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ABSTRACT

Holes drilled into the volcanic and ultrabasic basement of the Izu-Ogasawara and Mariana forearc terranes during Leg 125
provide data on some of the earliest lithosphere created after the start of Eocene subduction in the Western Pacific. The volcanic
basement contains three boninite series and one tholeiite series. (1) Eocene low-Ca boninite and low-Ca bronzite andesite pillow
lavas and dikes dominate the lowermost part of the deep crustal section through the outer-arc high at Site 786. (2) Eocene
intermediate-Ca boninite and its fractionation products (bronzite andesite, andesite, dacite, and rhyolite) make up the main part
of the boninitic edifice at Site 786. (3) Early Oligocene intermediate-Ca to high-Ca boninite sills or dikes intrude the edifice and
perhaps feed an uppermost breccia unit at Site 786. (4) Eocene or Early Oligocene tholeiitic andesite, dacite, and rhyolite form
the uppermost part of the outer-arc high at Site 782. All four groups can be explained by remelting above a subduction zone of
oceanic mantle lithosphere that has been depleted by its previous episode of partial melting at an ocean ridge. We estimate that
the average boninite source had lost 10-15 wt% of melt at the ridge before undergoing further melting (5-10%) shortly after
subduction started. The composition of the harzburgite (<2% clinopyroxene, Fo content of about 92%) indicates that it underwent
a total of about 25% melting with respect to a fertile MORB mantle. The low concentration of Nb in the boninite indicates that
the oceanic lithosphere prior to subduction was not enriched by any asthenospheric (OIB) component.

The subduction component is characterized by (1) high Zr and Hf contents relative to Sm, Ti, Y, and middle-heavy REE, (2)
light REE-enrichment, (3) low contents of Nb and Ta relative to Th, Rb, or La, (4) high contents of Na and Al, and (5) Pb isotopes
on the Northern Hemisphere Reference Line. This component is unlike any subduction component from active arc volcanoes in
the Izu-Mariana region or elsewhere. Modeling suggests that these characteristics fit a trondhjemitic melt from slab fusion in
amphibolite facies. The resulting metasomatized mantle may have contained about 0.15 wt% water. The overall melting regime
is constrained by experimental data to shallow depths and high temperatures (1250°C and 1.5 kb for an average boninite) of
boninite segregation. We thus envisage that boninites were generated by decompression melting of a diapir of metasomatized
residual MORB mantle leaving the harzburgites as the uppermost, most depleted residue from this second stage of melting.
Thermal constraints require that both subducted lithosphere and overlying oceanic lithosphere of the mantle wedge be very young
at the time of boninite genesis. This conclusion is consistent with models in which an active transform fault offsetting two ridge
axes is placed under compression or transpression following the Eocene plate reorganization in the Pacific. Comparison between
Leg 125 boninites and boninites and related rocks elsewhere in the Western Pacific highlights large regional differences in
petrogenesis in terms of mantle mineralogy, degree of partial melting, composition of subduction components, and the nature of
pre-subduction lithosphere. It is likely that, on a regional scale, the initiation of subduction involved subducted crust and
lithospheric mantle wedge of a range of ages and compositions, as might be expected in this type of tectonic setting.

INTRODUCTION

During Leg 125, scientists drilled a series of holes at nine sites on
the outer-arc high and inner trench wall of the Izu-Bonin (Ogasawara)
and Mariana arc-trench systems. The basement at these sites formed
mainly during the Eocene and early Oligocene in the initial stages of
the present phase of subduction in the Western Pacific. The outer-arc
high sites yielded crustal rocks, mainly of boninitic character. These
are broadly similar to the subaerial exposures on the island of Chichi-
jima in the Bonin Island group to the south, which is the type locality
for boninite. The inner trench wall sites are on serpentinite seamounts
containing clasts of serpentinized harzburgite. Petrologists generally
accept that there is a causal relationship between boninite genesis and
the initiation of subduction. They also believe the harzburgite to be
the residue from the high degree of melting (in two or more stages)
required for boninite genesis (e.g., Duncan and Green, 1987; Crawford,
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1989). The origin and tectonic significance of boninite is still poorly
understood, however. Numerous models, not necessarily mutually
exclusive, have been put forward for the genesis of boninites in the
Western Pacific Eocene province. These include:

1. Partial melting of serpentinized harzburgite during initiation of
subduction along a transform fault (Hawkins et al., 1984).

2. Multi-stage melting of the mantle, starting at a mid-ocean ridge
and continuing above a subduction zone in response to addition of
water or to extension (Duncan and Green, 1980, 1987).

3. Mantle melting associated with subduction beneath an active or
dying oceanic ridge system (van der Laan, 1987) or beneath young,
hot oceanic lithosphere (Sharaki et al., 1978; Meijer, 1980).

4. Partial melting of the mantle wedge in response to the subduc-
tion of young, hot oceanic lithosphere during the early stages of
subduction (Tatsumi, 1982; Crawford et al., 1986).

5. Partial melting of the mantle wedge in response to the subduc-
tion of an active spreading center trending subparallel to an intra-
oceanic arc-trench system (Crawford et al., 1989).

6. Contact melting of the hydrous mantle wedge by injection of a
hot mantle diapir during arc rifting (Crawford et al., 1986).

The rocks drilled during Leg 125 provide the basis for this detailed
study of the petrogenesis and tectonic setting of formation of the
boninitic lithosphere underlying the outer-arc high of the Izu-Ogasawara
forearc. Most of our data come from Site 786, where 125 m of
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sediment and 701 m of basement were cored. Drilling at this site
penetrated a complex edifice of Eocene to early Oligocene age predomi-
nantly made up of volcanic rocks and dikes of the boninite series. We also
obtained important data from Site 782, which provided a small quantity
of tholeiitic andesite, dacite and rhyolite, and from Sites 778-780 and
783-784, where serpentinized harzburgite was cored.

A series of detailed studies were conducted on the core from these
sites. These include the lithostratigraphy and major element charac-
teristics (Arculus et al., this volume); the mineralogy and phase
relations of the volcanic rocks (van der Laan et al., this volume) and
ultrabasic rocks (Ishii et al., this volume); the trace element geochem-
istry of the volcanic rocks (Murton et al., this volume) and ultrabasic
rocks (Parkinson et al., this volume); the isotope systematics of the
volcanic rocks (Pearce et al., this volume); the volatile content of
volcanic glass (Newman and van der Laan, this volume); K-Ar dating
(Mitchell et al., this volume); and structural studies of the volcanic
edifice (Lagabrielle et al., this volume) and ultrabasic clasts in the
serpentinite seamounts (Girardeau and Lagabrielle, this volume).

The aim of this chapter is: (1) to establish the setting of the Leg 125
sites in the context of the Eocene-Oligocene geology of the Western
Pacific; (2) to summarize briefly the key results from the chapters cited
above that relate to the tectonic setting and petrogenesis of the Izu-Bonin
and Mariana outer forearcs; (3) to develop further the models generated
by these studies for the origin of the lavas and dikes in relation to the
initiation of subduction, using published melting experiments and ther-
mal modeling of the subduction process; and (4) to compare the compo-
sition of the rocks from Leg 125 with compositions of similar rock types
from other parts of the Eocene province.

PRESENT-DAY SETTING OF LEG 125 BASEMENT
SITES

Figure 1 shows the present-day configuration of the arc-basin
system south of Japan. The main features are (from east to west) (1)
the Izu-Bonin-Mariana-Palau-Yap trench system, (2) the correspond-
ing forearc terranes, (3) the actively-spreading Mariana back-arc
basin and incipient back-arc rift basins of the Izu-Bonin system, (4)
the West Mariana Ridge, a remnant arc, (5) the Parece Vela and
Shikoku marginal basins, (6) the Palau-Kyushu Ridge, the western-
most remnant arc, and (7) the West Philippine Basin, a marginal basin
that contains a series of bathymetric highs, the Amami-Oki-Daito
province, in the north.

Although the details remain unresolved, there is general consensus
on the principal events leading to the present-day configuration of these
island arcs and marginal basins (e.g., Kang et al., 1978; Kobayashi and
Nakada, 1979; Hussong and Uyeda, 1981). The early arc terrane, the
subject of this chapter, mainly developed from the inception of sub-
duction in the Eocene (between 48 and 43 Ma) through the early
Oligocene (between 34 and 31 Ma). Spreading then began in the
central Parece Vela Basin, propagating north and south and separating
the Palau-Kyushu Ridge from the remainder of the early arc terrane.
A further episode of spreading began at about 25 Ma in what became
the northern Shikoku Basin and propagated south so that the two
systems had joined by about 23 Ma. These shared a common spread-
ing axis until spreading ceased at 17-15 Ma. A subsequent cycle of
rifting and back-arc spreading caused additional splitting of the
southern part of the arc. After further arc volcanism, spreading in the
Mariana Trough starting at about 6 Ma isolated the West Mariana
Ridge remnant arc. The Izu-Bonin arc is, by contrast, still in the rifting
stage of back-arc development.

The Leg 125 sites are shown in more detail in maps and sections
of Figures 2 and 3. Figure 2 shows the Izu-Bonin forearc sites, Sites
782-786, of which all except Site 785 reached basement. A summary
of the lithologies recovered at these sites is given in Table 1. Sites 782
and 786 penetrated the Oligocene-Eocene volcanic basement of the
outer-arc high, whereas Sites 783 and 784 penetrated into the ser-
pentinite mud and ultrabasic clasts of Torishima Forearc Seamount.

Also located in this figure are the sites drilled during Leg 126. Of
direct relevance to this paper are Sites 792 and 793, which penetrated
the Oligocene basement of the forearc basin.

Figure 3 shows the equivalent detailed map and section of the
Mariana forearc. During Leg 125, three "basement" sites, Sites 778-
780, were drilled on Conical Seamount in the outer Mariana forearc,
retrieving ultrabasic rocks. No sites were drilled into Mariana vol-
canic basement during this leg, although this aim was achieved further
south during DSDP Leg 60 at Sites 458^61, which lie just south of
the map area and are located on the cross section.

EOCENE-EARLY OLIGOCENE GEOLOGY OF THE
WESTERN PACIFIC

In this chapter we focus on the early arc evolution of the Western
Pacific. To place the Leg 125 sites in context, we constructed in
Figure 4 a geological map of the Western Pacific as it might have
appeared in the early Oligocene before the early arc terrane rifted
apart during the opening of the Parece Vela Basin. In doing this we
took into account the rotations and translations of the system since
that time, as reported by Louden (1977), McCabe and Uyeda (1983),
Kodama et al. (1983), and others. We also removed the effects of
collision with the Caroline Ridge, Ogasawara Plateau, and other
edifices on the Pacific plate as well as the effect of subduction along
the Ryukyu Trench. The map is highly schematic, having been pro-
duced by extrapolation from, and interpolation between, a small
number of localities. These localities are all marked in Figures 1 and
4. A summary of their geology is given below.

1. The Izu-Bonin outer-arc high is probably made up of Eocene to
Early Oligocene volcanic edifices. The edifice drilled at Site 786
during Leg 125 is made up of all members of a boninite series from
boninite sensu stricto through bronzite andesite to andesite, dacite,
and rhyolite. Its age is about 41 Ma, although it was intruded by a set
of late boninite dikes or sills at about 35 Ma (Mitchell et al., this
volume). It lay close to sea level in the late stages of its construction.
At Site 782, the outer-arc high is made up of tholeiitic andesite and
dacite, evidence of along-strike petrological variations.

The outer arc high is subaerially exposed along the Ogasawara
Ridge to form the Bonin (Ogasawara) islands. Mapping by Umino
(1985), Maruyama and Kuramoto (1981), Dobson (1986), and others
shows that it is made up of a series of boninitic volcanic edifices
(Chichi-jima and most other islands) and one tholeiitic edifice (Haha-
jima)..Chichi-jima, the largest island, has been divided into several
formations: the Marubewan, which comprises pillowed and sheet
flows, breccia and hyaloclastite of boninite, bronzite andesite, and,
rarely, dacite composition; the Asahiyama, which comprises quartz
dacite and rhyolite flows; and the Mikazukiyama, which comprises
volcaniclastic sandstone and breccia. No consistent pattern of ages
has emerged. A single Ar-Ar date from a boninite from the Murube-
wan Formation gives an age of 48.0±0.5 Ma (Dobson, 1986) and
overlying sediments contain middle Eocene radiolarians. By contrast,
boninite and dacite from the same formation give K-Ar ages of
43-39 Ma and a two-pyroxene andesite gives a K-Ar age of 29 Ma
(Umino, 1985). Thus, either the glass used for Ar-Ar dating contained
excess Ar or the K-Ar age was reset by alteration. In view of the
importance of these ages for dating the initiation of subduction, a
further Ar-Ar age was determined on a clinoenstatite-bearing lava
collected from near the base of the edifice. The age obtained was 39ió
Ma (J.A.P. and D. Rex, unpubl. data).

2. The Izu-Bonin forearc basin was recently shown by scientists
on Leg 126 to have an Oligocene volcanic basement (Taylor, Fujioka,
Janecek, et al., 1990). The basement at Site 792 is made up of massive
porphyritic two-pyroxene andesite (with minor basalt and dacite)
flows and intercalated hyaloclastite and breccia. The basement at
Site 793 is made up of volcanic breccia with andesitic clasts overlying
breccia and pillowed flows of basaltic andesite and andesite, mostly
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Figure 1. Regional setting of Leg 125 drill sites (Sites 778-786) and locations of the Eocene-Oligocene and other terranes, drill sites
(open circles), and dredge sites discussed in the text.
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784

OAoga Shima^792

Figure 2. Oligocene-Eocene drill sites from Legs 125 (solid circles) and 126 (open circles) in the Izu-Ogasawara forearc as seen in plan view and schematic cross

section. The cross section is taken from Honza and Tamaki (1985) from a latitude of approximately 31°N.

with boninitic affinities. Although the center of this basin post-dates
the reconstruction in Figure 4, extensional events related to the
opening of the basin may have begun by the early Oligocene.

