguid. Beneath the volcanoes of zones

E and F (Fig. 10), water from the downgoing slab may have been introduced into the
overlying upper mantle at a temperature above that of the water-saturated solidus, and
so have caused melting. West of zones E and F, the mantle temperature may have been
below 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 generated 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 volcances (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 wiil promote more extensive fractionation and will
allow the formation of low-magnesia high-silica magmas.

As shown in the variatiqp diagrams presented above. the ot
chemical distinction between the rocks of zones E and F - especially
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 zcne F than they were to those
of zone E. As the water derived by amphibole dehydration is
unlikely to remain pure (cf. Ninkovich & Hays, 1972; Best, 1975;

Fyfe & McBirney, 1975), the water which rose from the slab beneath

ﬂ 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 arnd F. Alternatively,
the differences in primary magma composition may b2 due to differ-

ences in source peridotite compositions (see below).
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Vitiaz slice and Willaumez Peninsula

N ~ The volcaﬁoes of zones E and F do not continue west of
d‘the'southern end of Willaumez Peninsula (Fig. 8). Because this
distinct‘demarcation#iﬁplies an abrupt change in geodynamic behaviour,
- the mechanlem of magma genesis beneath Willaumez ‘Peninsula and th( |
WJtu Islands is considered to be distinct from 1hat east of the
penlnsula ThlS difference in behaviour to the east and west of
the penlnsula 1s thought to he due to the infiuence of the V1t1az

imbricate slice {Figs. 3»and 39).

The Vicliaz slzce Ty v1suallzed as a northwald—dlpplng
sllver of upptﬂ mantle: and oceanic crust between the South Blsmarck
'and Solomon Sea plates (Flg. 40P) Down—dlp, the slice is cons-
idered to thin out, extending ro iarther'than about 70‘or 80 km
north of the north coast of Nex Br1ta1n and no deeper than about .
lOO‘km . The surface expre551on of the sllce is thought to be the ;gf
area of sea floor between thkeiwo branches of *he western end of the‘&

%

New Britain submarine trench (Figs. 7 and 39). The length of eea

unknown.

o It is suggented that- throughout the late Cainozoic the
nswuth Blsmarck rlace has been underthrust along a single trench
east of Wlll&de" Peninsula (see above) but along two trenches‘fh
_-that. 1s along the southerp -and northern margins of the Vitiaz *wf*-
Cslice - west of the penlnsula Thus, the rate of subduction at ‘each %
ol the South Blsmarc&/Vltlaa (BV) and Vitiaz/Soclomon Sea (VS)
boundaries would have been much less than that at the South '
Blsmarck/Solomon Sea boundary (BS), “for e\ample,vlf at any instant
of time at the Junctlon of all three boundaries, the rate of sub-

\

duction: along the boundary BS were X, the sum of the rates 4 jsub—
'ductlon along the boundaries BV and VS would protably also b -

i
i
i

svery Plose to x, and therefore *he rate of "’ subducflon along the

boundary BV would be much less than that 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 thﬁn
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‘migfated

significantly westwards or eastwards.

The volcanoes of Willaumez Peninsula are grouped into
three zones (Fig. 10). From north to south, these are: (1) Krummel,
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 thLese 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+Fe203, and FeZOS/FeO (the group 2A oxides and oxide ratios

of Table "11), and K20/Na20 values, and lower Nazo and A120 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 ¥, and when it is recalled that the gap
in the K20:SiO2 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 relatively abrupt
compositional changes between zones F and G'imply marked differences

in conditions of magma genesis.

The depth of the Benioff zone “enreath the southern part
of zone G is within the range 130-285 km (Fig. 4). It is postulated
therefore that the crust of ‘the subducted Solomon Sea slab is
deeper than about lOO km, and has been donverted to quartz eclogite.
Melting of the eclogite at temperatures greater than about 700°C is
enhanced in the drag zone beneath the South Bismarck platé (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 minerals still contained in the eclogite.

Experiments by Green & Ringwood (1968, 1972), T.H. Green
(1972), and Stern & Wyllie (1973a) indicated that the liquids pro-,
duced by partial melting of hydrous quartz eclogite are rich inb '
silica, alkalis, and water, and may be high in KéO/Nazo. These
liguids have been called 'rhyodacite-rhyolite’ QRingwood, 1974, p.199),
although Stern & Wyllie (1973a) argued that their experimentally
derived compositions were not those of natural aéid lavas; the
‘alkdli—rich compositions may be closer to those of trachytes.
Q(Smith, Johnson, Mackenzie, & Taylor, in prep., described natural
trachytes from Papua New Guinea in which high La/Yb values and extreme
depletions in heavy REE 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 SiOZ, KZO (and consequently K20/Na20), and water. These
melts perhaps 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 SiOz, KZO’ K20/Na20, and water*,
After possible fractionation, all the lavas that finally erupted
were high in KZO/Nazo, 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
Fe203/FeO values. In these generally silica-rich volcanic rocks
there is an apparent correlation between high oxidation states
‘and high MgO/FeO+Fe203 values., This is the reverse of the
relations demonstrated experimentally by Mysen (1975) in which the
- 'Mg/(Mg + ZFe) [ of the liquid in equilibrium with olivine ]
decreases strongly and nonlinearly with increasing oxygen fugacity'
(Mysen, 1975, p. 71).

Mantle heterogeneity beneath islund 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

*Pre}iminary trace-element results also indicate high La/Yb values,
suppbrting 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 heterogeneity 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 already
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 mantle (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 solbus temperature of this peridotite willp
be lowered, and the top of the LVZ may therefore rise. Green (1973b)
postulated that the additiohn of more than 0.4 percent water will

cause the 'roof' of the LVZ to 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 the
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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-enricled 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.

Any one 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 plus 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 doungoing 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 magﬁas 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 Benicff 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
differences 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
applicable 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< .uecome 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 both) 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 & Ringwood (1973) on a melt with a com-
positidn similar to that of the basic rocks from northern Willaumez
Peninsula showed that the addition of water greatly increases the
stability 1limit of liquidus olivine (up to 11, 14, 17, and 20 kilo-
bars in runs containing 5, 10, and 15 percent water, and at
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pHZO = Ptotal’ respectively), and that orthopyroxene was a near-
liquidus phase in some of the runs. Rocks of this composition may
therefore bhave 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 KZO/Nazo values are lower in rocks
from the northern part of zone G than in those from the southern
part, fluids may have had lower KzO/NaZO 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
KzO/NaZO 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, TiOz, and P205 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 the 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 relativély low
water contents prevailed - at least at low pressures - and that the
correspondingly higher liquidus temperatures of the magmas before
eruption prevented the same high degree of crystallization that

characterized the volcanic magmas farther south.,
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The rocks of Kimbe Island, which lies about 30 km east
of Willaumez Peninsula (Fig. 6), have compositions similar to those
from the northern part df 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 favoarable, and apparentliy unique, circum-
stances east of the drag =zone, and the primary magmas may have

fractionated in vertical conduits.

Although slab descent and melting may still be éurrent
beneath the southern end of the peninsula, they are hardly reflected
in the low frequency of volcanic eruptions in modern times (see
pP. 24 ). Thermal areas, however, are widespread, particularly on
Garbuna, whoée summit area has been greatly affected by thormal
alteration. A possible explanation for these features is that
large quantities of early-formed water-rich siliceous melts released
from the slab have extensively melted the overlying uppér mantle,
so that only refraétory peridotite remains there, Water-rich melts
may continue to rise from the downgoing slab at the present day,xbut
they are inadequate to cause further extensive partial melting of
the upper mantle, and theyﬁcrystallize before reaching the surface.:
Consequently, volcanism-has diminished, but hydrothermal fiuids
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 ezlogite formed during the earlier slab-
melting beneath the southern part of zone G may now constitute the

top of the slab beneath the northern part of =one G.
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Zone H and the absence of -olcanism to the south

The-volcanoes and rooks of zone H, the Witu Islands (Fig.
lO)wihave severaljfeatures which distinguish 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). Seﬁondly basalts are common on all the islands
except Unea, which - in contrast — has the fullest development of
andesites (p. 29). FIhlrdly, manv~zone H rocks are poor in pheno-
crysts'(Fig.'IZ). Fourthly;zvariations in the contents of many
oxides are greater in the zone‘H«roEks than'in rocks with the same

“silica content from elsewhere in the eastern arc (see, for example, I

the RSS-values in Table 6). Fifthly, the results of Q-mode factor
analysis (p. 63) and ronlrnear mapplng (Appendlx 3) indicate that
zone H rocks have the most dlStlnCt eomp051t1tns of any of the rocks

from other Aones in the eastern ‘arc.

Two other features of the volcanoes of zone H are note—

worthy.t Flrstly, in other parts of the world, 1sland—arc volcanoes ,ﬁg:

rocks which are described as either 'alkaline' (i.e., under- K "Jf
saturated) or, at least, strongly potassic (e.g., Kuno}}1959§ } o
Hatherton & Dickinson, 1969; Ninkovich & " Hays, 1972)}h However,
neither“generalﬁzation holds for the volcanic rocks of the Witu
Islands which are all hypersthene-normative (Plgs. 14 and 35),

and low in pota551um (see especially. Flg. 34).

>~ Seccendly, no volcanoes of the same age appear. to ex1ct
south- of ‘the Witu Islands, nearer to New Britain, over .the shallower
part of the Benioff zone (FJg.‘6) In the follow1ng it is post-
ulated that the absence of these volcanoes is due to the influence

of the Vltlaz slice, and that the apparently unlque position of

the Witu Islands over -the déepest part of the New Britain Benioff

zone “is due to: the thermal reglme Whlch - because_ thls part of the arc h
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TABLE 6. RSS VALUES X 103 OF REGRESSION LINES FOR ROCKS OF
SHOWN IN VARIATION DIAGRAMS

ZONES /i TO H

Figure : ¥
Number 15 16 17 18 19 20 21 22 23 . 24 25 26 - 27
Variation K20 . Na20 K, 0/ Na20 ’I‘iO2 P205 CoO A1203 ‘MgO‘ FeO+ MgO FeO/ MnO
diagram. . “v. v. NE, 0 +K,0 v, % vl v. N, V. Fe,0, wv. Fe,04 V.

sio, 510, v. v. Sio, §io, sio,. 570, §i0,uv.” © FeO+ - vt Sio,

‘ sio, 5i0, 7§10, F.ezo3 sio,

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 817 886 614 883 : 563 917" 177 621 188" .182 -
n=23. (1) . (1) (1) (1) (1) (1) 1) (1) (1) o (2) e
Zonc' D 744 707 367 811 447 872 320 G629 772 615 227 126
n=44 (1) - (1) (1) (1) _ (3) () (2 (2 (3 (%) (1
Zone E © 859 819 646 894 457 370 957 545 643 884 814 736
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 = 58 (1) £{2) 1) (2) 2) (1) (1) =(1) (1) (2) 3) -
Zone Gs 978 933 886 986 892 ° 682 990 769 850 964 939 538 927
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) T (2)
‘Zone H 788 918 ..527 975 g 751 944 314 769 671 592 459
n.= 29, (4) (1) 4y (4) (5) 2) ....(1) (2) (2) (3) 4)

_*n = number of sampiés

Numbers in parentheses indicate degrees of regression

o
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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 Willaumez
Peninsula. This proposed distinction between“the thermal regimes east
and west of Wlllaumez Peninsula is 111ustrated in Figure 40. The ‘*h‘
shapes of the 1sotherms 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 comblned effect of the downgoing Solomon Sea plate and

the overlylng Vitiaz 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 Wlllaumez Peninsula (Flg. 40). Therefore

at depths less than 100 km west of the peninsula, parts of the upper
mantle above the Vitiaz slice may be colder than the mantle at the
same depth east of the penlnsula (compare equivalent p01nts Y and Y’
in Fig. 40). While the slab and sllce descended in the west water
may have been driven off the Solomon Sea plate by amphibole dehyd—
ration (at points represented by X" in Fig. 40B), in the same way

as suggested for beneath zones E and F (p. 91) east of Willaumez
Peninsula (cf. X in Fig. 40A). This water may have riseh, and have
ehtered the overlying parts of the South Bismarck plate and Vitiaz
slice. However, because temperatures. there - for example, at Y' in
Flgure 40B (equlvalent to Y in Fig. 40A) ~ were lower than those of
ﬂthe 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 w‘
volcanism evolved west of Willaumeszeninsula on the extensionyof

zones E and F.