3. The Izu-Bonin inner trench wall has been extensively dredged
around the Ogasawara Palaeoland (Ishii et al., 1981, 1983; Ishii,
1985), and drilled during Leg 125 at the Torishima Forearc Seamount
(Fig. 1). Ishii (1985) argues that the harzburgite, dunite, gabbro,
dolerite, and basalt of the Ogasawara Palaeoland are part of a section
of oceanic lithosphere formed in a forearc setting. In his model, the

harzburgite drilled on Torishima Forearc seamount represents the
mantle sequence of this lithosphere, exposed some time after its
formation by seΦentinite diapirism or extension (or both) in the inner
trench wall. Other rock types also have been recovered, however.
These include boninitic series dacite (Johnson and Nakamura, 1985),
probably derived from boninitic volcanoes similar to those forming
the Ogasawara Ridge. They also include tholeiitic basalt, gabbro, and
amphibolite (Ogawa et al., 1985), probably representing the litho-
sphere on which the forearc was built, fragments of accreted Pacific
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Figure 3. Oligocene-Eocene drill sites from ODP Leg 125 (solid circles) and DSDP Leg 60 (open circles) in the Mariana forearc as seen in plan view and schematic
cross section.

lithosphere, the products of forearc magmatism, or a mixture of these.
The reconstruction in Figure 4 assumes that much of the outer forearc
is composed of a melange of these rock types.

4. The Mariana Ridge includes the islands of Guam and Saipan.
Tracey et al. (1964) mapped Guam. Reagan and Meijer (1984) sub-
sequently revised its stratigraphy, and Meijer et al. (1983) provided K-Ar
radiometric ages. These studies establish the oldest unit on Guam as the
Eocene Facpi Formation (43.8±1.6 Ma), which consists of interbedded

boninite pillow lavas and breccia, locally with tholeiitic rocks as the
youngest member. The Facpi Formation is paraconformably overlain
by the calc-alkaline, tholeiitic, and boninitic pyroclastic rocks and
lavas of the Alutom Formation (35id Ma). The final event was the
intrusion of sills at about 32 Ma, possibly related to the initial rifting of
the Palau-Kyushu Ridge (Meijer et al., 1983). Cloud et al. (1956) and
Schmidt (1957) mapped Saipan, K-Ar radiometric dating again supplied
by Meijer et al. (1983). The lowest unit on this island is late Eocene
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Figure 4. Representation of the Western Pacific at the end of the Eocene, based on references cited in the text, showing Leg 125 sites in their possible
geologic context.

boninitic series dacite of the Sankakuyama Formation (41 Ma),
followed by the andesitic pyroclastic rocks and lava flows of the late
Eocene-Oligocene (35.7+0.5 Ma) Hagman Formation.

5. The Mariana outer-arc high was drilled during DSDP Leg 60. Site
458 contains five units of pillow lavas and sheet flows (or sills) of bronzite
andesite and tholeiitic basaltic andesite composition and probable early
Oligocene age. Site 459 contains pillowed and sheet flows of tholeiitic
basalt and andesite of probable Eocene age (e.g., Natland and Tarney,
1981). One bronzite andesite sample from Site 458 gives an age of 33.6
Ma, whereas three basaltic andesites give ages of 34, 19, and 20 Ma
(Meijer et al., 1983). Hussong and Uyeda (1981) argue that the younger
ages are reset, but the experience of Leg 125 scientists is that they could
equally be young sills. A basalt from Site 459 gave a late Eocene age of
36 Ma (Meijer et al., 1983). .

6. The Mariana-Palau outer forearc. Scientists drilled the "base-
ment" of the outer Mariana forearc on Conical Seamount during
Leg 125, characterizing the structure as a serpentinite seamount made
up of serpentinite mud enclosing serpentinized harzburgite (and
other) clasts (Fryer, Pearce, Stokking, et al., 1990). This result con-
firms earlier dredge and submersible studies (e.g., Fryer et al, 1985).
The inner Mariana trench wall was drilled during Leg 60, at depths
of 6500-7000 m. Sites 460 and 461 provided a polymict assemblage
of basalt, metabasalt, bronzite-andesite, and gabbro fragments. Ex-
tensive dredging along the Mariana, Yap, and Palau inner trench walls
(locations in Fig. 1) also produced a range of rock types, including
boninite, tholeiitic basalt, and andesite, alkali basalt, gabbro, metabasalt,
serpentinite, and volcaniclastic sediment (Bogdanov et al., 1977;
Dietrich et al., 1977;Beccaluvaetal., 1980; Bloomer, 1983; Bloomer
and Hawkins, 1983, 1987; Johnson and Fryer, 1990). At one locality
more than 50 km from the trench, Johnson et al. (1991) dated some
of the sediments and metabasalt clasts as Cretaceous. They suggest

that the outer Mariana forearc contains accreted fragments of Creta-
ceous oceanic lithosphere, probably extensively faulted and intruded
by the products of arc volcanism. Following Ogawa and Naka (1984),
we treat the outer forearc as a transform fault terrane intruded by the
early products of supra-subduction zone volcanism, similar to that
seen on land in the Setogawa and Mineoka forearc belts in Japan and
on the island of Yap (see Fig. 1). Note that the construction in Figure 4
does not depict serpentinite intrusion or seamount accretion, both of
which took place mainly after the end of the Eocene.

7. The Palau Kyushu Ridge. Mason et al. (1956) mapped the Palau
islands at the southern end of the ridge and divided the volcanic
section into three formations, the Babelthaup, the Ameleiik, and the
Ngeremlengui. The Babelthaup Formation, which contains boninite
series rocks, has not yet been dated, and the Aimeliik Formation gave
an early Oligocene radiometric date but an Eocene nannofossil age
(Meijer et al., 1983). Further north, drilling at DSDP Site 448 pene-
trated an island arc basement of tholeiitic pillow lavas and volcani-
clastic breccia dated at 34-32 Ma (Scott and Kroenke, 1983). Drilling
at DSDP Sites 290 and 296 encountered andesitic breccia (Meijer,
1975). A Japanese dredging program recovered andesite, diorite, and
tonalite from the northern part of the Palau-Kyushu Ridge (Shiki et
al, 1985), with K-Ar ages of 51, 37.4±6.4, and 37.5±1.9 Ma. The last
two dates suggest that the Palau-Kyushu Ridge could have been the
site of island arc tholeiite eruptions at the same time as boninitic
volcanoes were erupting in the Izu-Bonin and Mariana forearcs
further east.

8. The West Philippine Basin. Hilde and Lee (1984) summarized the
results of paleomagnetic studies in the West Philippine basin, and their
magnetic lineations are shown in Figure 4. They demonstrate that the
basin formed by two distinct stages of spreading, one before and one after
about 45 Ma. From at least 60 Ma (magnetic anomaly 26) to 45 Ma
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Table 1. Summary of basement drilling during ODP Leg 125.

Hole

778A
779A
780C
780D
782A
782B
783A
784A
786A
786B

Latitude
(°N)

19°29.93'
19°30.75'
19°32.53'
19°32.55'
30°51.66'
30°51.60'
30°57.86'
30°54.49'
31°52.48'
31°52.45'

Longitude
(°E)

146°39.93'
146°41.75'
146°39.21'
146°39.20'
141°18.85'
141°18.84'
141°47.27'
141'=44.27'
141°13.58'
141°13.59'

Water
depth (m)

3913.7
3947.2
3083.4
3088.9
2958.6
2965.9
4648.8
4900.8
3058.1
3071.0

No. of
cores

13
37
18
7

50
1

18
45
19
72

Length
cored (m)

107.6
319.2
163.5
32.4

476.8
9.6

168.2
425.3
166.5
666.0

Basement
depths (m)

29.8-107.6
10.6-317.2
14.0-163.5
15.4-32.4

409.2^76.8
459.3^68.9
120.0-168.2
321.1-425.3
124.9-166.5
162.5-826.6

Basement
sampled (m)

14.65
65.38
8.39
4.77
0.93
0.10

11.71
26.27
3.60

190.07

Basement
lithologies

Harzburgite, dunite, metabasalt
Harzburgite, dunite, gabbro, metabasalt

Harzburgite, dunite, metabasalt
Harzburgite, dunite, metabasalt

Tholeiitic, andesite-rhyolite
Tholeiitic, andesite-rhyolite

Harzburgite, dunite, metabasalt
Harzburgite, dunite, metabasalt

Boninite series volcanics + various dikes
Boninite series volcanics + various dikes

(anomaly 20), spreading took place about a NW-SE (present orienta-
tion) spreading axis at a half-rate of 44 mm a"1; after 45 Ma. Spreading
changed to E-W (present orientation) and slowed to a half-rate of 18 mm
a"1, ending at 35 Ma (anomaly 13). The age of the start of spreading in
the basin is uncertain because of loss of lithosphere by subduction to the
northwest. Radiometric dates from DSDP cores and dredges within the
basin are generally consistent with the magnetochronology to within
about 2 Ma (e.g., McKee, 1975).

The basement lithologies in the West Philippine Basin were recov-
ered for study during DSDP Legs 31 and 59 (e.g., Meijer, 1975; Scott
and Kroenke, 1983) and during an extensive Japanese dredging
program (Shiki et al., 1985). The Amami Plateau in the north contains
Cretaceous (85-75 Ma) volcanic and plutonic rocks of probable arc
affinities (primarily basalt, two-pyroxene andesite and a hornblende
tonalite) (Tokuyama, 1985). FeTi basalt dated at 56 Ma has been
recovered from the Oki-Daito Ridge, and a further suite of rocks
dating from 50 to 48 Ma has been recovered from several localities
in the northern and southern margins of the basin. The latter include
trachyandesite from the Amami Plateau and Daito Ridge and an alkali
basalt on the Benham Rise in the south (DSDP Site 292) just east of
Luzon (Aoki and Ishikawa, 1985; Meijer, 1975).

11. The Zambales ophiolite of Luzon. The Zambales ophiolite in
Luzon (Philippines) is the best preserved accessible fragment of
Eocene oceanic lithosphere in the Western Pacific and therefore holds
important clues to the Eocene evolution of the region (e.g., Hawkins
and Evans, 1983; Rossman et al., 1989; Geary et al., 1989). The
ophiolite forms two distinct blocks. The Acoje Block in the north has
island arc tholeiite to boninitic affinities and is thought to have been
overlain formerly by more evolved rocks than those currently pre-
served. The Coto Block in the south has been described as having
tholeiitic back-arc-basin basalt affinities. The Acoje Block has a
thicker reconstructed crustal section (7-10 km) than the Coto Block,
which has a typical oceanic crustal thickness (5-6 km). Hawkins and
Evans (1983) infer that the ophiolite originated in a back-arc setting,
in which both blocks formed above a subduction zone. In contrast,
Geary et al. (1989) conclude that the Acoje-Coto pair formed in a
"proto-forearc" setting, in which the Coto Block represents the result
of spreading prior to the initiation of subduction and the Acoje Block
represents the product of early subduction magmatism. Despite these
conflicting interpretations, the Acoje Block may be the best analog
we have for the crust of the Izu-Bonin outer-arc high, whereas the
Coto Block is a possible candidate for crust created just before or at
the start of subduction.

Paleomagnetic studies have established that each of the above
terranes was both translated and rotated since the middle Eocene
while the West Philippine Sea Plate was subducted in a NNW direc-
tion beneath Japan. Over this period, collisions with oceanic plateaus,
seamount chains, and microcontinents caused further local rotations.
Louden (1977) and others demonstrate a post-Eocene northward
translation of about 20° (such that the early arc lay close to the
paleo-Equator) and a clockwise rotation of 60±10° for the Bonin

Islands, Guam, and the West Philippine Basin. By contrast, the
Zambales ophiolite rotated counterclockwise by about 90° (Fuller et
al., 1989). The map in Figure 4 takes these motions into account. The
original position of the Zambales ophiolite is highly speculative,
although our unpublished data do show similarities in composition
between boninite from the Zambales ophiolite and boninite from the
southernmost part of the "proto-arc" on Palau. The age structure of
the Pacific Plate is based on the reconstruction of Engebretson et al.
(1985), and the requirement for subduction of Tertiary lithosphere at
the start of subduction is based on the thermal constraints for boninite
genesis discussed in this chapter.

MODELS FOR THE INITIATION OF SUBDUCTION

Tectonic reconstructions of the Western Pacific in the early Oligo-
cene are broadly similar (Fig. 5D). They show a single zone of WNW
subduction, behind which the Bonin, Mariana, and Yap forearcs
together with the Palau-Kyushu Ridge combine to form a single
arc-trench system. At this time, spreading in the West Philippine Basin
has just ceased and the Parece Vela Basin has not started to open.
Opinions diverge, however, over the Eocene reconstruction. Two
basic types of paleotectonic map have been produced for the Eocene.
The first (Uyeda and Ben Avraham, 1972; Hilde et al., 1977; Hussong
and Uyeda, 1981) requires normal seafloor spreading within the
Philippine Sea prior to initiation of subduction at a transform fault
(Figs. 5A and B). In this model, the change from transform motion to
subduction coincides with the change in absolute motion of the Pacific
plate at about 43 Ma (Clague and Dalrymple, 1987). The second type
of map requires that subduction beneath the West Philippine Basin
started prior to this change in plate motion (Lewis et al, 1982; Ogawa
and Naka, 1984; Seno and Maruyama, 1984; Honza, 1991). To
achieve a consistent geometry, Seno and Maruyama (1984) invoke
the subduction of an additional plate, the New Guinea plate, beneath
the West Philippine Basin. This plate acts as a "buffer" between the
Pacific plate and Philippine plate so that there is no need to invoke a
relationship between Pacific plate motion and the start of subduction.
They also argue that the presence of this plate better explains the dike
orientations in Chichi-jima as well as a number of aspects of the early
Tertiary evolution of other parts of the Western Pacific. There are a
series of variants on this second map, a simple version of which is
shown as Figure 5C.

The direct evidence for subduction prior to 43 Ma in the Western
Pacific hinges on the 50-43 Ma ages in lavas of island-arc composi-
tion from the northern Palau-Kyushu Ridge (Ozima et al., 1977) and
on the 48 Ma Ar-Ar age determination, and the middle Eocene
radiolarian ages for part of Chichi-jima (Dobson, 1986). Given the
absence of subduction-related rocks of this age in the southern part
of the Eocene province, Seno and Maruyama (1984) suggested that
subduction started at about 48 Ma in the north but at 43 Ma in the
south. One problem with this model is that there is no evidence that
the Philippine Sea occupied a backarc setting. Hilde and Lee (1984)
point out that the longevity of the West Philippine Basin and the
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Figure 5. Current models for the tectonic evolution of the Western Pacific
during the Eocene. A, B, and D show the model of Hussong and Uyeda (1981),
in which Eocene boninitic terranes are explained solely in terms of a change
from a transform to a subduction margin. C shows the type of model envisaged
by Seno and others, in which subduction predates plate reorganization and the
boninitic terranes are related to ridge subduction upon disappearance of the
New Guinea plate.

distance between the spreading axis and the postulated subduction zone
are much greater than in any extant backarc basin. A second problem
is that the evidence itself is not "watertight." Of the six published
radiometric ages on the lavas from Chichi-jima (including our own
Ar-Ar measurement reported earlier), only one is greater than 43 Ma,
and there is still a question over whether the glass analyzed had trapped
excess Ar. Moreover, the 50 Ma lavas from the Palau-Kyushu Ridge
need not be related to subduction. They could have originated in an
intraplate setting and acquired an inherited subduction component
from the Cretaceous arc lithosphere known to underlie part of the
region. The fact that other early Tertiary lavas from the West Philippine
Basin have an intraplate composition lends some support to such a
hypothesis. The majority of the authors of this chapter therefore prefer
the Uyeda and Ben Avraham model, on the basis that the concept of
subduction before plate reorganization requires further proof, but with
the caveats that neither model is yet able fully to explain all the
observations and that we still lack evidence for the nature and age of
the oceanic lithosphere subducted during the Eocene.

The common theme in both models (Figs. 5B and 5C) is the
initiation of subduction at a transform fault. Kang (1982) and Casey
and Dewey (1984) both examine this theme, citing the Eocene of the
Western Pacific as a type example. One of their key lines of evidence
comes from the West Philippine Basin. This marginal basin contains
magnetic lineations that are suborthogonal to, and in part contempora-
neous with, the trend of the incipient volcanic arc as defined by the
location of the Palau-Kyushu Ridge (Uyeda and Ben-Avraham, 1972;
Louden, 1976; Watts et al., 1976; Lee and Hilde, 1982).

Casey and Dewey (1984) point out that there are many areas where
adjustments of poles of relative plate rotation are known to have resulted
in transpression or transtension along transform faults. For example, the
change from transform motion to transpression has been documented in
the Central Atlantic where readjustment was achieved by a period of
asymmetric spreading and ridge jumping (Fox et al., 1969). Casey and
Dewey argue that if the change in relative motion is sufficiently large and
abrupt, then the convergence may become permanent. The Casey and
Dewey model is reproduced here in Figure 6. In their model, the change
in relative plate motion is marked by a change in spreading direction.
Eventually the spreading axis in the trapped basin dies, and ridge sub-
duction is an important part of the transition to current subduction

geometries. Casey and Dewey note the potential importance of bon-
initic magmatism in this setting. Further investigation of their model
is an important objective of this chapter.

Geological evidence for the initiation of subduction at a transform
fault in the Western Pacific is presented by Ogawa and Naka (1984).
In particular, they note the variety of metamorphic grades (including
amphibolite facies) and the abundant evidence for brittle-to-ductile
Cataclastic deformation in rocks from the inner trench wall. They
argue that at least some of these events took place in a transform zone
that subsequently became the site of subduction.

THE NATURE OF THE EARLY ARC LITHOSPHERE:
EVIDENCE FROM LEG 125

Lithostratigraphy of the Outer Arc High

As noted earlier, deep penetration into the basement of the Izu-
Bonin outer-arc high was achieved at Site 786. Hole 786A cored
125 m of sediment and 42 m of basement. Hole 786B cored a further
664 m of basement. Shipboard core descriptions (Fryer, Pearce,
Stokking, et al., 1990) augmented by the lithostratigraphic studies of
Arculus et al. (this volume), the K-Ar dating of Mitchell et al. (this
volume), and the structural and volcanological observations of La-
gabrielle et al. (this volume) provide a picture of a complex Eocene
volcanic edifice of boninitic composition. Figure 7 shows a schematic
section for Site 786 (a composite of Holes 786A and 786B). The
complete section is given in Arculus et al. (this volume).

The edifice is similar in structure to oceanic volcanoes from other
settings, having a core of dikes and pillow lavas at its base, a middle
part of massive lavas and breccia, and an upper part containing the
products of explosive volcanism as well as massive lavas and breccia.
The edifice was intruded by a series of dikes or sills, cut by normal
faults, and covered by middle Eocene to early Pleistocene sediments.
Lagabrielle et al. (this volume) conclude on the basis of the distribu-
tion of pyroclastic flows and surficial oxidation of the clasts that the
edifice had emerged at least locally above sea level. Heling and
Schwarz (this volume) reach a similar conclusion from the clay
mineral fraction in the intercalated sediments. Several lines of evi-
dence indicate that this constructional stage was succeeded by a
period of active subsidence at the end of the Eocene. Lagabrielle et
al. (this volume) suggest that the upper main breccia interval in
Hole 786B may be deposited during an episode of subsidence. Milner
(this volume) points out that Eocene foraminifers in the sediments
directly overlying the edifice lived at depths greater than 1000 m.
Subsidence curves for the sedimentary sequence show an increased
rate of sedimentation in the Oligocene (Fryer, Pearce, Stokking et al.,
1990). Dating by Mitchell et al. (this volume) indicates that the
constructional stage took place in the late Eocene at about 41 Ma and
that intrusion of the late dikes mostly took place in the earliest
Oligocene at about 35 Ma. If this chronology is correct, subsidence
must have predated dike intrusion.

We cored only a small quantity of andesite and dacite of the
island-arc tholeiite series at the other forearc site, Site 782. These do
not give a consistent age, although the two oldest ages of about 31
and 36 Ma point to late Eocene or early Oligocene eruption ages.

Petrologic Characteristics of the Boninite Series Volcanics

Arculus et al. (this volume) present and interpret the major element
geochemistry of the Leg 125 samples. They subdivide the igneous
rocks into eight lithostratigraphic groups on the basis of CaO-MgO-
SiO2 variations. We reproduce their two principal projections in Figure
8. Both diagrams highlight the remarkable range of compositions of the
Leg 125 igneous rocks. They encompass, within a single edifice, the fields
of almost all the boninite series volcanic rocks plotted by Crawford et al.
(1989) in their recent synthesis. In the MgO-SiO2 diagram (Fig. 8A), the
boninite and the more silica-rich bronzite andesite display the "classic"
characteristics of boninite series rocks, namely high magnesium content
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transform-fracture zone system. On their diagram, thick black lines are spreading
ridges, thin double lines represent extinct ridge segments, medium straight lines
represent transform fault/fracture-zone systems, solid triangles represent a sub-
duction zone, open triangles represent a former subduction zone, and shaded areas
represent areas of subduction. The model is aimed at representing the Western
Pacific plate reorganization, in which the fracture zone was striking NNW. Lines
A and B are used for thermal modeling in Figure 26.

at high silica concentrations. The andesite, dacite, and rhyolite are
more similar to evolved rocks of the calc-alkaline series but are clearly
cogenetic with the boninite on isotopic, trace element, and pet-
rographic criteria (Pearce et al., this volume; Murton et al., this
volume; van der Laan et al., this volume).

Arculus et al. (this volume) use the CaO-SiO2 diagram (Fig. 8B)
to subdivide the lavas and dikes from Leg 125 into low-Ca, interme-
diate-Ca, and high-Ca series. The rationale for this threefold subdivi-
sion at Site 786 is stratigraphic as well as chemical, as we explain
below. Crawford et al. (1989) recommend a twofold subdivision of
boninite into high-Ca and low-Ca groups on the basis of CaO/Al2O3

ratios. Their dividing line is at a ratio of 0.75. Thus, our high-Ca
boninite (average CaO/Al2O3 ratio of 0.84) corresponds to their
high-Ca boninite group. Both our intermediate-Ca boninite (average
CaO/Al2O3 ratio of 0.60) and low-Ca boninite (average CaO/Al2O3

ratio of 0.41) correspond to their low-Ca boninite group. We summa-
rize the main stratigraphic, geochemical, and petrographic features of
these rock types in Table 2.
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Figure 7. Schematic lithostratigraphic section for Site 786 in the Izu-Ogasawara
forearc. The shaded bands cutting the section represent late dikes, mostly of ICB
and HCB composition. For the detailed section, see Arculus et al. (this volume).

In terms of distribution within the core (Fig. 7), the low-Ca
boninite and low-Ca bronzite andesite are found only at the base of
the edifice. The low-Ca bronzite andesite is restricted to a dike swarm
at the deepest level drilled and the low-Ca boninite 10 an overlying
sequence of pillow lava, pillow breccia, and hyaloclastite. The inter-
mediate-Ca boninite mainly occurs directly above the pillow lava
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the Eocene boninitic edifice at Site 786 (from Arculus et al., this volume). LCB
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dacite, R = rhyolite, HCB = high-Ca boninite.

sequence, although it also forms rare clasts in breccia at higher levels
(notably at the base of Hole 786A) and a small number of late dikes.
The intermediate-Ca bronzite andesite, andesite, dacite, and rhyolite
make up the main series of dikes, massive and pyroclastic flows, and
breccia in the middle to upper part of the edifice. Rhyolite forms a
series of dikes in the lower part of the sequence. High-Ca boninite is
restricted to a set of late dikes or sills that is distributed throughout
the basement.

Table 2 also summarizes the mineralogy of the magma groups,
using data from van der Laan et al. (this volume). The boninite is of
most interest, being closest to primary magma compositions. The
low-Ca, intermediate-Ca, and high-Ca boninite contain phenocrysts
of olivine and orthopyroxene, typically with Mg#s for olivine of
between 86 and 87 and for orthopyroxene of between 80 and 87.
Cr-spinels have Cr#s from 65 to 84. Only intermediate-Ca and
high-Ca boninite contains clinopyroxene phenocrysts (with Mg#s of
between about 80 and 87) and groundmass Plagioclase (An mainly
between 80% and 85%). Bronzite andesite contains phenocrysts of
strongly-zoned Plagioclase in addition to rare, resorbed olivine and

clinopyroxene and orthopyroxene. The most evolved rock type is
rhyolite, containing hypersthene, Plagioclase (An50) and magnetite as
phenocryst phases. A summary diagram of the crystallization se-
quence for the intermediate-Ca boninite series is given by van der
Laan et al. (this volume) and is reproduced as Figure 9.

Arculus et al. (this volume) use the major-element data to demon-
strate that all three boninite groups experienced similar degrees of
olivine and pyroxene fractionation but cannot be related to each other
by fractionation of these phases. Distinct primary magma composi-
tions must therefore be involved. They also find that the low-Ca and
intermediate-Ca boninite may be related to the equivalent bronzite
andesite by olivine, pyroxene, and Plagioclase fractionation but that
this does not occur along simple liquid lines of descent. Many of these
rocks are highly porphyritic and can be viewed as mushes rather than
liquids. This point is emphasized by van der Laan et al. (this volume),
who stress that mafic phases in the bronzite andesite can be as
magnesian as those in the boninite. We therefore view the variations
in the high-Mg rocks in Figure 8 in terms of a combination of
fractional crystallization and crystal cumulation. The andesite, dacite,
and rhyolite can be related by Plagioclase, pyroxene, and magnetite
crystallization but can also contain highly magnesian crystals, van der
Laan et al. (this volume) view these as filter-pressed extracts from a
crystal-charged magma chamber of bronzite andesite composition.

Trace Element Characteristics

Murton et al. (this volume) describe the principal trace element
characteristics of the Leg 125 samples. Table 2 contains the average
values for some elements in the different rock types, and Table 3
provides a representative set of analyses of the various rock types.
The andesite, dacite, and rhyolite of the boninite series plot on simple
fractionation vectors from intermediate-Ca boninite and intermedi-
ate-Ca bronzite andesite. The data in Table 3 demonstrate the steady
increase in the incompatible elements, Th and Zr, through this frac-
tionation series. The compatible elements, Ni, Sr, and Ti, help to
monitor the behavior of mafic minerals, Plagioclase, and oxides,
respectively. The fact that Ni continues to have high values in the
bronzite andesite is an indicator of the importance of crystal cumula-
tion in this rock type. Sr only begins to fall in concentration in the
andesites, a reflection of the late crystallization of Plagioclase in the
boninitic series, compared with the calc-alkaline series (Fig. 9). Ti
only starts to fall at silicic compositions in response to magnetite
crystallization, in marked contrast to the calc-alkaline series, where
magnetite is an early-crystallizing phase.

Figure 10 gives trace element patterns for the main boninite types.
One problem in constructing these patterns is the mobility of many
elements during alteration. These include, in addition to the alkali and
alkali earth elements, the Pb, U, REEs, Y, and P. Taylor et al. (in press)
also recognize the mobility of the REEs in lavas from Leg 126.
Primary REE patterns are flat to slightly MREE-depleted with respect
to heavy REEs ((Tb/Yb)n = 1-0.8) and light REEs ((La/Sm)n = 1-1.5)
(Fig. 10A). The low-Ca and intermediate-Ca boninite from Site 786B
(together with the bronzite andesite, andesite, dacite, and rhyolite, not
shown in this figure) have the highest La/Sm ratios and lowest Tb/Yb
ratios, producing slightly U-shaped profiles. By contrast, the interme-
diate-Ca boninite from Site 786A and the intermediate-Ca and high-
Ca boninite late dikes have much flatter patterns. Murton et al. (this
volume) note that the low-Ca boninite has a higher total REE content
than the more silicic intermediate-Ca boninite, evidence of dilution
of the REE content of the latter by crystal cumulation.

Full trace element patterns, here normalized to a N-MORB compo-
sition (Fig. 10B), highlight four additional features, namely (1) selective
enrichment of the large-ion lithophile (LIL) elements relative to the high
field strength (HFS) elements, (2) a positive anomaly in Hf and Zr relative
to Sm, (3) a negative anomaly of Ti relative to Y and the middle to heavy
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REEs (Sm-Yb), and (4) a slight negative Nb anomaly relative to Th
and La. The high-Ca boninite has higher Ti, Y, and Yb, yet lower Th,
than the low- and intermediate-Ca bonimte.

Enrichment in large ion lithophile (LIL) elements relative to the
high field strength (HFS) elements is a characteristic of magma
generated above subduction zones. Although many LIL elements are
sensitive to alteration, and the Leg 125 samples are pervasively
altered, the LIL contents of the samples plotted in Figure 10B are

probably close to their true values (see more detailed discussions in
Mutton et al., and Pearce et al., this volume). Microprobe analyses of
potassium in the few fresh glasses further confirm that the source was
enriched in the most mobile elements (van der Laan et al., and
Newman and van der Laan, this volume). Figure 10B demonstrates
the enrichment in the LIL elements Sr to Th. No boninite has the high
levels of LIL enrichment reached in the Mariana arc, however.