Unea Island represents the first v131b1e signs of late
‘:Ca1n0201c volcanism north of the north coast of New Britain (Fig. 6)

Compared wrth»other zone H rocks with the same 31llca‘content, the
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rocks of Unéé have notably higher KZO’ lower Na20 (and therefore
higher K~O/Né 0), lower TiO and higher Fe OB/FeO values, and
in some Of these features resemble rocks from the northern part of

zone G. On the other hand, rocks from Unea show many other chemical

features that relate them to zone H. The rocks from Unea, therefore,

appear to be transitional between those of zone G and those in other
parts of zone H, and presumably must have developed under conditions
"’distinctly:different from those elsewhere in the arc. The Unea
Ibrimary magmas are considered to have been generated from upper
mantle peridotite under hydrous conditions, but - like the primary
magmas postulated for the northern part of zone G - how far they
#eflect the composition of the source peridotite is not known:

their compositions may be due to the specific chemical characteristics

of the initial peridotite, yet they may have been influenced by

the 1ntroduct10n of slab flulds 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 lnkely to have been less hydrous than it was at
depths of less than 300 km, (Relatively low watel contents are
1ndlcateu-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 cdntaining
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.

Tholeii%ic basalts containing up to about 11 percent
‘normative oiivine are present on all the Witu Islands north of Unea.

-Several of them are high-magnesia varieties, and several have

i



SIMPLIFIED STRATIGRAPHIES OF TEN VOLCANOES

TABLE 5.
Volcano Sequence
Kadovar* 1ow4silica andesites —> crater formation —> high-silica

(Zone A) andesite (only slightly richer in silica).

Aris* low-silica andesites —> crater formation —> high-silica
(Zone B) .andesites.

Long+ basalts, type 1—>basalts, type 2 (richer in silica),
(Zone C) and andesites associated with cauldron subsidence —>

~basalts, type 2. :

Sakar¥* basalts —> crater formation —>high-silica andesites.
(Zone D) :

Talawe/ Talawe basalts and low-silica andesites —> Langila low-
Langila¥* silica andesites (richer in silica). Langila is a
(Zone D) satellite volcano on the northeastern flank of Talawe.
Hargy/ andesites —>» cauldron subsidence —> andesites (mainly
~Galloseulo* richer in silica) —> Galloseulo dacites. ‘
(Zone E) :

Bamus * andesites (mainly low-silica)-—>» collapse event —>
(Zone E) high-silica andesites.

Lolobau andesites and (?)dacites —> basalt —> cauldron subsid-
(Zone F) ence —> basalt (poorer in Fe)-—-—>dacites and rhyolites.

Several samples of uncertain relative age.

Unea¥* basalts andfandesites—%>cauldron subsidence —> andesites
(Zone H) (mainly richer in silica).

Garove dacites and rhydlites-—e>low—silica andesites —>» cauldron
(Zone H) subsidence —> basalts. 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

varietirs 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 cons1stent1y more siliceous than
older ones. :

+Long should be cons1dered as three volcanoes because two older basalt
(type 1) cones flank a mainly younger central caldera complex (basalts

< type 2 and ande51tes)
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100 Mg/ (Mg + Fe2+) 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 generdted 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 which olivine tholeiites
might be generated in a water-saturated environmentlis at present
unknown, but probably they can be produced at depths greater than
70 km (20 kb). However, where pHZO 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 & Ringwood, 1973). The depths of partial melting for the.
primary magmas of zone H Q\and those of zone G - are at present
unknown, but future attempts to estimate these depths will depend
upon a critical evaluationiof the relative roles of water content,
total pressure, and degrees of partial melting in the mantle

peridotite (cf. Green 1973a).

Some of the zone ﬁ olivine tholeiites, especially those
from the Mundua Group, are exXtremely depleted in K20 (Fig. 15) but
relatively rich in T102 (Flg. 19), and resemble. the thOlellth rocks
recorded from ocean basins and from the marginal ba31ns behlnd
island arcs (e.g., Sclater, Hawklns Mammerickx, & Chase 1971;
Hawkins, 1976). Similarly, some of the low—81llca and951xes have
compositions which, except for most T102 values are not unllke
those of 'oceanic andesites' or 'icelandites' (Carmlchael 1964)

which are believed to have been generated under. relatlvely hlgh

water—vapour pressures in ocean basins or at dlvergent plate

I
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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 thkan 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 gg 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 404,
isotherms for the eastern part of the Solomon Sea slab are shown
depressed more deeply into the slab than aré 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 in 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 of 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 erupted in insufficient
quantities to be detected on the Bismarck Sea floor.

GENESIS OF PRIMARY MAGMAS IN THE WESTERN ARC

Introduction

The familiar pattern of chemical zonation in island 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 differences in the rates of convérgence along the
Indo-Australian/South Bismarck plate boundary.

Plate kinematics

During the mid-Tertiary, the northern edge of the
Austraiian 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—aré—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 have

“heen subducted northwards beneath the arc (Fig. 9).
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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 crust. Stippling represents chemical 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 assumed values
are those determined by Brooks (1969) for the southern part of mainland Papua New

Guinea.

1. Southward-dipping subduction in the mid-Cretaceous resulted in arc-trench-
type volcanism, and chemically modified 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, volcanism started in an island arc several hundreds of kilametres 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 zone, began
to collide w1th the arc. Subduction was arrested and island-arc volcanism ceased "
but plate convergence continued, and the continental margin and arc were warped a,nd
raised. Middle Miocene magmatism south of the collision zone was initiated by
partial melting of mantle which had been chemically modified during the Cretaceous

subduction,

: 4. By the late Pliocene the slab beneath the Tertiary island arc had become
steepened, and continuing subduction gave rise to the volcanoes of the western arc in
the south Bismarck Sea (SBS volcanoces). Uplift and warping in the Highlands reglon led
“to partial melting in the chemlcally modlfled mntle ,

=
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A favoured interpretation is that the continent first
collided with the western part of the arc in the late 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 the arc may have then been
raised above sea level to form the Adelbert Range, and the underQ
lying part of the downgoing slab may have become steepened and its

downward movement retarded (Fig. 9). TFurther collision of the arc

" and continent is considered to have restarted in the late Pliocene,

and to have te2ken 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 late Pliocene
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 the northwestern part of mainland Papﬁa New

Guinea (Krause, 1973).

This .nterpretation is consistent with the known geology

of the coastal ranges (Jaques & Robinson, in prep.). In the extreme

east, recent rapid uplift is indicated by late Pliocene limestone
cappihg Huon Peninsula, and by an extensive flight of Holocene coral
térraces on the northeast coast (Chappell, 1974). In contrast, in
the Adelbert Range, to the west, limestones postdating the collision

~are poorly developed, and the Holocene terraces are absent. There;

instead, 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,ysubmarine 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 southeasf‘on Huon Penigsula (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 formation of a 'hanging' slab - that is,
a near—-vertical slab of lithosphere whose downward motion has been
slower than it was before the collision (Fng 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, 1869; Sleep, 1975; Sung &
Burns, 1976). Thus, once subduction is initiated, the slab‘should
continue to descend under its own weight, slab-derived fluids should
continue to rise from the slab, and island-arc-type volcanism
should prevail until the slab becomes detached and finally in-
activated. However, this interpretatibn 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 known dis~
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 there
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 colder 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 shapé 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 ﬁarallel to the general trend of the western arc, and may
correspond to depths between about 150 and 250 km. Two features
are noteworthy. Firstly, because the Schouten Islands line is
offset, the underiying slab may be similarly displaced. Secondly,
the llnes are straight between the Schouten Islands and Long
Island, 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) assumjngv
that all the downward motion of the slab is due to pushing in the
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Fig. 39. Tectonic features at the southern margin of the Bismarck Sea. Open circles -
represént epicentres of earthquakes that define the northern margin of the Soufh Bismarck
plate (after Denham, 1973). This northern margin is thought to continue southeastwards and-
reach the Solomon Sea plate at a triple junction south of New Ireland (see Figs. 2 and 3).
The threé closely spaced lines north of the coastal ranges are hypothetical strike-lines ,
for the upper surface of the postulated, northward-dipping slab beneath the western arc.
The set of arrows illustrates the effect of plate convergence abbut a single position for '
' a series of instantaneous poles of rotation (other positions in the northwest part of
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mainland Papua New Gmnea have similar effects) -~ i.e., that those points at the upper
surface of the downgoing slab further from the finite pole move greater distances for any
rotation about the pole; in other words, rates of plate convergence increase away from the
’ pole. The straight lines accompanying each arrow are nommal to the strike-lines. Note
that because of the differences in orientation of the strike-lines on either side of bLong
Island, the transcurrent components of movement for this particular pole position change
from right-lateral west of the island to left-lateral east of it, A-A' and B-B!' e llnesi
of cross-sections in Figure 40A and B, respectively. See text for explanation of drag |

zone'.
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same direction from the Indo-Australian plate (sce above), it can
be shown that for anyv finite period of time the magnitudes and
directions of the relative velocity vectors change progressively
along the contact of the two plates at depth. For example, using
the pole position in Figure 39, rates of p1a£e 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 right-angles to the
strike-lines in Figure 39, but will contain transcurrent components
" of motion. West of Long Island this transcurrent eomponent will be
right-lateral, but east of Long Island it will change to left-
lateral, as 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 slab's weight (see above). Even if this is so,
rates of subduction will still be greater towards the 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 arpued that the Bismarck Sea
floor is a marginal basin, and that the seismic zone crossing it
is essentially a divergent boundary where spreading is accommodated
in two, northwest-trending, left—lateral, transcurrent segments.
Taylor regarded both transcurrent segments as straight linear
features (although, in fact, thkey may be zones of deformation and
slightly curved), and accordingly located the South Bismarck/Pacific
plate boundary a long way from Papua New Guinea. In his triple-
Junction analysis, Taylor calculated that the rates of convergence
between the South Bismarck and Indo-Australiun plates waere between
8.04 (in the west) and 9.3 (in the east) cm/year (see'Tabie 1).
These values are much higher than those (Table 1) estimated by
Johnson & Molnar (1972), Curtis (1973), and Krause (1973), all
of whom, however, regarded the Bismarck Sea seismic zone as a pure,
left-lateral transcurrent boundary. Taylor's Qalueé 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 lies
'somewhere in the New Guinea mainland'. If so, the great circle
containing the poles representing the plate boundaries at tyiple
Junction IBP (Fig. 2, Table 1) would pass through mainland ﬁapua
New Guinea, and the South Bismarck/Indo-Australian pole position
would lie on it, possibly in or near the northwestern part of
mainland Papua New Guinea (depending on the sense and rate of motion
at the western end of the Bismarck Sea seismic zone - see below).
Thus, although the reacsons 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/Indo-