The positive Sm anomaly relative to Zr and Hf in the Mariana arc
is also in marked contrast to the positive Zr (and Hf) anomaly relative
to Sm in the Leg 125 boninite. The positive Zr anomaly has been
recognized as an important feature of some boninite samples by Sun
andNesbitt(1978), Cameron et al. (1983), Hickey-Vargas (1989), and
others. The negative Ti anomaly relative to Zr in Leg 125 boninite is
also a well-known characteristic of boninite samples worldwide. Both
these anomalies are more pronounced in the low-Ca and intermedi-
ate-Ca boninite from the volcanic edifice than in the intermediate-Ca
and high-Ca boninite dikes.

Isotopic Characteristics

Pearce et al. (this volume) report the isotopic systematics of the Leg
125 samples. Theplotof W ^ F b against 206Pb/204Pb (Fig. 11 A) shows
that the Eocene and early Oligocene samples from Leg 125 plot along
the Northern Hemisphere Reference Line (NHRL), the line joining
mid-ocean ridge and ocean island basalt compositions from the Northern
Hemisphere (Hart, 1984). Note also that, unlike most volcanic arc basalts,
they are not displaced toward pelagic sediment (PPS) compositions. The
plot of dNfd against 206Pb/204Pb (Fig. 1 IB) gives a similar mixing trend,
suggesting that the Pb and Nd isotopes behave coherently. As in the Pb
isotope diagram, the points lie on a line between Pacific MORB mantle
(PMM) and Pacific Volcanogenic Sediment (PVS). Pearce et al. (this
volume) infer from these plots that the isotope end-members lay in the
Pacific, rather than Indian, mantle domain and that the depleted end-
member resembles Pacific oceanic lithosphere. They also demonstrate
that Leg 125 samples do not plot on the trend formed by samples dredged
or drilled from the West Philippine Basin. The fact that the Leg 125
samples plot toward a PVS composition (data of Woodhead, 1989) need
not imply that the mantle source was enriched by a component from
subducted volcanogenic sediment. Because the volcanogenic sediment
was derived from intraplate volcanic edifices, the sediment may have the
same composition as the edifices themselves and, hence, the intraplate
mantle might have a similar composition to PVS.

On projections involving Sr isotopes, such as εNd against εSr
(Fig. 11C), the boninite samples form a trend that lies parallel to the
line joining PMM with PVS but displaced to higher εSr values. The
tholeiite samples from Site 782 are displaced to still more radiogenic
Sr values. This figure suggests that an additional, possibly seawater-
derived, component may be involved in the origin of the boninite and,
even more so, the tholeiite samples. The same projection (shown on
a larger scale in Fig. 1 ID) also is the most effective for highlighting
the isotopic evidence for linkages between the various lithostrati-
graphic groups. Essentially there are four isotopic groups. Low-Ca
boninite and low-Ca bronzite andesite from the base of Hole 786B
have the most radiogenic Sr and form the first group. Intermediate-Ca
boninite lavas from Hole 786B, intermediate-Ca bronzite andesite,
andesite, dacite, and rhyolite form a second group. Late dikes of
intermediate-Ca and high-Ca boninite together with intermediate-Ca
boninites from the uppermost part of the edifice in Hole 786A form
a third group. The tholeiites from Site 782 form the final group.

Petrology of the Forearc Mantle Peridotites

The refractory peridotite drilled from the Torishima Forearc and
Conical seamounts represents the potential residue from the partial
melting event that generated the boninitic magmas (Ishii et al., this
volume). It thus provides an important part of our understanding of
the early petrogenetic history of the Eocene forearc terrane. The
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Table 2. Summary of the characteristics of the various rock types recovered at Site 786.

Rock type

Low-Ca boninite
(LCB)

Low-Ca bronzite
andesite (LCBrzA)

Intermediate-Ca
boninite (ICB)

Intermediate-Ca
bronzite andesite
(ICBrzA)

Andesite (A)

Dacite (D)

Rhyolite (R)

Intermediate-Ca
boninite (ICB-
late dikes & 786A)

High-Ca boninite
(HCB)

Location in core

55-63
(hyaloclastite
pillow lava

pillow breccia)

68-72 (dikes)

10-14 (breccia)
51-55 (breccia)

1-5 (flow)
10-14 (breccia)
27-32 (flow)
40-44 (flow)

44-51 (breccia)

7-10 (breccia)
14-17 (breccia)

17-24 (flow)

23-27
(flow/breccia)
34-36(flow)

21 (flow)
32-36(flow)

61 (dike)
63-68 (dikes)

786A: 16-19
(breccia)

786B:20, 37, 67, 72
(dikes)

5-6, 21-22
29, 30, 33, 34
40 (all dikes)

Phenocrysts
(with % and average composition)

ol (5%) (Mg# = 87)
opx (2-5%) (Mg# = 84)

cpx (O-tr.)
Cr Sp. (tr)

ol (0-5%) (altered)
opx (0-20%) (altered)
cpx (tr.) (Mg# = 82)

plag. (tr.)

ol(l-5%)(Mg# = 86)
opx(6-20%)(Mg# = 81)
cpx(2-4%)(Mg# = 81)
plag (0-10%) (An = 80)

Cr Sp. (tr)

ol(0-l%)(Mg#=87)
opx(6-20%)(Mg#=81)
cpx(3-10%)(Mg#=82)
plag (5-15%) (An = 72)

Cr Sp. (tr.)

opx (tr.) (Mg# = 75)
cpx(l-3%)(Mg# = 76)
plag (3-5%) (An = 78)

mt (tr.)

opx (0-5%) (Mg# = 70)
cpx (0-2%) (Mg# = 73)
plag (3-10%) (An = 74)

mt (tr.)

opx (O-tr.) (Mg# = 52)
cpx (O-tr.) (Mg# = 57)
plag (0-3%) (An = 56)

qtz (3-10%)
mt (tr.)

ol(l-5%)(Mg#=88)
opx (6-20%) (Mg# = 86)
cpx (2-4%) (Mg# = 84)

plag (0-10%)
Cr Sp. (tr)

ol (3-5%)
opx (tr.) (Mg# = 82)

cpx(l-3%)(Mg#=85)
plag (tr.) (An = 79)

Cr Sp. (tr.)

Major elements
(average)

SiO2 = 57.7
CaO/Al2O3 = 0.41

Mg# = 76
TiO2 = 0.23

(An = 72)
Cr Sp. (tr.)

SiO2 = 56.2
CaO/Al2O3 = 0.56

mg# = 69
TiO2= 0.23

SiO2

CaO/Al2O3 = 0.50
mg # = 59

TiO2 = 0.26Ni

SiO2 = 60.1
CaO/Al2O, = 0.40

TiO2 = 0.31

SiO2 = 66.7
CaO/Al2O3 = 0.32

TiO2 = 0.29

SiO2 = 73.1
CaO/Al2O3 = 0.15

TiO2 = 0.29

SiO2 = 54.6
CaO/Al2O3 = 0.60

Mg# = 72
TiO2 = 0.25

SiO2 = 53.5
CaO/Al2O3 = 0.84

Mg# = 72
TiO2 = 0.29

Trace elements
(average)

Zr = 31
Th = 0.27
Sr =102
Ni = 254

SiO2 = 62.9
CaO/Al2O3 = 0.41

Mg# = 71
TiO2 = 0.22

Zr = 35
Th = 0.24
Sr =159
Ni = 200

Zr = 38
Th = 0.31
Sr= 163
Ni = 120

Zr = 5l
Th = 0.49
Sr = 222
Ni = 25

Zr = 65
Th = 0.57
Sr =203
Ni =12

Zr = 76
Th = 0.70
Sr= 115
Ni = 5

Zr = 29
Th = 0.16
Sr= 131
Ni = 266

Zr = 29
Th = 0.15
Sr= 137
Ni = 242

composition of the rocks recovered is summarized in Tables 3 and 4.
Harzburgite is the main rock type, together with subordinate dunite.
It contains up to 2 modal percent of clinopyroxene. Spinels are
chrome rich (Cr# = 40-80), olivine and orthopyroxene are highly
magnesian (Mg# = 91-92.5), and the orthopyroxene contains low
concentrations of A12O3 (mostly 1-2 wt%). In keeping with such a
refractory composition, the bulk harzburgites have concentrations of
A12O3 and CaO below 1 wt%. With rare exceptions, all rocks under-
went at least 60% serpentinization.

Figure 12A illustrates two key aspects of the mineral analyses
presented by Ishii et al. (this volume), the Cr# of the spinels and the
forsterite content of the olivines. This projection is that used by
Bonatti and Michael (1989) to compare peridotite from different
settings. We have plotted their fields and data points for peridotites
from mid-ocean ridges (abyssal peridote), the Red Sea incipient rift,
and Tonga and Mariana forearcs. Chrome spinel from the Leg 125
peridotite has higher chrome numbers than spinel from most abyssal
peridotite, confirming the more refractory nature of its host rocks
(Dick and Bullen, 1984). The olivine from the Leg 125 peridotites is,
for a similar reason, more magnesian than olivine from the abyssal
peridotite. The plot of A12O3 and CaO (Ishii et al., this volume) is

given as Figure 12B to highlight the concentrations of these elements
compared with abyssal peridotite. The Leg 125 peridotite thus most
closely resembles peridotite from supra-subduction zone settings.
Although this is a rather obvious conclusion in view of the present-day
setting of these peridotites, it does confirm that they are likely to be
residues of melting above the subduction zone and thus not accreted
or "trapped" fragments of oceanic lithosphere of the Philippine or
Pacific Plates.

Trace Element Geochemistry of Forearc Mantle
Peridotites

Parkinson et al. (this volume) describe the trace element geochem-
istry of the peridotites and their host minerals. These data are sum-
marized in Tables 3 and 4. Some representative chondrite-normalized
REE patterns, extended also to include Rb, Sr, Zr, Ti, and Y, are shown
in Figure 13A. The basic REE pattern is U-shaped with highly
variable (La/Sm)n ratios in the 5-250 range and (Sm/Yb)n ratios in
the 0.05-0.25 range. These patterns are in marked contrast to those
of most abyssal peridotite samples, which contain higher HREE
contents and are LREE-depleted. They have the same form as many
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Figure 11. Main isotope covariation diagrams showing the distribution of data from Leg 125 boninites in comparison to fields and points for the nearest major
hot-spots (Hawaii and Kerguelen), Pacific MORB mantle (PMM), Indian MORB mantle (IMM), Pacific Pelagic Sediment (PPS), and Pacific Volcanogenic
Sediment (PVS) and the isotope "end-members" EMI, EMU, and HIMU (for details and data sources, see Pearce et al., this volume).

forearc boninite samples, but their U-shape is more pronounced than
any patterns published to date.

Of the other elements, Sr and Zr give marked positive anomalies
with respect to the basic U-shaped REE pattern. Compared with
average abyssal peridotite, these patterns demonstrate (1) lower levels
of the HREEs, (2) enrichment in the LREEs, Rb, Nb, Sr, Zr, Sm, and
Eu relative to Ti and the HREEs, and (3) enrichment in Sr and Zr
relative to their adjacent REEs. The shaded band in Figure 13 gives
the modeled pattern for an abyssal peridotite of equivalent depletion
to the Leg 125 peridotite. The difference between the modeled and
observed patterns highlights the nature and extent of the enrichment
shown by the elements on the LHS of the pattern.

Parkinson et al. (this volume) also publish extended patterns for
clinopyroxenes, two typical examples of which are presented in
Figure 14. These again highlight the enrichment in LREEs, Zr and Sr
compared with abyssal peridotites. The similarity in enrichment
pattern between the whole rocks and the clinopyroxenes provides the
important evidence that this enrichment is a primary phenomenon
rather than a product of the serpentinization process.

CONSTRAINTS ON MAGMA GENESIS 1: THE
MANTLE COMPOSITION BEFORE SUBDUCTION

Petrologists have reached a consensus (see papers in Crawford,
1989) that boninite is the product of partial melting of a peridotite
source that has already undergone one or more episodes of partial

melting. The most common scenario may be an initial melting event
at a mid-ocean ridge followed by remelting of the residual oceanic
mantle above a subduction zone. However, melting and remelting in
other settings also are plausible. The aim of this section is to investi-
gate the degree of depletion of the sources of Leg 125 boninite and
the nature of any metasomatic events that might have re-enriched the
source prior to subduction. This information enables us to infer the
location and nature of the first melting event.