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 cver-



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 Agimuth
(~m/yr) (E 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 I1I8S 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 IBS 11
unpublished) 8.3 at IBS 29 12.5 at BPS 8

‘*values calculated for a 'preferred' model in which BI pole is at IBP
triple junction, and left-lateral slip rate hetween B and P is 13.5 cm

‘per year (see text).

= Indo-Ausiralian plate
= South Bismarck platce
Solomon Sea 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, increase progressively eastwards along the South
Bismarck/Indo-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 water and melts may
therefore rise from the downgoing slab at diiferent depths in each
section, and may cause 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 generated under
unique sets of conditions of pressure, temperature, contents of
volatiles, and_composition and volume cf the slab melts (which may
mix with the mantle-derived magmas). ‘'the possible interactions
between these variables (and others listed on p. 87) are, of Course,
so complex that they cannot be defined satisfactorily at presenv.
However it is suggested that the changes in rock compositions along
the western arc are functions of differences in the thermal regimes
beneath each part of the arc, and that these, in turn, depend up&n

differences in rates of plate convergence and subduction,

These interpretations are'consistent witﬁ 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 greater in the east than in the west, because a greater
supply of subducted, watefggich'crggtal rocks will be available for
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 interpretation providesngnditibns for magma
genesis broadly analogous to those in the eastcrn arc, However,
unlike the eastern arc, where volcanoes can be related to present—
day depths to'thé‘New Britain Benioff zone, there is great uncertalnity
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in the western arc about how the distribution of the volcanoes and
the compositions of their rocks are related to depths to an underlying
lithospheric slab., This is because, firstly, the model of a near-
vertical slab is largely inferred, dngpresent—day Beismicity gives
only a limited indication of the slab's'true form; and secondly,
because in the model of a near-vertical, plate boundary, volcances
cantiot be related to a limited depth range to the slab as easily

as they can where the slab is inclined at a much lower angle.
However, some tentative explanations are offered for the compous-
itional variations alcong the western arc; these ar¢ based on the
relation described above and on comparisons with the compositions

of the eastern volcanoes.

In earlier parts of the Report, the chemistry (e.g., Fig.

31), distribution (p.21 ), and rock type relative abundances

(p. 28) of the Schouten Islands' volcanoes (zone A) were shown to
be different from those of the other volcanoes in the western arc.

“In theafollowzng, 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 G3
are present in each of the zones B, C, and D, These rocks cortain
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. Apart ~
from these four rocks (in which the olivine phenocrysts may have

“accumulated to form the high normative 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. 1In zone B, these

‘rocks 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 unusuallv high iron
contents -~ see Tigs. 23 and 24); and in zone D, on Sakar and Ritter

and in the Cape Gloucester area.
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N In each of the zones B, C, and D, the low-o0l and low-Q

'rocks Are similar in their degrees of Slllca saturation, for they
plot ¢L 1mllar distances irom the Hy-Ab plane (Fig. 14). However,
they Sno@ marked differences in comp051t10n when rocks of the same
3111ca content afe compared w1th one another. In particular, the
zone C OCkb are generaily Hlohcr in 2O, Nazo, KEO/NaZO, P2O5,

FeOQ +7 rc 03, ‘and: MnO and 1ower in CaO and MgO, than those of zones

4 B ande and zone D rocks are higher in KZO thaq those of zone B

(Flg.;dl); '

, , fl Another important comparison 1s that the basic rdcks from
- any one of the western zones B, C, and D are generally higher in K,0,
KZO/NaZO,‘PZOS, and TiO, than those with the same silicn 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 tﬁey have generally higher K O/Na O values, and zone C
_rocks are notably higher in K20~ If 81m11ar1t1es in comp051tlon of.

i 1bland arc rocks can justifiably be equated with similarities in

) k'peLronglcul processes, then the rocks of zones B, C, aad D may: e

, have formed undér couditions which were different from those of

‘f .~ the eastern zohes E and F but were similzr to those of zones G and

¥ ) H;, that is, beneath zon:s B, C, and D; water (perhaps containing

f“J Hsolvent elements) or,WEter—bearing,siliceous melts (or both) wére‘

. generated from subducted eclogitic crust at the surface of the steeply

inclined downgoing slab, and rese, melting the upper mantle peridotite
at different levels (possibly corresponding to diffprent initial
peridotite compositons), with possible mixing of slab- derlvea fluids.
In part,'the downgding slab may have also prov1ded geodynamic con-
ditions favourable to the upwelling of hot mantle in the manner
postulated for the developmenti of basalts in marginal basins (see
below). . Because rocks equivalent in compdsition to those of zones

E and F appear to be absent from zones B, C, and D, subqo]idus
,breakdown .0f ramphibole in the downg01ng slab is 1nf°rr9d ‘not to have
played an important part in the g z=1is. of primary mafic magmas

: beneaph zones B, C, 2:d4 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, Dakataud, have
low phenocryst contents (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 been generated under higher partial pressures

of water than those of the eastern zones G and II.

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 zones B, C, and D (sée p. 28 ),
The differences in relative abundanCeé of basalt may be due to dif-
”ferences in rates of magma ascent. In the western zones, primary
magmas may have risen rapidly through fractures in the upper parts
of the SouthvBismafck plate, as suggested by the lines formed by the
volcanoes in zones B, C, and D (see p.20 and Fig. 5). Thus rapid
rates of ascent may have given little opportunity for the prlmary
magmas to fractionate much beyond high-silica ande51te compositions.
In contrast, primary magmas in the eastern arc may have risen
through the overlying wedge of upper mantle and crust above the
inclined Solomon Sea slab without the benefit of major zones of
wéakness, or fractures, to aid their ascent. Ascent rates may
therefore have been much slower in the eastern arc, allowing the
ﬁrimary magmas more time to fractionate to liguids 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 shal]ow levels where the:
prlmary basalts were generated (cf. socme zone H basalts - see above);
Some marginal basins are believed to develop over the deeper parts
of inclined doanoing slabs (Karig, 1971), and maqtle upwelling



601 7 ; ’
Western ‘ : , Eastern X Zone H
[+] (=] .
+ Dakataua
° .
=] [=)] 0 0. °
; . All others
504 © oG b4 e ——.
o o 00 © oo X b
o © °, °, °o° °
o © o © ° < o ®
’ o hid « Je ® . .
4 - 4 .
. 40 ooooé;wooo g oo - T 3 *
- 4] o o ° 3 ° L - X e
" - ° ogo ° . o X e . e o o o 3
* :‘ o o . oo %o X Qo %ea® .o o °
o ‘ o o | ¢ o & * o”“ e . s *2
O 304 o ° ’ o’ o o - F 3 [ L) . ° L]
c o o ° o. L] 0.+
b [+] ' 'y >0 e X
o 3 e ® @ .
= o o e ¢« % o *
N = 8 o Xe ® © . : et
o X [ . X )
204 o ° : ° 7 ° * . *
Oo ° o .
® L]
° o - . . . LI N
° L +.0 . * . . °
X, ® .’ X .
i : x
10 ° ° b % o e 3 .. ° -
.
o o ° X ‘x, o +o.
- x®
° ° . . ° .
o aa ox ¥ X o X L) P
T T T T ¥ T T T T 1

45 50 55 60 65 45 50 55 60 65 70 75
Si 0,

N

- , P/A 429
F1g 12, Volume percent total phenocryst contents v. wéight percent SiOz for 162 eastern
and 106 western rocks (including data of Lowder & Carmichael, 1970, and Blake & Ewart,
1974). - Samples 1, 2, and 3 are quartz-rich rhyolites from Sulu Range containing 4,

9, and 13 percent quartz phenocrysts respectively.

~



e
e

Ouy
&

Vokeo @
) - o
% Kol _viai Mg
WEWAK Blupblup »
— Kadovar - -Bam*

K
{‘
al®]

Crrcular  Reef %

Q
& Sherburre Reef

< OO km
Prince . Alexander < L -
Mountains ‘ Aris «
X
®
s
j& X 1951 submarine
e eruption
% " a UVO ¢
* Cape Gloucester area
Karkar of west New Britain Wi
i
# Reefs
(? Bagabag '
=) = Hankov. Reef
)
e
N
A Talawe [ Langila®
B MADANG )
T Tolokiwa(") ,
: Sakar() \
e Wolcanic centres on mainland Paopua New Suinec ‘ /v
ond New Britain,and on Long and Umbor 1s/and's :
, Umboi
* Volcanoes known lo have erupled during the fas? 100 years
Fing
Approximate 330 -m contour of Schroder ord of the Vstey, :
coastal ronges of mainlond Papuo New Guinea Qange %
. /S y 4 H
3
. nds Schrader
‘ Aimaga
Huon Perinsula Tangi
— P/A424

Fig. 5. Main volcanic wontres of the wéstern arc“.

bold lettering. Langila*fis a cluster of satellite craters on the eastern flank of Talawe.

b

Islands' are shown stippled or solid, and volcanic islands are indicated by



-118-

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 westeru 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 summary, therefore, the model favoured for petrogenesis
in zones B, C, and D, is as follows. Throughout the late Cainozoic,'
the nearfvertical‘downgoing slab beneath the South Bismarck plate
moved at rates which were higher toWards the east. These differences
in subduction rates produced differenées in the thermal regimeé
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 oif 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 Islaﬁds

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,



~119-

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 same silica content from the other zones in

‘the western arc, are higher percentages of clinopyroxene pheno-
crysts (Fig. 13), higher degrees of silica oversaturation (Fig. 14),
lower Na20, Na20 +K20, TiOz, and higher CaO, MgO, and FeZOS/FeO
values (Fig. 31). Thus, in many respects the zone A rocks represent
extreme compésitions for the western arc. This is consistent with
the view that the Schouten Islands correspond with the lowest rates
of cohvergence between the South Bismarck and Indo-Australian
plates, and with the slowest descending portion of the underlying‘
slab. Nevértheless, considerable ranges in K20, KZO/Nazo, and PZOS
values in the zone A rocks (Figs. 15, 17, and 20) imply different

conditions of magma genesis beneath ecach 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 ubper
mgntle peridotite; these samples contain 60 percent Si02 and less‘
than 5.5 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
‘characterized 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 Schouten Islands,
show two distinctive features: (1) their rocks have the lowest KZO’
KZO/NaZO, and PZOS values of all the western rocks (Figs. 15, 17,
and 20); and (2) they are the most dissected of the volcanoes in
the Schoﬁten Islands (p. 23). These differences may be related to
an eastward migration of the western end of the South Bismarck/Pacifﬁc

plate boundary (Fig. 42).
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Taylor (1975) suggested that the western end of the boundaryb
had a definite divergent component of motion. However, cast-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 for a signifi-
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 time are thought to be represented on
Vokeo and Viai; %hey are low in KZO’ KZO/NaZO’ Na20, P205, and
TiOz, 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 leveloped by fractionation of primary magmas derived
by the process described 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 volcanism, the Soutn 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 Indo—Australian/South
Bismarck plate boundary, they have become volcanically inactive.
On the other hand, Blupblup, Kadovar, and Bam lie on the South
Bismarck plate, which - up to modern times -~ has overridden the'
Indo-Australian plate. As described on page 23, Bam volcano is
still active; and Blupblup ahd 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)



v P/A 449
Fig.","£2. Postulated relations between late Cainozoic plate boundaries at the western end
of t1e western arc. Bathymetry adapted from 1:1 million geological map of Papua New Guinea
(P.in et al., 1972)., Assuming the Pacific(P)/South Bismarck(B) plate boundary (PB) is a
"‘single‘ fault, the present-day position of PB is shown as a solid line b‘et,ween Viai and
Blupblup: Vokeo and Viai’ are on the Pacific plate (Koil is a coral isla.nd), and Blupblup,
Ke}dovar, and Bam are on the South Bismarck plate. A possible older pdsition for the }
Pacific/South Bismarck plate boundary is shown by P'B', in which case all the volcanoes are
on the South Bismarck plate (see text for an alternative interpretation). Longer dashed
line represents speculative strike-lines for the upper surface of the downgoing slab.
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represent parts of the same plate boundary which were active at
different times. Ir the earlier part ot the late Cainozoic, 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 Bam have higher KZO’
K20/Na20, and P205 values than those with the same silica content
from Vokeo and Viai. Thesc 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 Bam have KZO’ KZO/Nazo,
and on5 values similar to those of the eastern zones G and H and
of the western zones B, C, and D, they may have originated by a
similar process - that is, by fractionation of primary magmas 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 peridotitic 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 région; 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
gomplex phase equilibria. Jamieson (1970), for example, drew
particular attenfion to the complications of polythermal, polybaric
crystaliization in the anhydrous system diopside-forsterite-
vsilica, and emphasized the important role of different rates of
magma ascent. In natural basalt systems, rhase relations will be
even more complex, and possibly will be must complex in island-
arc basalts in which fugacities (especially of 1,0, O,, H,, and CO,)
may differ, not only during the ascent of a singie maéma gody, 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 basis for more de-

tajliled 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. Ascent rates beneath
zones B, C, and D were suggested to have been relatively fast, with
the reéult that the magmas did not have the dpgprtunity 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 these 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*

low-silica andesites —> crater formation —>high-silica

(Zone A) andesite (only slightly richer in silica).
Aris* low~silica indo51tes~—+>crater format10n———>h1gh silica
(Zone B) andesites.
Long+ basalts, type 1 —>basalts, type 2 (richer in silica),
(Zone C) and ande31tes associated with cauldron qub81dence-——e>
basalts, type 2.
Sakar* basalts —> crater formation —>high-silica andesites.’
(Zone D) :
Talawe/ Talawe basalts and low-silica andesites —>Langila low- _
Langila* silica andesites (richer in silica). Langila is a
(Zone D) satellite volcano on the northeastern flank of Talawe.
. Hargy/ ande51tes-—9.cauldrcn subsidence —> andesites (malnly
Galloseulo* richer in silica)-—> Galloseulo dacites.
(Zone E) :
Bamus* andesites (mainly low-silica) —> collapse event —>
(Zone E) high-silica andesites.
Lolobau andesites and (?)dacites —>» basalt—> cauldvon/subsid-
(Zone F) ence —> basalt (poorer in Fe)-—>dacites and rhyolltes
Several samples of uncertain relative age.
- Unea¥* basalts and andesites —>» cauldron sub31dence‘—4>ande51tes
~(Zone H) (mainly richer in silica).
Garove dacites and rhyolites —>» low-silica andesites —> cauldron.
(Zone H) subsidence —>basalts. 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 andesite are represented. Comments in parentheses describe
rocks in relation to those of the same name in an earlier part of the
same eruptive seguence. - 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 (kasalts

type 2 and ande51tes)




by slower-rising ones which had greater opportunity to fractionate.
Secondly, in three examples of analysed inclusion/host-rock pairs,
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 conduits which had previously been
‘used byjfast—rising, more basic magmas. Thirdly, the presence of
amphibole in andesites from zones B, C, and D, and its apparent
absence from andesites in the eastern arc, suggest 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 move quickly,

and were erupted before the amphibole could dehydrate.

If these interpretations are correct, and, assuming tha
prlmary mdgch in the western arc were not generated at depths much
o'reater thian those in the eastern arc, it follows that higher- ’
pressure’ crystal-liquid equilibria may have had a greater influence
on ffactibnation 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 with the same silica coptent from the western arc, and -
mofe closely resemble those of the eastern arc; therefore, the primary
magmas of zone A may. have risén more slowly, and fractionated for

a longer time under higher pressures than those of the other

western zones. In the eastern arc, basalts (including olivine
tholeiites) are common in the volcanoes 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
cf‘zones B,'C, and D, they may have risen to the surface conparat—
ively rapidly, perhaps because of mantle upwelling and crustal

dilatation (see above).

Fractionating minerals A )

Primary magmas geherated under hydrous gdnditionS\by partial

melting of peridotite at pressures greater than about 20 kb are




‘likely to crystallize garnet and clinopyroxene during the early

part of their ascent to the surface (cf. Green & Ringwood, 1968;

T.H, Green, 1972; Nicholls & Ringwood, 1973). At lower pressures,
these magmas, and those hydrous primary magmas generated in the upper
mantle at'pressures of less than about 20 kb, will subscquently
undergo more complex fractionation trends mainly 1n»olv1ng olivine,
clinopyroxene, orthopyroxene, amphibole, plagioclase, 'and iron-

titanium oxides.

" The fractionation of subsilicic amphibole from basalts
offers a particularly effective means of producing voluminous
silica~rich“deriVatives, and has been suggested as an. important
process by several investigators (e.g., Green & Ringwood, 1968;’
Nicholls, 1971; Allen et al. 1972; Cawthorn et al. 1973a;
Boettcher 1973). The amphlbole—bearlng basalt inclusions of ATlS
(see p.38 ) are strlhlng evidence for the crystallization of
amphibole in the early stages of fractionation. Whereas olivine
and clinopyroxeherseparation will lead te iron-enriched residues,
early separation of iron-bearing amphibole will prevent iron- = -
enrichment, ahd,willwproduce the iron-poor compositions which are
characteristic of many island-arc rocks, including those of the
south Bismarck Sea (cf. Green & Ringwood, 1968);.‘

According tc Osborn (1959, 1969), low iron:magnesium ratios.
result when 'constant pO,," (in effect, high oxygen fugacity) is
maintained in a fraction;ting magma. In this controversial theory
he suggested that, if high oxygen fugacites‘are maintained, magnetiteh*
crystallization is favoured, thus precluding strong iron-enrichment.
In the south Bismarck Sea rocks, high FeQOB/FeO values appear to
correlate with high MgO/Fe203 + FeO values (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, Smith & Carmichael, 1968  Tay1or,et al.,:
1969; Lowder & Carmichael, 1970; Egglel & Burnham 1973; :
Boettcher, 1973.) - :



Liquid lines. of descent

’ Each of the minerals listed above may have played a sig-.
'fnificant role in the fractionation of many batches of primary magma
between the time of their generatior in the upper mantle and their
erdption 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 any one volcano are not necessarily members
of the same liquid line of descent. They may represent the results?‘
of courses of fractionation which wefe similar to cne another, but,
more probably, each of them represents the termination of different
liquid~1ineskof descent (including their modifications by cfystél
accumulation). The characteristics of each of these lines will
" have depended primarily on diffefences in the original compositions
of the primary magmas, and on diffefenﬁes in the rates of magma
ascent. The courses of fractionation for the 'rocks of any one
volcano therefore define a 'bundle' of individual liquid lines of “
descent, rather than a single line of chemical evolution. The
'pundle’ of each volcano has given rise to'intravoloano composit-

ional variations (see p. 69).

This concept has implications for attempts to relate rock

,o types by mass-balance calculations inblefng phenocryst phases.
UoLowde: & Carmichael (1970) and Luwdef (1970), for example,

:lsuggested that the compositions of 10 rocks, and of the groundmass
glass of‘an eleventh rock, from Willaumez Peninsula may represent

a 1iQuid line of descent; they calculated the pefcentages 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
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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 tc that of rhyolites
on Willaumeé 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, the 11 rocks are from six different voloanoés:
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
bsix volcahoes that are spatially -independent of one another are
unlikely to be related to a single liquid line of descent.

» Secondly, three of the six volcanoes are in the’northern
part of zone G, and the other three are in the southern partv(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 primary magmas in the Soutﬁ had
higher KZO/Na2O 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 calculated that crystal fraction-
‘ation of a basaltic parent at high levels in the Earth'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,
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Fig. 10. South Bismarck Sea volcanoes (solid circles) grouped into western zones - A, B, C,
H. Zone A - Schouten Islands. Zone B - Aris to Crown. Zone C - Long and Tolokiwa. Zone D - Umboi to Cape Gloucester area.
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‘Lolobau Island, Banban Island, Cape Reilnitz area, Cape Hoskins area (excluding Witori/Pago and Buru), Wulai Island, Dufaure,
Wago, and Krummel. Zone G - Willaumez Peninsula (excludlng Krumel) and Kimbe Island; the 'southern' volcanoes of zone G are
Garbuna Welcker, Bangum, and all those south of Iotomgan near Talasea Harbour. Zone H - the Wi tu Islands.