Phase Diagram Evidence for the Depletion of the
Boninite Mantle Sources Before Subduction

Several methods exist for investigating the nature of the mantle
source before the subduction component is added. A graphical method,
pioneered by Green (1970) and Falloon et al. (1988) and applied to
boninite genesis by Crawford et al. (1989) and Falloon et al. (1989),
is to plot the normative compositions of estimated primary boninite
melts as projections from diopside onto the base (Jd+CaTs-Qz-Ol)
of the basalt tetrahedron and as projections from Plagioclase onto the
face (Ol-Di-Qz) of the tetrahedron. These diagrams constrain the
mantle source of a boninite because a primary boninite melt must lie
above the line of orthopyroxene elimination, as denoted by extrapo-
lation of a line from olivine to the postulated source composition. The
projection from Plagioclase is given as Figure 15. The authors cited
above use this projection to demonstrate that the field of published
low-Ca boninite data plots below the line of orthopyroxene elimina-
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Table 3. Table of analysis of representative samples from Leg 125. See Table 2 for the abbreviations to the rock types from Site 786.a

Hole
Core
Interval (cm)
Unit
Magma type

SiO2

TiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P 2 O 5

LOI

Total

Se
Cr
V
Ni
Co
Cu
Zn

Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Hf
Ta
Pb
Th
U

786B
62R-3
40-42
IV-27
LCB

53.47
0.20

12.05
8.47
0.13

13.04
5.27
3.19
0.67
0.03
4.33

100.85

29.0
1036

166
306
45.0
60
63

6.4
107

7.2
35
0.53

47

1.81
3.86
0.59
2.84
0.81
0.27
0.97
0.16
1.05
0.23
0.69
0.11
0.80
0.14

0.90
0.03
1.50
0.27
0.18

Chondrite normalized

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

5.84
4.78
4.84
4.73
4.15
3.67
3.75
3.38
3.26
3.20
3.29
3.40
3.83
4.35

786B
70R-1
68-73
IV-33

LCBrzA

58.44
0.23

11.43
6.15
0.13
7.40
4.95
3.23
0.20
0.04
4.66

96.86

27.6
670
148
202
32.0
70
77

1.5
144

8.9
45

0.65
50

2.62
5.52
0.80
3.65
0.97
0.34
1.20
0.21
1.21
0.27
0.77
0.14
0.92
0.15

1.15
0.05
4.66
0.31
0.26

8.45
6.83
6.56
6.08
4.97
4.63
4.63
4.43
3.76
3.76
3.67
4.32
4.40
4.66

786B
11R-1

122-126
IV-4
ICB

53.64
0.22

12.89
7.62
0.14

10.88
6.50
2.73
0.42
0.01
2.80

97.85

29.2
543
171
157
36.3
40
71

5.7
165

5.1
40

0.62
19

1.31
3.37
0.48
2.32
0.61
0.24
0.78
0.14
0.84
0.17
0.56
0.10
0.70
0.11

1.02
0.03
2.37
0.34
0.13

4.23
4.17
3.93
3.87
3.13
3.27
3.01
2.95
2.61
2.37
2.67
3.09
3.35
3.42

786B
1R-1

61-64
IV-1

ICBrzA

60.11
0.21

12.39
7.03
0.11
7.80
6.09
3.06
0.51
0.02
2.19

99.52

24.9
384
177
115
29.1
66
55

5.8
166

6.7
45

0.70
36

1.77
3.90
0.57
2.62
0.79
0.26
0.88
0.15
0.95
0.20
0.64
0.11
0.70
0.12

1.16
0.05
1.78
0.34
0.18

5.71
4.83
4.67
4.37
4.05
3.54
3.40
3.16
2.95
2.79
3.05
3.40
3.35
3.73

786B
19R-1
91-94
IV-6

A

58.13
0.29

16.25
7.49
0.12
3.57
7.14
3.13
0.71
0.04
2.34

99.21

20.8
12

226
22
19.1
83
72

7.7
215

9.2
49

0.74
31

2.55
5.25
0.82
3.90
1.14
0.38
1.38
0.24
1.61
0.29
0.98
0.14
0.99
0.16

1.29
0.04
1.79
0.46
0.19

8.23
6.50
6.72
6.50
5.85
5.17
5.33
5.06
5.00
4.04
4.67
4.32
4.74
4.97

786B
35R-1
73-76
IV-20

D

64.80
0.28

14.72
5.39
0.04
2.36
5.00
3.82
0.69
0.08
1.23

98.41

20.4
51

152
26
13.9
34
48

9.1
222

10.1
62

1.03
62

3.02
6.46
0.96
4.64
1.24
0.39
1.59
0.24
1.49
0.32
1.03
0.16
1.04
0.15

1.67
0.06
2.24
0.55
0.27

9.74
8.00
7.87
7.73
6.36
5.31
6.14
5.06
4.63
4.46
4.90
4.94
4.98
4.66

786B
66R-1
88-90
IV-29

R

68.95
0.26

13.41
4.07
0.08
0.82
2.26
3.70
3.12
0.08
2.36

99.11

11.8
33
31

9
5.6

50
92

29.0
104

10.7
81
0.98

388

3.60
8.10
1.41
5.90
1.39
0.46
2.16
0.26
1.82
0.38
1.21
0.18
1.17
0.19

2.10
0.08
3.19
0.67
0.37

11.61
10.02
11.56
9.83
7.13
6.26
8.34
5.49
5.65
5.29
5.76
5.56
5.60
5.90

786B
67R-1
56-59
IV-32
ICB

53.00
0.25

12.46
7.54
0.14

13.08
6.70
2.76
0.21
0.04
2.56

98.74

33.7
786
202
296

38.5
56
58

3.1
136

6.5
27

0.44
7.6

1.15
2.57
0.37
1.97
0.61
0.22
0.81
0.15
1.00
0.21
0.72
0.12
0.75
0.11

0.70
0.03
0.72
0.17
0.12

3.71
3.18
3.03
3.28
3.13
2.99
3.13
3.16
3.11
2.92
3.43
3.70
3.59
3.42

786B
40R-2
54-57
IV-23
HCB

47.23
0.31

12.06
8.05
0.14

11.40
11.90
2.12
0.26
0.04
5.46

98.97

27.1
762
193
374

44.6
27
57

7.6
139

8.2
26
0.53

15

1.50
3.05
0.50
2.61
0.80
0.31
1.06
0.20
1.30
0.30
0.84
0.14
0.87
0.13

0.70
0.02
0.84
0.18
0.14

4.84
3.77
4.10
4.35
4.10
4.22
4.09
4.22
4.04
4.18
4.00
4.32
4.16
4.04

782A
50X-1
37^12

II
ThA

56.10
0.78

14.96
10.92
0.15
3.59
7.85
3.35
0.51
0.07
1.56

99.84

31.0
13

286
14
21.0
60
75

8.3
188.4

16.1
61

0.51
21

2.01
5.83
0.97
5.30
1.72
0.64
2.21
0.34
2.50
0.47
1.53
0.24
1.59
0.27

1.68
0.05
1.74
0.20
0.20

6.48
7.22
7.95
8.83
8.82
8.71
8.53
7.17
7.76
6.55
7.29
7.41
7.61
8.39

782A
45X-1
32-35

II
ThD

66.97
0.45

14.25
4.05
0.10
0.68
3.37
3.95
1.08
0.07
3.49

98.46

12.7

32
3
4.0

11
104

17.6
160

19.8
100

0.78
35

4.47
10.7

1.92
9.66
2.56
0.74
3.03
0.54
3.44
0.68
2.07
0.31
2.08
0.3

2.80
0.07
2.76
0.40
0.21

14.42
13.24
15.74
16.10
13.13
10.07
11.70
11.39
10.68
9.47
9.86
9.57
9.95
9.32

780C
6R-1

61-62
II
Hz

40.7000
0.0013
0.47
7.91
0.11

42.94
0.60

5.28

98.01

8.6
2249

27
2350

118
4

37

0.29
2.5
0.015
0.214

0.118
0.037

0.008
0.0013
0.0006
0.0015

0.0014

0.0025

0.0128
0.0021

0.381
0.046

0.013
0.007
0.008
0.006

0.004

0.012

0.061
0.065

784A
36R-1

107-109
II

Dunite

33.0100
0.0011
0.20
8.90
0.13

40.31
0.14

16.34

99.03

3.6
2380

14
2858

122
3

38

0.036
4.1
0.018
0.095

0.035
0.050

0.023
0.0009
0.0003
0.0013

0.0028

0.0080

0.0167
0.0018

0.113
0.062

0.038
0.005
0.004
0.005

0.009

0.038

0.080
0.056

aThA = tholeiitic andesite, ThD = tholeiitic dacite, Hz = harzburgite. Missing values were not detected. Oxides are in wt% and trace elements in parts per million. For
analytical techniques and full tables, see Arculus et al, Murton et. al., and Parkinson et. al. (this volume).
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Table 4. Summary of the characteristics of the various rock types
recovered at Sites 778-780 and 783-784.

Location/rock type Bulk rock composition Mineral composition

778A
(Cores 5-13)
harzburgite
metabasalt

779A
(Cores 3-26)
harzburgite
dunite
metabasalt

780C
(Cores 3-18)
harzburgite
dunite

783A
(Cores 14-18)
harzburgite
metabasalt

784A
(Cores 35^5)
harzburgite
dunite
metabasalt

Al2O3 =
CaO = 0%-3.5%

(but generally <O. 1 %)

A12O3 = 0.21-0.77
CaO = 0.08%-0.55% (hz.)

A12O3 = 0.07-0.63%
CaO = 0.1%-0.6% (dunite)

A12O3 = 0.47-0.66%
CaO = 0.60%-0.89% (hz.)

A12O3 = 0.65%
CaO = 0.11% (dunite)

A12O3 = 0.35-0.59%
CaO = O.31%-1.66%

A12O3 = 0.27-0.62
CaO = 0.06%-0.58% (harz.)

AUOj = O.12%-0.34%
CaO = 0.08%-0.17% (dunite)

sp: Cr# = 0.34-0.69
ol: Fo = 92.2%-93.6%
opx: Al = 0.90-3.34%
cpx: Ca = .230-.250

sp:Cr# = 0.41-0.81
ol:Fo = 91.2%-92.3%

opx: A12O3 = 0.47%-2.69%
cpx: Ca = 0.214-0.248

sp: Cr# = 0.46-0.57
ol:Fo = 91.4%-92.1%

opx: A12O3 = 0.95%-2.48%
cpx: Ca = 0.229-0.248

sp: Cr# = 0.46-0.59
ol:Fo = 91.1%-92.0%

opx: A12O3 = 0.63%-3.73%
cpx: Ca = 0.216-0.247

sp: Cr# = 0.53-0.68
ol:Fo = 91.7%-92.5%

opx: A12O3 = 0.95%-2.06%
cpx: Ca = 0.227-0.248

tion, thus implying that the low-Ca boninite primary melts must have
been derived from sources that were more depleted than the Tinaquillo
lherzolite. They make the point that because the Tinaquillo lherzolite
itself is more depleted than a MORB source, the boninites must be
derived from a source from which a significant proportion of melt has
already been extracted.

Application of this projection to Leg 125 samples is difficult
because of the absence of fresh, primitive glass, the abundance of
phenocrysts in the most primitive boninites, and the effects of altera-
tion. Moreover, the enrichment of the source in sodium, and possibly
aluminum, as discussed in the section on source enrichment, increases
normative albite at the expense of normative quartz. Of the large
quantity of samples analyzed for major elements (Arculus et al., this
volume), few satisfy the criteria for primitive melts (no element
mobility, liquid compositions, high magnesium numbers). The high-
Ca boninite group provides no suitable composition because of its
high proportion of olivine phenocrysts and the fact that these phe-
nocrysts are replaced by carbonate and oxide, making its MgO and
CaO contents unreliable. Several low-Ca and intermediate-Ca bo-
ninite samples may have compositions close to primitive melts.
Examples are listed in Table 5. Their compositions are calculated in
several ways: (1) volatile-free; (2) phenocryst-free, assuming that all
the phenocrysts are of cumulate origin; (3) phenocryst-free and
sodium (and potassium)-corrected; (4) aluminum- as well as sodium-
corrected. The sodium correction assumes that the boninite composi-
tions would have lain on an extrapolation of the Na2O-TiO2

correlation for primitive MORB (Fig. 20A), had the mantle not been
enriched in this element. The aluminum correction assumes that the
aluminum content before subduction would have lain on an extrapo-
lation of the CaO/Al2O3-TiO2 correlation for MORB (Fig. 20B). Table
5 indicates that reducing the sodium content but leaving aluminum
unchanged gives normative corundum in the low-Ca boninite. From
this, we can infer that the boninite mantle source was enriched in
aluminum as well as sodium.

The projections from Plagioclase for these possible primary bo-
ninite liquid compositions are shown in Figure 15 together with the
reference compositions of the Tinaquillo lherzolite and an average
Leg 125 harzburgite. This figure also shows the locus of points
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Figure 12. Diagrams showing the composition of the forearc harzburgites in

comparison to other peridotites. The data and further discussion are given in

Ishii et al. (this volume).

marking clinopyroxene and orthopyroxene elimination for equilib-
rium melting at different pressures. The figure also contains some
olivine-clinopyroxene-orthopyroxene and olivine-orthopyroxene equi-
librium cotectics experimentally determined for the Tinaquillo lher-
zolite at different pressures (e.g., Crawford et al., 1989; Falloon et al.,
1989). These cotectics are not strictly relevant to fractional melting
and the pooling of melt fractions, but they do form a useful frame of
reference. Of the three groups of data points plotted (phenocryst-free,
sodium-corrected, sodium + aluminum-corrected), the latter two prob-
ably best bracket the true composition of the primary melt that would
have been produced from the source before the metasomatic event.
Several conclusions can be drawn from this diagram. (1) The low-Ca
boninite lies below the line of orthopyroxene elimination for the
Tinaquillo lherzolite. Therefore, it must have been produced by
melting of a source that is more depleted than the Tinaquillo lherzolite
composition. (2) The intermediate-Ca boninite could have been gen-
erated from a source similar to the Tinaquillo lherzolite if the degree
of melting had been sufficiently high to eliminate clinopyroxene.
Alternatively, it may have been produced by less melting of a more
depleted source than the Tinaquillo lherzolite. (3) The two primary
magmas are not related by any partial melting or fractional crystal-
lization trend and probably were derived from sources characterized by
different degrees of depletion. (4) The positions of the data points to
the right of the diopside-hypersthene join indicate that melting of
orthopyroxene was incongruent in both cases. (5) The data set recal-
culated assuming sodium and aluminum addition to the boninite
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stippled region indicates possible subduction zone enrichment. The diagram thus
highlights the enrichment in the harzburgite of elements Rb to Zr.

source is most consistent with the position of the low-pressure cotec-
tics and with the fields for other boninite suites.

Geochemical Evidence for the Depletion of the Boninite
Mantle Sources Before Subduction

A different perspective is provided by plotting a compatible against
an incompatible element. In this type of plot, the incompatible ele-
ment has to be one that is not added in the subduction component, so
that variable source enrichment is not a factor. Typically Ti, Y, or the
heavy REE is used as the incompatible element, Cr, Ni, or Mg# (or
Se or V) as the compatible element (Pearce, 1980; Pearce et al., 1984).
Mutton et al. (this volume) use Cr as the incompatible element and
Ti and Y as the compatible elements. Ti is the most depleted element
(see Fig. 10) and, hence, least likely to have been added to the source.
Ti therefore has been adopted as the incompatible element. Mg# has
been chosen as a compatible "element" to enable experimental data
to be plotted on the same diagram (Fig. 16).

On this diagram, the range of potential mantle compositions forms
a subhorizontal trend outlined by the fertile MORB mantle (FMM)
estimate and the field of abyssal peridotites (e.g., Dick, 1989). Leg 125

784A-45R-1,101-106cm
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Sr Zr Sm Ti
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Figure 14. Extended REE patterns for some clinopyroxenes from Conical
Seamount and Torishima Forearc Seamount (from Parkinson et al., this
volume). The shaded area gives the range of patterns for depleted abyssal
peridotites (Johnson et al , 1989). The stippled region indicates possible
subduction zone enrichment.

harzburgite samples (using the accurate Ti data of Parkinson et al.
(this volume) and correcting for changes in Mg# caused by serpenti-
nization) plot as an extension of this trend to more depleted compo-
sitions. Trace element modeling has shown that equilibrium melting
is unable to account for the degree of incompatible element (including
Ti) depletion in abyssal peridotite (Johnson et al., 1989) and the same
conclusion holds for Leg 125 peridotite (Parkinson et al., this vol-
ume). Fractional melting, or incremental melting with small incre-
ments (<1% by mass), best fits the observed data, in keeping with
theoretical models of melt extraction (McKenzie, 1984). We have
superimposed a modeled mantle depletion curve, annotated according
to percentage of melt lost, on the fields of observed data using the
fractional melting equation. According to this model, the Leg 125
peridotite samples are residues from about 25% of melting. Note,
however, that the calibration of this trend depends on the choice of
melting rates and Ti distribution coefficients.