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’ pHZO) -~ 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 prove 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 -~ thnt the rocks, even from the same volcano, have
.compositions which may have evolved, at least to some extent, along
independent lines which may, or may not, have hbeen modified by crystal

accumulation.

1

Problems of the acid ro~ks

In each of the Variation diagrams presented earlier, most
rocks from each of the zOheS, except zone C, form a more or less
continuous band of compositioh from andesite to dacite, and to
rhyolite in the eastern zones (E to H). The most obvious explan-
‘ation for this feature is that the acid rocks are the products of

crystal fractionation from andesitic parents. But there are five

problems.

Firstly, as discussed on page 28 with reference to curves
ITI 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 constitute e natural

population distinct from that of the acid rocks.

o 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

‘;frombthe 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,
coulées, 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 stratigraphies are
shown in Table 5, only three have acid rocks, and the time relations
between the acid rocks and the associated basalts and andesites are
different in each of them: on Garove, dacites and rhyolites are older
than the andesites; en Hargy/Galloseulo, dacites are younger than the
andesites; and in the Lolobau sequence, older andesites and youngér '
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 ‘it shows the chemical characteristics of
dacites from oth=r 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 separated from the major centres of basaltic and
andesitic volcanism,vbecause the rheology of, or energy deficiencies



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 1in Sr87/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, =zll
the above difficulties may point to an aiternatire mode of origin

for at least some of the acid rocks.

At present, anatexis of young, non-radiogenically enriched
crustal rocks cannot be disccounted. 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/Sr86 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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" CONCLUSTON

It is concluded that plate theory, the results of experi-
mental petrology, and crysta’ Jractionation 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, conceptswéf: :
the form of the present-day plate boundaries, and to determine moréfjff
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
énalysis, 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 regién in the immediate

future.
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APPENDIX 1

EARTHQUAKE DISTRIBUTION AT THE SOUTHERN MARGIN
" OF THE BISMARCK SEA

by

V.F. DENT AND R.W. JOHNSON

Epicentres cf well located earthquakes between January 1969 .
and June 1974 are shown in Figure A. The data sources and selection

criteria for thesefearthquakes'are aS follows.

‘Events in 1969 and 1970, and between July- and December 1971:
*data_source'- Regional Catalogue of Earthquakes, v. 6, nos. 1 and 2,

v. 7, nds. 1 and 2, and v. 8, no. 2 (published by The International

: Séiémoldgical_Centré;,Scotlandb; selection criteria .~ only those

B events recorded by”;o or more stations, and with co-ordinates given
T to two‘decimaivplacés. Events between January and.June 1971 apd  |
between Janﬁafy 1972 and June 1974: data source - earthquake data
- file of the Bureau of Mineral Resources; selection criterion - onlytﬁi5

those events recorded by 10 or more stations..

Cross¥sections‘sbowing the distribution bf the earthquékeé‘
beneath four sectors of the western arc and three of the éaétern arc
- are presented in Figures Bl to B7. The surface traces of the cross-
‘section planes are shownvas solid ‘lines in Figure A. ‘The two-
 ,dashed lines on either side of eaéh solid line indicate the boundaries *
of the area within which the epicentres were projected normally onto

each central plane.
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l7|lu
17.‘39
14,50
14,90
11,80
17.2n
14,59
17.40
15,60
18,39
18,10
15,60
16,10
16,60
14,39
14,84
13,90
14,28
16,62
lutlg
160,04
16.29
168
19.84
{6.18
14,56

17.00

17.00
17,89

Fes0y FeO

4 B3
2.5
I.8%
3.2
a,0
4,.5¢
4,34
4,62
2.4%
4,65
3. a5
3.75
3,80

3.3

2.5¢
1,92
2.65
8,8¢
K 4
2.35
1,35
3,3
3.95%
3.2
J.19
2,.5%
3,5%
2.75
3,35
3,24
5.15
3,80
2.9¢
2,24
95,19
3.92
3.10
3,9¢
4,75
3,95
6,20
4,85
3.3
5430
2,92
2.75
235
2.,8%
2445
3.35
4,99
5.1
S.96
6,07
q.qz
6,23
6,18

‘9,87

Stau
5,20
be33
5,75
S'ex
4,45
4,35
3.5¢

localiry  descriptions, . see

4,25
3.hS
a,hs
3,19
a,715
4,30
S.8%
4,50
2,3
&, N
4,3y
a,agp
3,10
4,45
[ Y5
S35
1.9%
3,40
1.3¢
.35
.05
5,15
Q.00
2,36

5.8
1.92
2.59%

A
a,40
5,20
58S
S 80
1%
7.0
3,k
S.%4
bSO
S.8%
7,40
bl7s
6,480
&,8¢
6,10
8.,4%
4,35
7,29
7.102
6,95
2,09
S,18
4,6¢
4,85
2,45
3,7
2,40
8,95
7.30
6,92
7.°¢€
3.25
1,90
3,68
3,81
3,99
a,75
2,73
a,ae
3,25
3,3¢e
3,55
2.99
3,16
4, u9
8,40
4,45
6,40

references

MnO MgO CaO

.10
13
w10
!4
.16
PR
o135
- 16
e 17
17
.13
o 1d
.14
.13
el4
« 13
o lit
.29
< Ph
N7
.9
. U7
. 18
.15

17 1

o16
17

listed

S,d0
2,9
5.2%
3,42
6,35
S.95
5,95
6,15
1,62
b,480
4,30
4,80
5.9>
4,65
Se.1d
4,995
3,69
4,95
3,45
5,95
4,60
3.85
5.95
4,00

3.9
1.%0
2.3
L.60
4,34
a4,.7¢
Q.45
S.75
S.59
b5V
4,0
4,99
7.29
4,60
6,5
4,75
X,9
2075
2.85
3,55
3,59
3,70
5,84
3.5¢
3,90
8,20
8,59
3,8¢
3, 2¢
8,4u
3,45
3,30
3,75
3,25
3,59
2,80
6,70
a,30
7.37
& by
&, bbb
A,45
A, 13
8,45
8,351
B, 71
&, 42
8,37
BQ6“
6,80
b,7Y
4,99

n

9,49
6,60
9.2%
8,00
10,00
8,82
1o, un
9,80
4,8%
9,65
T.7S
7.29
8,40
8,04
8,60
7,85
6,60
4,00
6,48
7,10
7.60
8,54
9,20
7.70

F.20
5,59
5,30
8,79
8,89
9,55
12,30
12.49
9,.8%
11,20
8,09
9,85
11,70
A, 81
11,70
8,40
8,40
7,89
8,45
a,1u
9,45
8,00
12,20
8.1¢
8,Qv
11.00
11,40
13,50
65,80
11,20
7,55
7.70
9,72
9,65
9.8y
6,85
18.50
186,93
1a,70
12,68
11,08
12,90
{a,58
11,20
11.10
11,10
181,15
12,90
18,99
12,75
18,65
9,59

Na20O K50
2,25 1.36
2. 78 1,52
2.3@ 1,n5
2.80 1.27
1,91 2.15
1,95 1.35%
2.10 {.08
2.0 2.2¢
1,25 2.3%
1.88 .94
2.30 2.19
2.35 1,98
1.89 77
2.10 .85
1,98 .93
2.10 1,27
31,78 1,38
2,85 .59
.70 .82
2.95 .66
.75 .73
2.20 ,48
2,29 1,4S
2.40 1.69
3,30 W77
3.25 1,5%
3,59 1,19
3,10 a0
2,7¢ i.te
2.5u l.12
1,82 A1
2.35 1,78
2.3% .70
2.00 .57
2,70 1.3%
2,85 &S
1,82 b
2,30 .84 _
1.83 .51
2,50 1,09
2,55 1,49
3,85 1.29
2,90 .90
2,50 1,29
2,55 l.1¢
2,88 1,20
2,2¢ .87
2,83 1,29
3,15 .18
2,2 .55
1,78 ,43
.93 13
3,38 1,20
2,18 .62
3,95 1,16
2,8% 1,18
2,58 .88
2.59 .89
2.69 . A9
3,35 1,6}
2,80 69
2,84 T4
2.514 .85
2.57 .90
2.68 .79
1,80 LTe
2,59 .83
1,34 ,72
2,19 .74
1,84 .72
1,26 .72
2,32 . T
2,48 91
2,58 a0 h
2.55 67
2,4¢ 72

‘the ntroduction

'NG' sample numpers refer mainly to hitherto  unpublished BMR  analyses .