Our aim in using this diagram is to relate the primitive boninite
compositions from Leg 125 (plotted as a single group) to their average
mantle parent. To do this, we have plotted some primitive MORB
reference data (from Natland, 1989) and various melting trends. As a
starting point, we have drawn the theoretical batch equilibrium melt-
ing trend of fertile MORB mantle, annotated according to percentage
of melting, together with the field for experimental equilibrium melts
(10%-40%) of Tinaquillo lherzolite and a synthetic fertile spinel
lherzolite (Jaques and Green, 1980; Fujii and Scarfe, 1985). Neither
the MORB nor the Leg 125 boninite samples plot on this trend,
confirming that batch melting equations do not express the true
melting behavior of either MORB or boninite. By contrast, the
fractional melting trend formed by instantaneous fractional melts
from an FMM source passes through both the MORB and the boninite
compositions. Therefore, pooling of these fractional melts (or small
increments) in different ways could explain the observed scatter.

The compositions of the pooled melts lie close to the locus of
instantaneous fractional melts. We represent these in Figure 16 as the
integrated compositions of 10% fractional melting of mantle pre-
viously depleted by loss of 0,5,10, and 15 wt% of melt. For example,
the 5% mark gives the composition of the pooled melt for a total of
10% melting of mantle that has lost 5% of melt relative to an FMM
composition. The Leg 125 primary melts can be viewed as the product
of 10% pooled fractional melting of a fertile MORB mantle depleted
by 12%—17% during an earlier melting event. Note that fractional

638



MAGMA GENESIS DURING INITIAL SUBDUCTION STAGES

Table 5. Examples of primitive compositions (and their norms) of a low-Ca boninite
(LCB) and intermediate-Ca boninite (ICB) from Site 786.a

Core
Magma type
Dunite

SiO2

TiO2

A12O3

FeO
Fe 2O 3

MnO
MgO
CaO
Na2O
K2O
P 2 O 5

Total

Q
C
or
ab
an
di
hy
ol
tnt
il
ap

62R-3
LCB1

55.95
0.20

12.60
6.62
1.47
0.14

13.64
5.52
3.13
0.70
0.03

100.00

0.0

4
26
18
7.2

41
0
2.13
0.4
0.07

62R-3
LCB2

55.92
0.21

12.89
6.58
1.51
0.14

13.18
5.61
3.21
0.72
0.03

100.00

4.3

27
19
7

39.9
0
2
0.4
0.1

144

62R-3
LCB3

57.47
0.22

13.25
6.76
1.55
0.14

13.55
5.77
1.25
0.03
0.01

100.00

17
2
0
4.4

29
0

45.15
2.3
0.4
0.1

40

62R-3
LCB4

62.30
0.23
5.95
7.33
1.68
0.16

14.68
6.25
1.36
0.03
0.01

99.99

17
2
0
4.4

29
0

45.15
2.3
0.4
0.1

40

44R-1
ICB

54.17
0.25

13.55
6.95
1.55
0.20

12.26
8.23
2.44
0.36
0.03

99.99

27.1

762
193
374

44.6
27
57

7.6
139

36R-1
ICB2

55.08
0.27

14.41
6.60
1.65
0.20

10.04
8.74
2.59
0.39
0.03

100.00

ThD

55.99
0.27

14.65
6.71
1.68
0.20

10.21
8.88
1.35
0.04
0.01

100.00

Hz

59.40
0.29
9.43
7.12
1.78
0.22

10.83
9.43
1.46
0.04
0.01

100.00

aFor each, the first column (1) is the measured analysis, recalculated to 100%. The second column (2)
is corrected for phenocryst content. The third column (3) is corrected for sodium and potassium-
addition. The fourth column (4) is corrected for both alkali- and aluminum-addition to the mantle
source. Note the effect of the corrections on the norms and, hence, the effect on phase diagram
interpretations.

melting models mean that Ti is highly concentrated in the first melt
fractions, and diluted thereafter. As a result, the pooled melt compo-
sitions are relatively insensitive to the percentage of melting but
highly sensitive to source composition. For example, modeling pooled
melts from 5%, rather than 10%, melting only reduces the estimate
of mantle depletion by about 2 percentage points. Similarly, modeling
pooled melts from 15%, rather than 10%, melting only increases the
estimate of mantle depletion by about 1 percentage point. The diagram
therefore gives a good estimate of the average degree of depletion of
the various boninite sources. The low-Ca boninite, having the lowest
Ti content, must be derived from mantle at the upper end of the
depletion range (15%-20%); the high-Ca boninite, having the highest
Ti content, must be derived from the lower end of the depletion range
(10%—15%). By the same argument, the primitive tholeiitic melt,
estimated as having about 0.4 wt% of TiO2, indicates only a slightly
depleted source relative to FMM. Therefore, if the primitive lavas are
derived from mantle with the compositional zonation of sub-oceanic
lithosphere, the low-Ca boninite must be dominated by the pooling
of melt fractions from the uppermost part of the lithosphere and the
tholeiite by the pooling of melt fractions from the lowermost part.
This concept is examined further in subsequent sections.

Evidence for an Absence of Pre-subduction Mantle
Metasomatism

A second question is whether these depleted mantle sources un-
derwent any re-enrichment by asthenospheric melts before subduc-
tion. Re-enrichment has been invoked by a number of authors (e.g.,
Hickey-Vargas and Reagan, 1987; Beccaluva and Serri, 1988) who
suggest that silicate partial melts from an ocean island basalt (OIB)
source may be responsible. Several lines of geochemical evidence
suggest that this was not the case for the Leg 125 boninites. First, we
have already noted that the boninite samples have isotopic composi-
tions that plot on mixing trends between a depleted and an enriched

end-member (Fig. 11). These mixing trends also can be identified in
isotope and trace element diagrams (Pearce et al., this volume) and
trace element ratio diagrams (Murton et al., this volume) and enable
the composition of the enriched component to be estimated. We
reproduce a subset of the most important diagrams in Figure 17.

The Ti/Zr ratio is one of the most diagnostic in identifying end-
member compositions. In Figure 17A, we plot this ratio against Th/Zr,
a ratio with one of greatest dispersions in the Leg 125 lavas. This
diagram displays a progressive decrease in Ti/Zr ratio from values as
low as about 80 in the tholeiites from Site 782 through intermediate
values in the boninite clasts from Hole 786A and the late dikes to
values as low as 20 in the low-Ca and intermediate-Ca boninite from
Site 786B. This order is comparable to that observed in other isotope
and trace element diagrams (e.g., Fig. 11D) and, as a result, we
interpret it in terms of two-component mixing. Note that, by using
ratios, we reduce the effects of alteration and crystal cumulation. On
the plot of Ti/Zr against εNd (Fig. 17B), the mixing trend can be
defined more precisely as involving one end-member close to Pacific
MORB mantle (PMM) and the other with low εNd and low Ti/Zr ratio.
Pearce et al. (this volume) term the PMM component "A," and the
component with low Ti/Zr ratio "B." Figure 17A shows that neither
Pacific hot spots (represented by Hawaii) or island arcs (represented
by the Mariana arc) contain samples with such low Ti/Zr ratios. Thus,
although component B cannot be identified unequivocally on these
diagrams, it is apparent that it is not the same asthenospheric or
subduction component that contributes to most intraplate and vol-
canic arc variability.

The Nb/Zr also is particularly diagnostic. Nb is more incompatible
than Zr with respect to garnet and spinel lherzolite so that high Nb/Zr
ratios are characteristic of the small-volume asthenospheric melts asso-
ciated with mantle metasomatism. Moreover, Nb has low concentrations
in other, subduction-derived mantle components. Figure 17C is a plot of
Nb/Zr ratios against Th/Zr ratios in the Leg 125 samples. It is apparent
that ocean island basalts, represented by Hawaii, exhibit a marked
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Figure 15. Estimated primary boninite compositions from Leg 125 plotted as a Plagioclase projection onto the Di-Ol-Qz
face of the normative basalt tetrahedron (from Green, 1970). Cotectic lines for a range of pressures are shown (Falloon
et al., 1988) together with some representative boninite compositions (Crawford et al., 1989). The loci of points of
pyroxene elimination from the Tinaquillo Iherzolite (T) are also shown. Boninite data for each group are shown as
phenocryst-free and are linked by arrows to their Na-corrected and Na + Al-corrected equivalents.

increase in both Nb/Zr and Th/Zr ratios relative to MORB. By
contrast, the Leg 125 samples show a marked increase only in Th/Zr
ratios. The evidence thus suggests that there was no OIB component
in the boninite source. The equivalent isotope plot (Fig. 17D) illus-
trates an additional point. The Pacific MORB mantle component (A)
has the isotope composition of MORB but a much lower Nb/Zr ratio.
Such low ratios may be explained by a previous episode of melt
extraction in which the more incompatible element, Nb, is preferen-
tially depleted. Therefore, the Nb/Zr ratios provide further support for
derivation of the boninite from depleted rather than fertile MORB
mantle, i.e., from at least two stages of melting.

The isotope plots in Figure 11 indicate that Sr behaved differently
from Pb and Nd. The plots of Sr/Zr against Th/Zr and dSr (Fig. 18)
illustrate this observation. Figure 18A shows that the Sr/Zr ratios vary
little between most boninite groups, although the low-Ca boninite
does have lower ratios. The tholeiites from Site 782 also have low
Sr/Zr ratios, although these have experienced some Plagioclase crys-
tallization. Figure 18B indicates that the lavas from Leg 125 fall along
a possible mixing line but not between components A and B as defined
on the basis of other elements. Thus, it is necessary also to invoke the
enrichment of the depleted mantle (A) in a Sr-rich component (C).
The mixing trend in Figure 18B further indicates that component C
may have enriched the mantle before component B. Because compo-
nent C contains only the highly mobile alkali and alkali earth elements,
its probable origin is as aqueous fluids derived from a subduction zone.
If the mantle is enriched in component C before component B, both

components must also post-date subduction. We then can infer from
the mixing lines that the pre-subduction mantle (A) had the compo-
sition of depleted MORB mantle (sub-oceanic lithosphere) unen-
riched by asthenospheric fluids.

A final piece of evidence that component B is related to the
subduction event and is not a pre-subduction characteristic of the
mantle comes from the trace element geochemistry of the peridotites
and their constituent pyroxenes (Parkinson et al., this volume). The
whole-rock trace element patterns (Fig. 10) in the peridotites indicate
that the enrichment characteristics strongly resemble those of the
isotopic component B, with low Ti/Zr and Sm/Zr ratios. The clinopy-
roxene crystals owe their composition to two processes: (1) the
pre-subduction melting event, which depletes the mantle and, hence,
the clinopyroxene in both Ti and Zr; and (2) the subsequent enrich-
ment in Zr, Sr and light REEs relative to Ti and the heavy REEs. The
abyssal peridotite compositions define the mantle depletion trend
(Johnson et al., 1989). If Ti is plotted against another unenriched
element such as Dy, the Leg 125 peridotites plot on an extension of
this abyssal peridotite trend toward more depleted compositions
(Fig. 19A). According to the modeling in Figure 16, these Ti levels
correspond to about 25% of fractional melting. By contrast, when Zr
(and the other elements in component B) are plotted against Ti, the
Leg 125 samples are displaced to more Zr-rich compositions (Fig.
19B). Parkinson et al. (this volume) argue that the magnitude of Zr
enrichment indicates that this enrichment occurred during the melting
event and continued in the subsolidus state after melting had finished.
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Figure 16. Mg#-TiO2 diagram used as an indicator of the extent of source

depletion of the primitive Leg 125 boninite. See text for details.

An important part of this argument is that the harzburgite has a much
greater degree of enrichment than the mantle source of any of the
boninite groups.

In summary, therefore, the mantle before subduction probably com-
prised variably depleted MORB mantle unenriched by asthenospheric
fluids. All lines of evidence indicate that any enrichment of this litho-
sphere is related in some way to the subsequent subduction event.

CONSTRAINTS ON BONINITE GENESIS 2: NATURE
OF THE SUBDUCTION COMPONENT

Water Content of the Mantle Source

Newman and van der Laan (this volume) measured water contents
of about 1.4 to 1.7 wt% in intermediate-Ca bronzite-andesite glass
samples from Leg 125. After correction for fractionation, this gives
an estimated water content of 1.4 to 1.5 wt% in the primary magma.
This value is comparable to the water contents of 1.6 to 1.7 wt%
determined by Dobson and O'Neill (1987) for primitive low-Ca
boninite magmas from Chichi-jima. For a degree of partial melting,
F, the wt. proportion of water in the mantle would then have been
1.5×F, assuming that water is totally incompatible during melting
(i.e., that there are no residual hydrous phases) and is retained by the
erupted magma before quenching. The likely degree of partial melting
of 10%±5% gives a water content of 0.15%±0.075 wt%. This value
compares with 0.01 wt% to 0.04 wt% in fertile MORB mantle
(FMM), 0.02 wt% to 0.22 wt% in back-arc basin mantle, and values
up to 0.22 wt% and perhaps as much as 0.5 wt% for the sources of
island arc tholeiites (Newman and van der Laan, this volume). Given
the strong evidence for at least two stages of melting and the likeli-
hood that the first stage removed almost all the water in the original
source, virtually all water in the boninitic source must have been
derived from the metasomatic component or components added to the
source after this first stage of melting.

Major Element Enrichment

We have shown that the source prior to subduction and remelting
was depleted (residual) MORB mantle that had not experienced any
re-enrichment by asthenospheric fluids and that the major element
composition of the boninites cannot be explained without invoking
significant modification of the major element composition of mantle
source by subduction fluids. The two dominant major elements, Si
and Mg, are likely to be buffered by their high concentrations in

mantle peridotite. However, Na, Al, and Ca are of sufficiently low
concentration in depleted lherzolites that they may be affected by the
subduction zone input. We cannot easily monitor this effect by study-
ing the Leg 125 harzburgite because the concentrations of these
elements are so low and because of the effects of subsolidus enrich-
ment. Therefore, we adopt the approach of examining the Leg 125
boninite data on plots of the most unenriched element (Ti) against the
key elements and element ratios.