APPENDIX 2 LIST OF ‘3_{1.8 CHEMICAL ANALYSES

P»0g

.lq
-
.19
.03
o33
«25
.22
.31
.10
Y]
-]
(Eu
.24
.19
W18
.11
AL

W17
'14
Wi
W iv
.24
.23

H20f

.38
W13
.32
.08
W11
.29
.37
W13
17

.59
1,37

W45

.78

.34

47
27
<06
42
«51
.65
1.21
33
1,48

Hzo" C02
.18 .04
. A9 25
A6 @A,008
A2 0,70
19 .8
. Nu « 05
.19 .05
.19 , a8
.32 .16
30 10
. A9 .05
LU .25
.26 .10
.38 a7
.36 015
63 .12
.21 a,mu
.36 @,00
«56 2,00
.71 .08
.23 2.08
32 X
.18 a2
.38 21
«33 Q6
.12 .06
Iea lla
W19 06
.23 16
.39 -
1.33 .23
«33 11
25 14
« 34 .10
RN B T X
47 ]
.28 1l
.68 17
14 .05
.18 R
18 L]
.28 )
26 A
.20 @,00
.20 .07
« 37 .07
.24 .03
.22 MK
.28 .05
.11 P4
.33 e
o 18 A9
.25 .29
.7 13
.29 A8
2U 21
o135 02
11 N
e A7 25
13 ,01
.27 .05
N3 8.0
.83 0,00
., Q.00
.22 .00
A8 0,00
.08 .00
p,C8 8.00
”,80 @.00
.29 2,00
n,20 .00
.20 2,00
e 2,00
0,29 T
.03 02
Y- Q2
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IONE  C SiCy  Ti0p Ai03 Fep03 FeO  MnO MgO  CaO Na0 KpO  PyQOg HpO* Hp0™ CO,
ISNGRPTRe S7 .60 51 17,80 9,8 o b2 Ji6 3,78 7,85 3,38 1,63 .29 .42 .16 2,20
3ZNGRTRR S3,70 o6 17,70 3,08 S,20 J18 5.3 9,3 2,85 1,51¢ « 35 W16 «18 « 25
32NGATAY S6,. 70 +58 18,00 3.su 3.4y 15 4,P0 8,83 3,05 1,7 .31 .29 W19
32NGA709 S@,.9¢ - .69 16,98 3,65 5,25 17 7,45 10,58 2,60 t,01 .29 .19 .11 oie
3eNGATIY 51,20 «T6 1b,6¢ 4,3% 4,97 «17 6,80 10,80 2,35 1,34 .27 .24 16 0,00
3aNeer21 Sn. 90 «73 16,20 2,90 &,28 L8 T .60 10,68 2,35 1.26 «26 .39 « 17 7
32NGAT2e S3,00 «72 19,10 3,35 4 2y »15 3,98 9,12 3,85 1{,.8u W33 Y 18 9,00
32NGAT2e 48,97 «63 16,78 3,995 6,85 .19 7,54 1i,S0 2.1% .88 .22 . i86 . - « N8
32NGAT28 SP, T «T1 17,700 a,05 S,7Tw 186 6,80 10,98 2.5¢ 1.ls 33 17 135 02,00
GTR15285 55,64 <81 16,5 2,938 8,2u 21 3.1@ T.3¢ 3,13 1,94 30 .13 .23 0
3eNGA120 w8,50 «88 17,90 3,8¢ 7,3% .28 5,20 11,88 2,30 b1 19 45 61 .05
32NGR124 Se, 70 AU 1S 1L 2,82 R 20 «25 3,14 6,55 3,25 2.2% 39 <37 @5 10
3eNGr12? 58,50 «78 14,82 2,25 7,65 .25 1,99 S,20 3,68 3,10 A9 1,22 .18 Q.00
3eNGRAI3) 49,00 «77 18,400 3,25 T_agg 19 6,25 11,68 2.1 51 .21 .@5 «31 0.00
3ENGALdp SS, ap «A4 15,70 2.2% 8,75 .16 2,90 T.86¢ 3,22 2,24 .03 T .02 a1l
JeNGagde 49,3y «76 17,58 3,85 7,995 <25 4,95 11,73 1,95 {1,111 29 .38 0,008 .11
32NGRALU3 Sy, ap «65 17,40 2,75 A,aS 22 4,4v 10,9 2,35 1,33 .25 « 17 .01 13
32NGAT 30 Se, 30 «78 15,78 S.,72 71,20 «23 5,30 10,20 2,59 1,2% 24 .19 «09 10
32N6GU739 S@,90 «68 19,280 31,45 6,55 .19 3,60 10,52 2,35 1,25 .29 «33 .33 « B85
32NGAT 39 S6,49 eB82 15,38 3,25 7.90 .26 3,15 6,95 3 18 2,85 «39 .19 «21 B.08
3ENGATLY 51 ,1¢ «868 19,10 2,95 7. 20 «19 3,79 10,68 2.S% 1,44 .26 Y U8 @a,p0
3ENGA7S4 48,1 «6b 17,99 4,75 4,69 «P8  A.85 11,53 1,99 . 72 15 1) .09 @a,an
32NGATSY ub, k0 eS8 17,30 4,84 6,70 24 7,30 12,20 1,70 .61 o1/ Y 86 @,

ZaNE p

32N0A2A] 5SS, 60 eS8 16,90 3,35 5,65 <18 4,10 B,5S 2,78 1,88 .18 .35 .83 «15
3eNGRA2RA2 S0,50 61 17 .8n 3.5 6,50 2 S,68 9,8y 2,56 1,00 .18 .88 .50 .05
I2NGRRAS 53, T «S56 16,10 3,55 6,25 197 S,10 9,55 2,78 1.47 .22 23 04 .15
32N62Y13 54,90 .43 17,88 3,9 4,e% «18 4,70 8,8¢ 2,55 1.1e .1d .13 .27 e 05
S32NGAY20 Sk, 4y «S6 17,06 3,35 5 49 .17 3,9 BR,25 2.8% 1.74 19 .06 .06 05
52NGRD2) 56,92 «51 16,80 3,25 5 g% J16 3,95 8,30 2,85 1.7t 19 «15 .22 .85
I2NGNJ24 55,10 53 16,80 3,35 5 45 .18 4,10 8,82 2,75 1,588 o 18 .70 .81 .25
32NG2226 47,90 sb1 13,24 4,15 4,.5¢ <19 174,90 13,38 1,48 L4l .14 « b9 «35 .05
3ENGAges 50,40 «53 16,00 a,53 5,89 .18 7,25 11,72 1,94 .73 .14 .50 .20 «25
IZ2NGANRE S!S ebY 18,38 X 8% 4,94 28 S.35 1;,1e 2,40 . T .17 .69 . 31 «25
32NGAY3IB Sa .40 37 15,80 3,70 5,10 .18 5,70 9,55 2,1 {,¢¢ Sl 1,27 21 .05
32NGAP3L 49,70 38 13,80 4,22 6,80 29 9,35 12,02 1,90 .84 .17 .32 .06 05
32NGRY36 S2,.h6 bl 17,16 3,55 6,45 <19 4,60 9,25 2,85 {,Sp .29 .86 .12 .25
3zNGAB3T S@,9¢ 56 17,408 4,8% p,2¢ 19 5,535 9,95 2,35 1,06 ) .80 13 .05
32NGA240 32,92 52 16,20 3,25 5,85 »17 5,68 9,95 2,45 1,27 .17 .99 .30 «@5
3ENGALLS 53 ¢ «59 16,20 3,72 5,35 «17 5,55 9,7¢ 2,35 1,29 17 .36 W18 .29
32NGAQUT 52,°0 «S6 15,40 3,33 6,35 L8 7,15 12,28 2,45 1,3 .23 b2 14 Q,00
32NG2251 49,32 80 11,608 3,55 5,82 W17 15,190 10,82 1,73 .82 .12 . 35 10 - P5
312NG2oBs 56,00 «53 16,30 2,72 5,20 «AT 6,65 8,33 2,80 1,p0 .19 12 .36 0,00
3ISNGRAA9L Sy, 8 «51 14,00 2,55 4,202 «17 9,85 11.38 2,80 1,18 .22 -2 .28 @a,0Q
3ENLAZIL S2,4dp 92 14,30 4,30 S,Sp «15 8,35 11,32 1,97 .83 .18 .28 @6 @,ap
JeNGen9s 52,40 S3 13,70 3,35 6,05 «15  9.15 11,42 1,82 .88 X 15 .95 0,08
I2NGARLT 57,99 «S7 17,9¢ 3,95 2,8¢ .11 3,58 7,55 2,98 1,85 el - ,8% .26 .85
I2NGAVLT 87,50 <S50 18,20 4,30 2,40 <15 3,18 7,45 2,92 1,76 18 1,21 .25 .19
32NGR267 S8, 10 86 17,60 6&,2¢ 22 oI5 3,38 6,95 2,70 1,92 «20 1,73 33 a,00
32%N6ad78 57,80 <44 17,70 3,52 3,1¢ 16 3,26 A.85 3,25 t,e62 19 «d! .25 0,00
I2NGABTY a7,k0 055 14,18 3,25 6,80 .18 12,10 12,42 1,62 «S1 .16 17 .21 .20
Jencepse s, 00 6 13,7V 3,28 8,55 .18 8.,6¢ 11,5¢ 1,82 .84 .14 67 .16 7,00
32N6P08S 51,10 b2 16,68 2,90 6,55 17 6,9¢ 11,52 (.80 Ny .18 .4} W17 .25
3ENGBLR29 vp, A «51 13,600 3,13 6,85 . .17 11,70 11.22 1,39 .75 <18 1,10 .29 25
. 32NGPAT2 Sp AR +h3 15,9 3,65 6,55 .19 6,95 108, 1,92 1,24 .27 33 23 25
3eNGRRTS sS4, 00 «56 18,10 4,65 4,ps 15 4,80 T,08 2,30 {,b0 .26 « 30 bbb o 15
32NGAY96 54,5 5S4 16,3 3,10 S,95 .i6 5,25 9,8 2,15 1,49 W19 .29 .11 a.p0
3eNGAInD S2,49 b2 16,30 3,05 7,20 «2¢ 4,70 9,9 2,35 .92 15 21 «15 « 35
31eNG?126 55, %0 a6 21,9 2,82  ¢,ps «15 2,36 9,65 2,50 .92 .16 27 .27 2,0
32NGB1Q7 53,32 46 18,306 5,15 b,75 .18 S.,15 9,8¢ 1,84 .49 .24 0,00 .32 @.en
32NG2190 64,30 69 15,00 1,28 S, 3% .09 1,58 4,35 3,880 3,08 .31 .19 .07 .10
32NGR11) 49,99 W42 12,00 3,65 6,05 «18 10,90 10,52 1.62 5t o 11 .25 .87 0,00
52NGAb62 B4 ,ap «61 15,90 2,95 8,3y 16 S.,85 9,52 1,97 1,3n 17 37 o33 0,00
3eNGAbeT 54,20 oST 36,18 2,95 6,20 «17 S,60 9,8¢ 2,05 1,68 W17 .65 .15 B8.00
3eNGR6TL Su, 90 56 16,30 3,22 S5, A5 o1 5,05 9,32 2,15 1,72 18 29 13 2,00
32NGALTS 53 4y +58 17,60 3,55 6,1y .18 S5,1¢ 9,4¢ 2,40 91 .19 « 30 .18 0,00
32NGP6TY 49,Sp bR 18,70 6.8¢ 6,35 «P¢ 5,55 1@a,8¢ 2,20 bt .16 .24 .08 10
IENGA682 50,00 63 15,8 8,75 7,25 21 7,05 t1.,@¢ 1,84 e53 .14 .30 20 P,00

IONE E

53NGRBSY 55, 3 S0 17,90 3,35 S ap LIS 4,25 9,3 2,15 .46 Y .43 .37 e.eo

SINGRABSY 531,80 o67 18,70 I.1¢ 5,85 19 I.85 1@,1e 2,35 U4 87 «bb6 .29 0,00

53NGRESE 53,99 «67 18,5¢ 2,9% S,7¢ .15 3,9¢ 93,78 2,50 . 36 .27 .86 ,48 .08

SINGRHEST? 64,70 «48 15,70 3,65 1,95 .13 1,95 ‘5,22 3 Sg .93 .21 .T6 .88 a,00
: B/A/577
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IONE  C SiCy  Ti0p Ai03 Fep03 FeO  MnO MgO  CaO Na0 KpO  PyQOg HpO* Hp0™ CO,
ISNGRPTRe S7 .60 51 17,80 9,8 o b2 Ji6 3,78 7,85 3,38 1,63 .29 .42 .16 2,20
3ZNGRTRR S3,70 o6 17,70 3,08 S,20 J18 5.3 9,3 2,85 1,51¢ « 35 W16 «18 « 25
32NGATAY S6,. 70 +58 18,00 3.su 3.4y 15 4,P0 8,83 3,05 1,7 .31 .29 W19
32NGA709 S@,.9¢ - .69 16,98 3,65 5,25 17 7,45 10,58 2,60 t,01 .29 .19 .11 oie
3eNGATIY 51,20 «T6 1b,6¢ 4,3% 4,97 «17 6,80 10,80 2,35 1,34 .27 .24 16 0,00
3aNeer21 Sn. 90 «73 16,20 2,90 &,28 L8 T .60 10,68 2,35 1.26 «26 .39 « 17 7
32NGAT2e S3,00 «72 19,10 3,35 4 2y »15 3,98 9,12 3,85 1{,.8u W33 Y 18 9,00
32NGAT2e 48,97 «63 16,78 3,995 6,85 .19 7,54 1i,S0 2.1% .88 .22 . i86 . - « N8
32NGAT28 SP, T «T1 17,700 a,05 S,7Tw 186 6,80 10,98 2.5¢ 1.ls 33 17 135 02,00
GTR15285 55,64 <81 16,5 2,938 8,2u 21 3.1@ T.3¢ 3,13 1,94 30 .13 .23 0
3eNGA120 w8,50 «88 17,90 3,8¢ 7,3% .28 5,20 11,88 2,30 b1 19 45 61 .05
32NGR124 Se, 70 AU 1S 1L 2,82 R 20 «25 3,14 6,55 3,25 2.2% 39 <37 @5 10
3eNGr12? 58,50 «78 14,82 2,25 7,65 .25 1,99 S,20 3,68 3,10 A9 1,22 .18 Q.00
3eNGRAI3) 49,00 «77 18,400 3,25 T_agg 19 6,25 11,68 2.1 51 .21 .@5 «31 0.00
3ENGALdp SS, ap «A4 15,70 2.2% 8,75 .16 2,90 T.86¢ 3,22 2,24 .03 T .02 a1l
JeNGagde 49,3y «76 17,58 3,85 7,995 <25 4,95 11,73 1,95 {1,111 29 .38 0,008 .11
32NGRALU3 Sy, ap «65 17,40 2,75 A,aS 22 4,4v 10,9 2,35 1,33 .25 « 17 .01 13
32NGAT 30 Se, 30 «78 15,78 S.,72 71,20 «23 5,30 10,20 2,59 1,2% 24 .19 «09 10
32N6GU739 S@,90 «68 19,280 31,45 6,55 .19 3,60 10,52 2,35 1,25 .29 «33 .33 « B85
32NGAT 39 S6,49 eB82 15,38 3,25 7.90 .26 3,15 6,95 3 18 2,85 «39 .19 «21 B.08
3ENGATLY 51 ,1¢ «868 19,10 2,95 7. 20 «19 3,79 10,68 2.S% 1,44 .26 Y U8 @a,p0
3ENGA7S4 48,1 «6b 17,99 4,75 4,69 «P8  A.85 11,53 1,99 . 72 15 1) .09 @a,an
32NGATSY ub, k0 eS8 17,30 4,84 6,70 24 7,30 12,20 1,70 .61 o1/ Y 86 @,

ZaNE p

32N0A2A] 5SS, 60 eS8 16,90 3,35 5,65 <18 4,10 B,5S 2,78 1,88 .18 .35 .83 «15
3eNGRA2RA2 S0,50 61 17 .8n 3.5 6,50 2 S,68 9,8y 2,56 1,00 .18 .88 .50 .05
I2NGRRAS 53, T «S56 16,10 3,55 6,25 197 S,10 9,55 2,78 1.47 .22 23 04 .15
32N62Y13 54,90 .43 17,88 3,9 4,e% «18 4,70 8,8¢ 2,55 1.1e .1d .13 .27 e 05
S32NGAY20 Sk, 4y «S6 17,06 3,35 5 49 .17 3,9 BR,25 2.8% 1.74 19 .06 .06 05
52NGRD2) 56,92 «51 16,80 3,25 5 g% J16 3,95 8,30 2,85 1.7t 19 «15 .22 .85
I2NGNJ24 55,10 53 16,80 3,35 5 45 .18 4,10 8,82 2,75 1,588 o 18 .70 .81 .25
32NG2226 47,90 sb1 13,24 4,15 4,.5¢ <19 174,90 13,38 1,48 L4l .14 « b9 «35 .05
3ENGAges 50,40 «53 16,00 a,53 5,89 .18 7,25 11,72 1,94 .73 .14 .50 .20 «25
IZ2NGANRE S!S ebY 18,38 X 8% 4,94 28 S.35 1;,1e 2,40 . T .17 .69 . 31 «25
32NGAY3IB Sa .40 37 15,80 3,70 5,10 .18 5,70 9,55 2,1 {,¢¢ Sl 1,27 21 .05
32NGAP3L 49,70 38 13,80 4,22 6,80 29 9,35 12,02 1,90 .84 .17 .32 .06 05
32NGRY36 S2,.h6 bl 17,16 3,55 6,45 <19 4,60 9,25 2,85 {,Sp .29 .86 .12 .25
3zNGAB3T S@,9¢ 56 17,408 4,8% p,2¢ 19 5,535 9,95 2,35 1,06 ) .80 13 .05
32NGA240 32,92 52 16,20 3,25 5,85 »17 5,68 9,95 2,45 1,27 .17 .99 .30 «@5
3ENGALLS 53 ¢ «59 16,20 3,72 5,35 «17 5,55 9,7¢ 2,35 1,29 17 .36 W18 .29
32NGAQUT 52,°0 «S6 15,40 3,33 6,35 L8 7,15 12,28 2,45 1,3 .23 b2 14 Q,00
32NG2251 49,32 80 11,608 3,55 5,82 W17 15,190 10,82 1,73 .82 .12 . 35 10 - P5
312NG2oBs 56,00 «53 16,30 2,72 5,20 «AT 6,65 8,33 2,80 1,p0 .19 12 .36 0,00
3ISNGRAA9L Sy, 8 «51 14,00 2,55 4,202 «17 9,85 11.38 2,80 1,18 .22 -2 .28 @a,0Q
3ENLAZIL S2,4dp 92 14,30 4,30 S,Sp «15 8,35 11,32 1,97 .83 .18 .28 @6 @,ap
JeNGen9s 52,40 S3 13,70 3,35 6,05 «15  9.15 11,42 1,82 .88 X 15 .95 0,08
I2NGARLT 57,99 «S7 17,9¢ 3,95 2,8¢ .11 3,58 7,55 2,98 1,85 el - ,8% .26 .85
I2NGAVLT 87,50 <S50 18,20 4,30 2,40 <15 3,18 7,45 2,92 1,76 18 1,21 .25 .19
32NGR267 S8, 10 86 17,60 6&,2¢ 22 oI5 3,38 6,95 2,70 1,92 «20 1,73 33 a,00
32%N6ad78 57,80 <44 17,70 3,52 3,1¢ 16 3,26 A.85 3,25 t,e62 19 «d! .25 0,00
I2NGABTY a7,k0 055 14,18 3,25 6,80 .18 12,10 12,42 1,62 «S1 .16 17 .21 .20
Jencepse s, 00 6 13,7V 3,28 8,55 .18 8.,6¢ 11,5¢ 1,82 .84 .14 67 .16 7,00
32N6P08S 51,10 b2 16,68 2,90 6,55 17 6,9¢ 11,52 (.80 Ny .18 .4} W17 .25
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APPENDIX 3

el ; MULTI-ELEMENT TRENDS OF VARIATION OF THE SOUTH
A - BISMARCK SE4 ROCKS AS SHOWN BY THE NONLINEAR
Lo AAPPIVG ALGORITHM

L . R.J. HOWARTH* AND R.W. JOHNSON

e Introductioh

- The ma1or~e1ement chemical analyses of rocks from each of the‘
'western and eastern arcs, discussed in the main part of this Report,
'can be con51dered as complex data sets cons1st1ng of a number of "
/measurements (1 e., the weight percentages:of eleven major‘bxides}"w
,,ehcludlng volatlles) for a larger nuﬁher of sawples} These data sets

have beehﬁeubdivided into classes on'the basis of the geographlc
zones A to:H (see p. 26 and Fig. 10), each of which has its own gross

chemical characteristics.

To assess the overall chemlcal dlfferences between the rocks ]
in different zones, the percentages of all the major oxides, and their
‘1nterrelat10ns should be evaluated Multiple plots ot 'pairs of
ox1des do-nct . glve a full picture of the overall data structure.
What/ls required is a device which can produce a pictorial repre-
sentation of the distribution of the samples in eleven dimenf

sions (correspondlng to the eleven major oxides), Wthh is
readily a831m11ated ~and- which contains as faithful as poss1ble
ca representatlon of the:iulti-dimensional structure of the data

the magnltude of ohemlcal di.-fferences between the zones, and

‘by how much they v”fer from one another can therefore be- readlly

appre01ated _‘4%’3;wk : L

- N

‘§5*App11ed Geochemlstry Résearch Group, Imperial College of. Science

and Technology, Unlverslty of London'
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Samples defined by three measured variablés ca. ' :.repre-
sented by unique points in a three-dimensional model, or "1 a ternary
diagram, and inspection of the model or diagrsua will detérmine if
the sample points are grouped into 'cloudé' of more cldSely packed
points separated by empty or sparsely occupied volumes of 'measure—'u
ment space'. In this way, points showing small interpoint‘diétanCes
would form ‘'clusters', and an inspection might reveal which one of
the three measurements is best for distinguishing between the
" clusters. Sample points defined by more than three measurements
caﬁnot be seen; in other words,‘relationships cannot be visualized

in higher-dimensional space.

To overcome_this problen, Sammon (1969) introduced the
nonlinear mapping algorithm (NLM) to produce a two-dimensional view
of ‘a set of points originaily in multidimehsional“space. This view
shows the 'structuref of a data set in a form which can be readily ‘

interpreted by eye (see also 'Q-mode factor analysis', page 63).