Figure 20 gives the plot of Na2O against TiO2. To indicate the
likely range of compositions for magmas derived from unenriched
mantle, we have plotted a representative set of primitive MORB
compositions from Natland (1989). These form a band of decreasing
Na with decreasing Ti, consistent with derivation from variably
depleted mantle in ascending diapirs that undergo progressive melt-
ing. Primitive island arc basalts, including those from the Mariana
arc, occupy the same band, indicating that any Na addition to the
source of these magmas is small compared with the pre-subduction
Na content of the source. By contrast, the primitive rocks from Site
786 plot off the lowest end of the MORB trend toward high Na values.
The low-Ca boninite has both lowest Ti and highest Na, the high-Ca
boninite has highest Na and lowest Ti, and the intermediate-Ca
boninite falls between the two groups. Because alteration is signifi-
cant in the Leg 125 cores, one can argue that alteration is responsible
for this dispersion. However, glass composition analyses by Newman
and van der Laan (this volume) and van der Laan et al. (this volume),
although not primitive, plot within the same region as the altered
boninite samples when corrected for fractionation. Thus we conclude
that the source for Leg 125 boninites was significantly enriched in
Na. A similar conclusion was reached in the study of some other
boninite terranes (Crawford et al., 1989). Potassium enrichment also
is apparent from the trace element patterns in Figure 10.

We use the plot of CaO/Al2O3 against TiO2 for the primitive
boninites from Leg 125 (Fig. 20B) to demonstrate the relative enrich-
ment of Ca and Al in the boninite source. The data sources are the
same as those in Figure 20A. Primitive MORB follows a trend of
increasing CaO/Al2O3 ratio with decreasing Ti. This is a logical
consequence of the breakdown of aluminous spinel in the early stages
of melting, which causes the first melt increments to have low ratios
compared with the fertile MORB mantle ratio of about unity. The
high-Ca boninite samples plot on the same trend, but we cannot be
certain in the absence of glass analyses that alteration was insignifi-
cant. By contrast, the primitive low-Ca and intermediate-Ca boninite
(altered rocks and fresh glasses) have significantly lower CaO/Al2O3

ratios. In the absence of any obvious explanation related to the melting
process, we interpret this observation in terms of addition of a
component with high Al/Ca ratio to the boninite mantle source.

Supporting evidence from the peridotite for enrichment by Al-bearing
fluids is more equivocal. Most peridotite samples fall on an extension of
the abyssal peridotite trend in the Al2O3-CaO diagram (Fig. 12B). How-
ever, aluminum addition may explain why the residual chrome spinel
(and orthopyroxene) is more aluminous (lower Cr#s) than we expect for
the observed Fo content of the olivines (Fig. 12A).

Trace Element and Isotope Constraints

Figures 10 and 17 provide convincing evidence that the boninite
mantle sources have experienced a distinctive type of trace element
and isotope enrichment that is not apparent in the present-day Izu-
Bonin or Mariana arc-trench systems. Three different approaches
have been used in this volume to assess the composition of the
subduction component:

(1) The MORB-normalized trace element patterns. The trace
element patterns published by Murton et al. (this volume) can be
broken down into a mantle component and a subduction component
using the methodology of Pearce (1983) and Stern et al. (1991). A
base level is first drawn to give the composition the magma would
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Figure 17. Diagrams showing trace element and isotope-trace element variations (C and D from Pearce et al., this volume) for the various volcanic rock types
recovered during Leg 125. The Mariana and Hawaii fields in A and B show that the observed variation trends cannot be inteΦreted simply in terms of subduction
and asthenospheric mantle enrichment components. C and D give modeled mixing lines between two end-members, A and B, as discussed in the text. PMM =
Pacific MORB mantle.

have produced if no subduction had taken place. We estimate this level
by taking the pooled melt from 10% fractional melting of FMM
depleted by an earlier episode of 10% fractional melting. The ob-
served pattern is then subtracted from this base level to give the pattern
for the enriched component. Figure 21A shows the component ob-
tained in this way, normalized to a Pacific MORB mantle for consis-
tency with Figures 21B and 21C.

(2) The composition of the isotopic end members (Pearce et al.,
this volume). The mixing lines on isotope-trace element diagrams
(Fig. 17) constrain the trace element ratios of the isotopic end mem-
bers. Pearce et al. (this volume) argue that one end-member (A) has
the isotopic composition of MORB mantle, depleted in incompatible
elements by a previous episode of melting at a mid-ocean ridge. The
εNd value, and hence composition, of the second end-member (B) is
constrained in particular by its low Ti/Zr ratio, which would lie below
zero for εNd values less than about 4. Trace element ratios for an εNd
value of 5 taken from the various mixing curves give the enrichment
pattern shown in Figure 2 IB. Note that the level of the pattern is based
on the assumption that the Ti content of component B is the same as
that in Pacific MORB mantle. Note also that this pattern underesti-
mates the total enrichment of the mantle in Sr, as component C (not
plotted) also contains high concentrations of this element.

3. Peridotite trace element patterns. Parkinson et al. (this volume)
computed the nature of the enriched component in the peridotite. The

methodology used is similar to that used for interpreting the trace
element patterns in the boninite samples. The theoretical pattern for
the residue from 25% fractional melting of FMM is subtracted from
the observed patterns. Figure 18C shows the resulting enrichment
pattern. Note that the magnitude of the enrichment is greater than that
estimated from the boninite. Parkinson et al. (this volume) explain
this observation in terms of subsolidus metasomatism by this compo-
nent or a component of comparable composition.

All three approaches make assumptions about the melting process,
but these affect the level more than the shape of the patterns. Certain
aspects of the trace element character of the enrichment component
(or components) are the same: (1) high Zr/Sm and high Zr/Ti ratios,
(2) high LIL element contents, (3) a negative Nb anomaly with respect
to La and Th or Rb, and (4) LREE enrichment.

The isotopic systematics published by Pearce et al. (this volume)
further demonstrate that, in common with many Western Pacific
boninites, the lead-isotopic ratios of the three boninite types from Leg
125 lie close to the Northern Hemisphere Reference Line, the line
joining MORB and ocean island basalts from northern hemisphere
ridges and hot-spots (Fig. 11). This plot is in marked contrast to many
recent arcs, including the Mariana arc, samples from which are
displaced toward pelagic sediment. Volcanogenic sediment does,
however, lie on the isotope mixing trends on Pb and Nd isotope space
and may contribute to the subduction component.
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Figure 18. Diagrams (A from Murton et al., this volume and B from Pearce et
al., this volume) to highlight the behavior of Sr during boninite genesis. B
suggests that an additional component (C) is required for understanding the Sr
variations in the boninite.

THE ORIGIN OF THE SUBDUCTION COMPONENT

The Role of Amphibole

None of the major anhydrous phases are capable of significant
fractionation Zr/Ti and Zr/Sm ratios. However, the pattern of amphi-
bole-liquid partitioning (Fig. 22) indicates that amphibole could
provide an explanation. In particular, the REE part of the pattern has
a peak between Dy and Er, a mirror image of the rare earth patterns
in the Leg 125 boninite samples. Moreover, the amphibole-liquid
partition coefficients are high for Ti and low for Zr relative to the REE
levels. We therefore propose that amphibole is a "key player" in
boninite genesis at Site 786. There are, however, a number of ways
in which amphibole might be involved.

Amphibole could be a residual phase in the melting process.
However, Green's (1973) experiments demonstrate that amphibole
should not be retained in the mantle at temperatures above 1200°C
and in the presence of about 0.2 wt% water, the conditions prevailing
during the genesis of the boninite suites from Site 786. Therefore, it is
more likely that amphibole was involved in the genesis of the component
or components that metasomatized the mantle source. Here we examine
two options: the fractionation of trace elements by chromatographic
effects during passage of small melt fractions through amphibole-bearing
mantle; and the fractionation of trace elements by residual amphibole
during the creation of the subduction component itself.
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Figure 19. Dy and Zr plotted against Ti from pyroxene data from Leg 125 and
abyssal peridotites (from Parkinson et al., this volume). Leg 125 data plot as an
extension of the abyssal peridotite trend when Dy is plotted against Ti in A,
indicating that neither element is significantly enriched by subduction fluids. Zr
is displaced from the abyssal trend in B, indicating Zr enrichment. The dispersion
of the data indicates that some enrichment may have postdated melting. Abyssal
peridotite data (diamonds) are taken from Johnson et al. (1989).

The Role of Chromatographic Fractionation

Navon and Stolper (1987) propose that chromatography may be
important in subduction zone magmatism. In the Navon and Stolper
model, fractionation is achieved during two-phase flow within the
sub-arc diapir. This is unlikely to be effective in boninite genesis
because, as we noted, the amphibole is not a liquidus phase at the
temperatures involved. Thus, Ti and Sm should not be fractionated
from Zr and Hf. Any fractionation must therefore take place during
the metasomatic event.

In any subduction regime, a boundary layer of amphibole-bearing
peridotite can form between the subduction zone itself and the zone
of melting (Tatsumi, 1989; Davis and Stevenson, in press). Subdue -
tion-derived or asthenospheric fluids could pass through this "col-
umn," which would then preferentially retain the elements that are
most compatible with amphibole, particularly Ti and the middle-
heavy REEs. The melt emerging from this column should then have
high ratios of Zr/Ti and Zr/Sm. Stern et al. (1991) argue that Pb
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Figure 20. Na2O and CaO/Al2O3 plotted against TiO2 for primitive boninites from
Leg 125 and primitive basalts from the Mariana arc and mid-ocean ridges. The plots
indicate enrichment of the boninite sources in Na and Al as well as many trace
elements. LCB = low-Ca boninite, ICB = intermediate-Ca boninite, HCB = high-Ca
boninite, ICBrzA - intermediate-Ca bronzite andesite. Leg 125 data sources are
Arculus et al. (this volume) and Newman and van der Laan (this volume).

exchange in a column of this type could explain why most western
Pacific boninites show no pelagic sediment signature. Given time and
a static mantle, the column would rapidly be used up. If, however, this
zone is itself being dragged downward along the subduction zone, it
could constantly be replenished by new material. The model of
Tatsumi (1989) and others requires that amphibole break down on
being dragged to greater depths and that this releases water and other
elements for the genesis of island arc magmatism. In this way, the
high Sm/Zr ratios in arc magmas might be the complement of the high
Zr/Sm ratios in the forearc.

Despite the elegance of this model, however, it does not explain a
number of aspects of composition of Leg 125 boninites, in particular: (1)
the coherence of Pb and Nd isotopes, (2) the enrichment of the source in
aluminum as well as trace elements, and (3) the fact that boninite from
Chichi-jima does have a pelagic sediment signature. Moreover, thermal
modeling shows that the amphibole-bearing boundary layer between the
subducted slab and the zone of melting may be very thin in the initial
stages of subduction. We therefore prefer to find the explanation in the
nature of the subduction component.
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Figure 21. Trace element enrichment patterns in the subduction component in
the boninite source, derived independently from trace element patterns (A)
(Murton et al, this volume), isotope-trace element covariations in boninites
(B) (Pearce et al., this volume), and trace element patterns in harzburgite (C)
(Parkinson et al., this volume). PMM = Pacific MORB mantle.

Origin by Melting of Subducted Oceanic Crust in
Amphibolite Facies

Given the lack of suitable published models on slab melting in
amphibolite facies, we provide a preliminary investigation in the
appendix. Our conclusion is that trondhjemitic melts with high Zr/Sm
and Zr/Ti ratios can be generated by partial fusion of MORB in
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Figure 22. Amphibole-melt partition coefficients for different melt composi-
tions. The patterns are the inverse of patterns in low-Ca and intermediate-Ca
boninite, indicating possible involvement in boninite genesis.

amphibolite facies. The precise composition of these melts depends
on temperature and availability of water. The greatest fractionation of
these trace element ratios, but the lowest absolute abundances of the
elements, is achieved at the lowest temperatures. The temperature
required to initiate melting is determined by whether melting takes
place under water-deficient or water-saturated conditions. To decide
this, one must consider the overall fluid flux within the subduction
zone. In general, the uppermost part of the slab should contain more
water than is necessary to generate amphibolite. This is because the
original basalt, and its metamorphic products up to greenschist facies,
will contain more water than that needed to convert all mafic phases
to amphibole. Because of the inverse metamorphic gradient at the top
of the subducted slab, water from breakdown of greenschist facies
minerals can penetrate the melt zone from below, while fluids also may
flux upward along the mantle-crust interface. Even so, we do not envisage
that the fluid flux will be sufficient to saturate any melt generated.

Whatever the details of the melting process, we can conclude that
slab melting is capable of generating subduction components contain-
ing high Ti/ Zr, Zr/Sm, and La/Sm ratios. Moreover, in order for the
observed subduction component to be related to slab melting, the
following conditions must hold: (1) the temperature must be high
enough to initiate melting in water-deficient conditions and (2) the
temperature must not be sufficiently high for hornblende to melt
completely (or the Zr, Hf anomaly will not be present). Temperatures
on the order of 800° C to 1000° C are likely. The principal pressure
constraint is that melting must be in amphibolite facies with no
residual garnet, otherwise the intermediate and heavy REEs would be
fractionated (Brophy and Marsh, 1986). Therefore, the depth should
lie below about 60 km.

Note that this concept of slab melting is consistent with the thermal
modeling of Peacock (1987, 1990). He shows that slab melting is to
be expected up to about 30 Ma after subduction of young crust and
that melting at shallow depth is the theoretically predicted fate of the
earliest crust to be subducted.

CONSTRAINTS ON BONINITE GENESIS 3: THE
PARTIAL MELTING PROCESS

Physical Constraints on the Degree of Partial Melting

We have inferred that the boninite formed from mantle lithosphere
that had already lost a melt fraction during its earlier history at a
mid-ocean ridge. The question we address now is the additional
melting required to generate the boninitic magmas. Any model of
mantle melting has to be consistent with physical constraints. The data
accumulated in this volume by van der Laan et al. and Newman and
van der Laan et al. constrain the water content, depth, and temperature
of the mantle, and this in turn helps to determine how much melting
is possible. We estimated the water content of the mantle as 0.15+0.075
wt% from the data of Newman and van der Laan (this volume). The
pressure and temperature constraints are discussed by van der Laan
et al. (this volume) and are summarized briefly below.