Theory
l,

- . Suppose N points exist in L-dimensional space, 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:

*i07 FigrcoFipe

LIS ) -x‘j‘Lo

and for j, the co-ordlnateslare; le,,sz,

The distance between points i and j; d;j, can be expressed

by thé following-equatiqn:

. L ; : .
%, = . Z - . . 8
EEE A[i}zl i1 51 | | N

For example, in two dimensions, the corresponding interpoint.

distance, d.., is:
. RE N
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If the measurement Xy (1=1,2,3,.. L)*iS“scaied to range between

0O and 1, the i- -th and J —th samp]es will show max1mum s1m11ar1ty when

they occupy .the same pos1t10n in measurement SyaCu, i, e. d*j‘* O;
"when they are as far apart as possible, d*J = L, and they show
maximum dissimilarity. - For example in two dimensions the maximum

dissimilarity will be:

= Jf{kl 0% o+ (1- 0)2}> = Jre

Because some elements have larger values than others (e g.,
SlO ) and will outweigh the others in calculatlon of the 1nte1p01nt
dlstances it is convenlent to transform the variables so that they
are‘given equal weivhting Although all the variables can be easily
‘transformed by dividing, through by the max1mum or range for each
“variable, this procedurc gives undue importance to thé largesr and>
smallest values. ' ‘An alternat1ve approach used 1n.jhe NLM algorlthm
is to normallze by d1v1d1ng through by the standard dev1at10n (the
root mean square dev1at10n of the values from the mean) of each .
uvarlable. This has the:effect of making the variance equal for each

"varlable,‘rather.than forc;ng the range into the interval O to 1. -

5 Startlng with a data set of N points. in L- dlmen31ona1 space

" and an equal number of p01nts scattered over a two—dlmenslonal plane

at random the NLM algorlthm proceeds 1in a cycllc fashion, adjusting

‘ithe p081t10ns of the p01nts 1nd1v1dually in two dimensions in each

. iteration until the. 1nterp01nt dlstances (d. J) best match those in »
the original L d1mens1ons (d* ), that is, there is maximum similarity.v

At this time, the best poss1ble representatlon of the original data

"structure 1s obtalned "The adJustment process produces a non-

linear’ transformatlon (as” each p01nt will be- leplaced by a different
.amount) ‘andedt operates by searching for the m1n1mum ‘of the

'mapping error‘, E, where:
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Howarth (1913b) gave a detailed descrlptlon of the method

and its appllcatlon to geoloolcal problems.

Applicafion

‘The NLM computer program was developed by J W. Sammon at

. the Rome Air Development Center, New York, and subsequently modified
by. the Applled Geochemistry Research Group, Imperlal College,
‘London, for use with geochemical data, so as to treat up to 500
sémples at a time*. ‘The data may be log-transformed (base 10), or

*‘g left‘untransfoxmed and similar weighting may be given to each

lvarlabhe by d1v1d1ng through by the varlance before the NLM
v algorithm is executed The program then prints out: (1) the initial
twoedlmen31onal co—ord;nateé (usﬁally the measurements fop_the two
'variables showing the greatesf variability are taken as the initial
configuration rather than a completely random set of points);
(2) ﬁhefmapping error, E, on each iteration (50 cycles are usually ,
more. than sufficient for a stable solution to’be ‘reached); (3) a plot
uof the p01nts using the flnal NLM two-dimensional co-ordinates. -
‘If requlred p01nts can be identified as belonging to particular
glasses”‘but this is done only to identify points on the final
vplots; it is nqtftaken into account in calculating the mapping,

which is based on the measurements alone.

. The NLM algorithm has been used extensively on different
W“éets of geochemical data since 1971 (Howarth, 1972, 1973a, b; Fanta,
1972; Céstillo—Muﬁoz, 1973), -in all of which it has proved a most

effective method for the analysis of data strﬁctures.

*A copy of the NLM algorithm can be cbtained by writing to the
Programme Librarian, ‘Imperial College Computer Centre, Exhibitioqf

Road, London 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 NILM plots are presented for the south Bismarck Sea
rocks in Figures I-XI. In each plot, variance has been‘hormalized,
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-1IV; Figure V is a composite diagrem 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 1is 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 y 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 positien 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
eontrast, points gepresenting the rocks of zone B occupy-a broader
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area of the NLM plot, as shown in Figure II. 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
IZOne A area, and fall in the lower central part of the diagram.

Points representing the rocks of zone C are plotted in
'Figure ITI, 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 fromyzone A. Rocks 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 that of zone C.
Most of the zone D points are resiricted 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.

V 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 chemicél changes using |
oxide-pairs (cf. Figs. 31 and 32) described in the main part of
this Repoft, 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, aﬂd bztween B and C, but the direction is
revérsed between zones C and D, and the compositions of rocks from

zones B and 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 didgram, 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
'series'.  (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 A1203.)

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 bv 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 definifely 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, iﬁ
’Figures VI and VII, except that the points representing the basalt
and two rhyolites are outside the areas of the zone E and F rocks.

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 progressidn 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 the northern
part of zZone 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 underf

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. 2. Three published interpretations of the distribution
of plate boundaries in Papua New Guinea and part of the
Solamon Islands. In (a), dashed lines represent boundaries
whose 'location or nature... is uncertain' (Johnson & Molnar,
1972, p. 5001), and arrows indicate directions of relative
motlon determined by earthquake slip vectors: double arrows
show strike-slip faulting; single arrows show underthrusting
direction; and dashed arrow shows extension. In (b), dashed
line represents the northern boundary of the Manus plate
whose existence was proposed 'with some reservation' (Curtis,
1973, p.26). In (c), the line incorporating points 12-17 is
part of a great 01rc1e containing the calculated poles of
rotation for the South Bismarck and Indo-Australian plates
(see text); 'bs' is the position of the present-day pole of
rotation for the South Bismarck and Solomon Sea plates calcu—
lated by Krause (1973) in his preferred triple-junction
analysis.
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Fig. 9. Schematic re'\resentatlon of the tectomc evolution of mainland Papua \Iew
Guinea in a northeast-southwest section through the western arc, coastal ranges, and .
Highlands (see Figs. 1-3). Johnson, Mackenzie, & Smith (in prep. b) used these dia-
grams to illustrate the evolution of late Camozolc 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 particuiarly to ‘the development of the
western arc. Black bands represent oceanic crust. Stippling represents chemical 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 11tbosphere
and low-velocity zone (I.VZ) throughout this region are unknown, and the assuned values
are those detenm.ned by Br'v\kc (1969) for the southern part of mam" and Papua New ’

Guinea.

1.l Southywardv ~dipping subduction in the mid-Cretaceous reeulted in arc~trench-
type volcanism, -and chemlcally modlfled the mantle underlylng the northern edge of
the Australlan continent.

2. In the Eocene the southward—dlpplng s1ab may have become detached In the
late Eocene, volcanism started in an island arc several hundreds of kllometres to the

" north as a reeult of northward subduction of the Indo-Australian plate, whicl: carried

the Australian continent northwards from Antarctica.

3. By the late Oligocene or early Miocene the continent had reached the

:blsland arc and, because it was too buoyant to descend into the subduction zone, began

to colllde w:Lth the arc. Subduction was arrested and island-arc volcanism ceased

" but .plate’ convergence continued, and the continental margin and arc were wa.lped and

raised. Middle Miocene magmatism south of the collision zone was initiated. by
partial melting of mantle which had been cheznlcallv modified durlng 'Lh\, Crataceous

1‘>subduct ion.

4, By the late Pliocene the slab beneath. the Tertlary 1sla.nd arc had becue
steepened, and contlnulng subduction gave rise to the volcanoes of thea ‘western arc. in
the south Bismarck Sea (SBS volcanoes). Uplift and warping in the nghla.nds region led
to partial melti ng 1n the: chemlmﬂy modlfled mantle, ‘

3
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Fig. 10. Sou*h Blsmarcx ‘Sea Volcanoes (SOlld cn‘c]%) grouped into western zones — A, B, C, D - and eastern zones - E FP/(? *
_"".H Zone A - Schouten Islands. Zone B - Aris to Crrwn. Zone C — Long and Tolokiwa. Zone D - L‘mb01 to Cape Gloucester area.
Zone E - Kakola.n Island Cape Deschanp,, leuruanga, Ulawun, Bamus, Hargy/Galloseulo Sulu, Wltorl/Pago, and Buru. Zone F -
.Lolobau Island, Banban Isla...d Cape Reilnitz area, Cape Hoskins a.rea (excludlng Witori/Pago a.nd Buru), Wulai Island, Dufaure
Wago “and Krummel. Zone G - Wlllawnez Peninsula (excludlng Krumel) and Kimbe Island; the 'southern' volcanoes ot zone G a.re

Co Garblma Welcker Ba.ngum and all those south of Lotomgan near Tala.sea Harbour. Zone H - the Witu Islands.
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9, and 13 percent quartz phenocrysts respectively.
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' Fig. 34. Regression lines of Figure 15 plotted on the K-h grid of Ninkovich &
» * Hays (1972); h values represent depths to Benioff zones.
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Fig. 37. Relations between F (FeO + Fe203), M (MgO), and A (Nazo + KZO'), where the pro-

portion of iron oxides is given by the formula Fe203/total Fe as Fe203 = 0.2 See text for
éxplanation of TLTF, MREB, and SBS rock groups. From Johnson et al. (in prep.a).
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cides with the crustal profile K-L given by Finlayson & Cull (1973, fig. 9b; crustal
thlcknesses beneath west New Britain are undetennlned) WP and E-F represent the nofthern
end of Willaumez Peninsula, and zones E and F (Flg. 10), respectively, projected from the
:east onto cross—-section B, X-Y and X'-Y' are ascent paths of slab-derived water (see

teit for details). :The flat parts of the isothermns are. taken from the 'undisturbed' mantle '

geothenn of Griggs (1972).
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Fig. 41. Temperature v. percentage-melting diagram for a model peridotite composition
at about 18 kilobars (after fig. 3 of D.H. Green, 1972).. The solidus temperature of .
aboyut 1280 C under water-free conditions decreases, 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 amounts of water introduced into peridotite at different
temperatures will have differgnt effects; for example, 0.5 percent water introdage‘d;
into anhydrous mantle at 1200°C will-cause about 20 percent melting, but at 1000 C -
only about 1 percent of melt will be produced. At teamperatures of less than about

- 9707C, any amount of water will not cause melting; it will be used up in subsolidus
reactions to form amphibole. (According to Green, up to about 30 percent amphibole
could form from his model. peridotite.) The: dashed lines between the dry and excess
we.ter curves define four fields in which partial melts of different campositions are
in equilibrium with different phase assemblages; Ol = olivine, Opx = orthopyroxene,
Cpx = clinopyroxene, Amph = amphibole, L = liquid. Beneath the volcanoes of zones

E and F (Fig. 10), water from the downgoing slab may have been introduced into the
overlying upper mantle at a temperature above that of the water-saturated solidus, and
'so have caused melting. West of zones E and F,- the mantle temperature may have been
below the solidus temperature, and no melting may have taken place (see text and Fig. .
40 for details). . o : .
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~ Fig, 42, Postulated relations between late Cainozoic plate boundaries at the western end
of the ‘western arc. Bathymetry adapted from 1:1 million geological map of Papua New Guinea
(Bain et al., 1972). Assuming the Pacific(P)/South Bismarck(B) plate boundary (PB) is a
‘sing“'le fault, the present-day pos=jtion of PB is shown as a solid line between Viai a.nd‘

. Blupblup: Vokeo and Viai are on 1 e Pacific lp'l‘ate (Koil is a coral island), and Blupblup’,
’Kaddvar, and Bam are on the South Bismarck plate. A possible older positioh for the

* Pacific/South Bismarck plate boundaryls shown by P'B', in which case all the volcanoes are
ox; the SQuth Bismarck plate (see text for an alternative interpretation)l‘. Longer dashed
line repfesents speculative strike-lines for the upper sqrface ot the downgoing slab.

¢
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