Our main constraints for the P-T conditions for boninite genesis
in the western Pacific come from experiments on boninite glass from
Chichi-jima in the Bonin Islands (van der Laan, 1987; van der Laan
et al., 1989), which has a major element composition similar to that
of the Leg 125 low-Ca boninite. van der Laan (1987) demonstrates
that the olivine phenocrysts identified in the Leg 125 boninites could
only have been a liquidus phase within a narrow window in P-T-X
space (Fig. 23). Thus, van der Laan et al. (this volume) propose that
the low-Ca boninite magmas segregated and started to crystallize
within a narrow range of about 1260°C-1275°C and 0.8-1.6 kb.
High-Ca boninites are less well constrained, to within 0.5 and 3 kb
and 1230° C-1240° C, and intermediate-Ca boninites must lie be-
tween the ranges of the low-Ca and intermediate-Ca boninites. These
temperatures correspond well to geothermometry on the boninite
MD94 from Chichi-jima, which gives a temperature on the order of
1260° C (Dobson, 1986).

The significance of this temperature is emphasized by Figure 23B.
The heavy lines in this figure give the solidi for mantle already
depleted by loss of 10% melt from a fertile MORB mantle composi-
tion. The dry solidus is taken from McKenzie and Bickle (1988). The
shape of the solidus for metasomatized mantle with a water content
comparable to that in the boninite source is taken from Green's (1973)
experiments on pyrolite. We assume that the solidus depression for
depleted mantle is comparable to that of pyrolite, lying at about 100° C
below that for the dry solidus at shallow depths, increasing to about
150° C at 10 kb and about 200° C at 15 kb.

The solidus for the metasomatized mantle indicates that melting
of the boninite source should start at or below 1200° C, well below
the estimated temperature of primary low-Ca boninite magma. Fur-
thermore, Green (1973) reports that amphibole disappears very close
to the pyrolite solidus. Prograde melting should therefore give a small
quantity of water-rich melt at relatively low temperatures, but most
melting will take place above the dry solidus.

Essentially, the maximum possible degree of melting is obtained
by injecting the water into an ascending diapir of fertile MORB
mantle that has not yet undergone melting. Davis and Bickle (in press)
use the experiments of Green (1976) to show that 3% to 8% of extra
melting can be achieved in this way. According to Figure 3 of Green
(1973) about 8% of extra melt can be extracted from a pyrolite melt
at shallow depths by addition of 0.2 wt% water. We do not know the
extent to which fractional, rather than equilibrium, melting affects
these values, but we assume here that the difference is small. The
model for the compositional zonation of oceanic lithosphere of Scott
and Stevenson (1989) gives 0% depletion at about 60 km and 20%
depletion at the Moho. Thus a rough estimate of the maximum
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Figure 23. A. Summary of the experimental constraints on the P-T conditions of genesis (shaded) of the boninite compositions encountered at Site 786, as determined
by van der Laan et al. (1989). The likely range is constrained by the water content of the boninites, as measured by Newman and van der Laan (this volume), and
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extractable melt from fertile MORB mantle is 28%, 8% caused by
addition of water and 20% by decompression during its rise to the
Moho. Mantle already depleted by 10% melting (a possible average
HCB source) can undergo a maximum of 18% melting, 8% caused
by addition of water and 10% by decompression to the Moho. Mantle
already depleted by 15% melting (a possible average LCB source)
can undergo a maximum of about 13% melting, 8% caused by
addition of water and 5% by decompression to the Moho. The
enrichment of the lithosphere in Na will increase these estimates by
an unknown amount. Note that the estimates assume separation of
melt and residue at the Moho. The average degree of melting of the
pooled melt increments depends on the geometry of the melt regime
and is likely to be half the values quoted above, in the range of about
5% to 10%.

The second constraint is temperature loss. A rough estimate of the
effect of temperature on melt generation under dry conditions is that
every 10°C fall in temperature reduces the degree of melting by 1%.
Thus, loss of heat by oceanic lithosphere according to the oceanic
cooling curve rapidly reduces the capacity for melt generation such
that very little melt can be extracted from the uppermost mantle
lithosphere after even 2 Ma. The cooling effect is, of course, even
greater if the lithosphere is underlain by a subduction zone. Approxi-
mate cooling curves for 2 and 4 Ma oceanic lithosphere are shown in
Figure 23B, ignoring the subduction effect. It is apparent that, for a
given source composition, the boninite eruption temperature will fall

after a small time interval, the length of that interval depending on the
depth of the source. Even if reheated from below by conduction from
a MORB during ridge subduction or rifting, the mantle temperature
cannot approach the temperature of the original MORB diapir over
the wide region necessary to generate the observed volume of bo-
ninite. We therefore cannot escape the conclusion of van der Laan
(1987) that boninite genesis takes place by melting of oceanic litho-
sphere almost immediately after that lithosphere formed. We also
infer from the high temperature of boninite genesis that the degrees
of melting lie close to the maximum values given above, on the order
of5%-10%.

Chemical Estimates of the Degree of Partial Melting

The best indicator of the degree of melting in the forearc may be
the peridotite rather than the boninite. Ishii et al. (this volume) use the
approach of Ishiwatari (1985) to assess the total degree of partial
melting undergone by the harzburgites. He uses the experimental data
of Jaques and Green (1980) and Mysen and Kushiro (1977) on some
of the characteristic diagrams for peridotite geochemical variations.
The Tinaquillo lherzolite and Hawaiian pyrolite, considered more
depleted and more fertile, respectively, than a fertile MORB mantle
source, bracket the behavior of the assumed source composition. The
extrapolation from the anhydrous experiments to the more hydrous
second stage of melting is unlikely greatly to affect the results. Ishii
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Figure 24. Cr# in spinel against forsterite content of olivine for the Leg 125
peridotites (Ishii et al., this volume). Equilibrium melting trends for pyrolite
and the Tinaquillo lherzolite (Jaques and Green, 1980) have been added (cf.
Ishiwatari, 1985).

et al. (this volume) examine the depletion of whole rocks in CaO and
A12O3 during partial melting. Both are steadily depleted as the aluminous
phase and clinopyroxene are progressively removed. By the time free
clinopyroxene is used up at about 25% melting, the concentrations of
both oxides lie well below 1 %. The harzburgite from Leg 125 has average
values of CaO and A12O3 of about 0.5 wt% (Fryer, Pearce, Stokking et
al., 1990), consistent with their being residues from 25% to 35% equilib-
rium melting (cf. Fig. 12B). Note, however, that the more rapid depletion
of Al during fractional melting may mean that these estimates are too
high, although this effect may be balanced by the possible enrichment of
the mantle in Al by subduction-derived fluids.

Because of these complications, we use instead the plot of Fo
content of olivine against Cr# in spinel (Fig. 24), calibrated in the
same way. On this diagram, the Fo content of olivine gave degrees of
melting of about 20%-25% using the Tinaquillo lherzolite data and
32%-37% using the pyrolite data. The Tinaquillo lherzolite is closest
in composition to the boninite source but has already lost about 5%
of melt compared with FMM (Fig. 16). Adding this 5% to the
Tinaquillo-based values gives a range of 25%-30% melting. The
spinel Cr#s give lower estimates but, as discussed, these may be
affected by aluminum metasomatism.

We also then have to take into account the difference made by
fractional rather than equilibrium melting. Figure 16 shows that a
pooled fractional melt has a lower Mg# than an equilibrium melt for
an equivalent degree of melting. The residue for equilibrium melting
will therefore have a lower Mg# for a given degree of melting. The
values given here are therefore maxima. Correcting for this effect we
find the percentage melting falls by several percent, to an average of
about 25%. This result is consistent with the mineralogy. The propor-
tion of residual clinopyroxene not formed by exsolution from orthopy-
roxene lies below 2%, indicating a degree of melting just below 25%.

If the arguments used in the last section are correct, this value of
about 25% represents the residue for the maximum melt that can be
extracted from a fertile MORB mantle in the presence of 0.2 wt%
water and without any significant cooling. It does not, however,
represent the residue for average degree of melting of the pooled
boninite melt.

A Diapiric Melting Model for Leg 125 Boninite Genesis

Three basic types of melting have been invoked to explain the
recovery of a spectrum of rock types drilled from low-Ca boninite to
intermediate-Ca boninite, high-Ca boninite and tholeiites: (I) in situ
melting triggered by input of fluids into mantle lithosphere (e.g.,
Taylor and Nesbitt, 1988; Taylor et al., in press); (2) in situ melting
triggered by an input of heat into mantle lithosphere (e.g., Crawford
et al., 1986); and (3) decompression melting triggered by adiabatic
upwelling of depleted mantle in an extensional environment (e.g.,
Duncan and Green, 1987). We illustrate these options in Figure 25,
together with the model of "normal" arc volcanism for comparison
(Fig. 25A).

Taylor and Nesbitt (1988) use volatile-induced melting to explain
spatial variations in the forearc. According to their model, the differ-
ent rock types represent melting at different depths during subduction
beneath zoned oceanic lithosphere (Fig. 25B). The low-Ca boninite
is derived from the uppermost part of the lithosphere nearest to the
trench, the high-Ca boninite and tholeiite from the deepest part of the
lithosphere furthest from the trench. The second model also requires
melting at different depths, but in this case the mantle is first metaso-
matized by a subducted slab, before heat transfer from asthenosphere
in a "slab-free window" triggers melting (Fig. 25C). A comparable
scenario (not shown) is heat transfer from an asthenospheric diapir
during rifting. The third type of model involves adiabatic upwelling
of zoned, depleted mantle (Fig. 25D), analogous to that proposed for
MORB generation from asthenosphere by lithospheric extension
(McKenzie and Bickle, 1988). In the third model, metasomatism takes
place while the subduction angle is shallow and the rigid lithosphere
is extended upon roll-back.

Whereas all three mechanisms may contribute to some extent to the
genesis of Leg 125 boninite, most lines of evidence indicate that adiabatic
upwelling rather than in situ melting was of greatest importance:

(1) The harzburgite represents the maximum degree of melting for
boninite genesis, but not the average degree of melting, indicating that
it is the most depleted residue from decompression melting and not
the average residue from in situ melting (Fig. 23B).

(2) There is strong evidence for extension, especially in the dike
swarm at the base of Hole 786B (Fig. 7).

(3) Experimental data point to shallow depths of melt segregation
for all boninite magma types (Fig. 23A).

(4) The compositions fit pooled melts from variably depleted
sources but not instantaneous melts (Fig. 16).

The type of model that fits these criteria may resemble that shown
in Figure 25D. Unlike the MORB diapir of McKenzie and Bickle
(1988), the boninite diapir is zoned before melting. The part of the
depleted mantle that is still able to advect melts on decompression.
The uppermost part generates least melt from the most depleted
lithosphere, and the lowermost part generates most melt from the least
depleted lithosphere. In a single diapir, the first melt comprises pooled
fractions from the most depleted mantle (low-Ca boninite), and the
later melts comprise pooled fractions from the least depleted mantle
(tholeiite). The upwelling process may be episodic so that the pooled
melts are polymodal rather than of continuous composition. Note that
the precise details of such a model depend on several factors, particu-
larly the nature of the oceanic lithosphere involved and whether
convection in the mantle wedge can disturb the simple zonation
depicted in Figure 25D. Moreover, we do not know whether the
subduction-derived fluids invade the mantle as extension proceeds or
whether the lithosphere composition is modified by incipient vola-
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Figure 25. End-member models for boninite genesis by fluid-induced (B), heat-induced (C), and decompression-induced (D) melting of the shallow mantle wedge.
A shows "normal" arc genesis for comparison.

tile-induced melting before extension. These aspects are the subject
of continuing investigations.

THERMAL CONSTRAINTS ON MODELS OF THE
GENESIS OF LEG 125 BONINITE AT THE

INITIATION OF SUBDUCTION

Our aim is now to examine the extent to which the proposed types
of tectonic models for genesis of Leg 125 boninite (listed in the
Introduction) are consistent with the petrogenetic constraints inferred
above. Many thermal models of subduction based on the 2D finite
difference method exist in the literature. None precisely model the
initiation of subduction at a ridge-transform intersection. However,
Hsui and Toksöz (1979) modeled the initiation of subduction in cold
oceanic lithosphere with and without viscous shear heating. In their
model, slab melting cannot initiate at shallower depths than the
amphibolite-eclogite transition, and thus this is not a viable model of
the genesis of Leg 125 boninite. To explain shallow melting of the
subducted slab, one must consider subduction beneath hot litho-
sphere, subduction of hot lithosphere, or advection of hot astheno-
sphere into the forearc (e.g., Peacock, 1990).

In Figure 26, we present a thermal model for the transition from
transform to subduction tectonics. We take two sections across the
transform zone just after subduction has started, one where ridge
subduction is taking place, the other where subduction beneath a ridge

is taking place. The location of these sections is shown in Figure 6.
The basic method of modeling is that of Peacock (1990) for a slab dip
angle of 45°. We do not aim at this stage to examine the full complexi-
ties of the process. Thus, no account is taken of shear heating along
the subduction interface, the heats of dehydration and fusion, or
advection within the mantle wedge.

Subduction Beneath Hot Oceanic Lithosphere of an
Active Ridge

Figure 26A shows the thermal structure that might be expected
after subduction of oceanic lithosphere beneath an active ridge crest
or very young oceanic lithosphere according to the model of Casey
and Dewey (1984). In this model, fluids and/or melt from subducted
lithosphere interact with the still-hot suboceanic lithosphere of the
overlying mantle wedge to trigger melting. As illustrated in the P-T
section in Figure 23B, melting can take place if the overlying litho-
sphere is young enough that it still exceeds the temperature of the
water-undersaturated mantle solidus. An end-member of this process
is subduction beneath an active ridge, in which the melt residue is
enriched from the subducted slab and remelted immediately after
becoming the residue from melting at the ridge axis. Figure 26A
shows that this setting provides sufficient heat to explain both slab
melting in amphibolite fades and melting of residual MORB mantle
at depths below 50 km. Moreover, a large volume of mantle in the
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Figure 26. Finite-difference thermal models for the genesis of boninites by
subduction beneath a ridge and subduction of a ridge. Modeling simulates a
ridge-transform system that has been placed in compression, along lines A and
B in Figure 6D. The methodology is broadly similar to that described by
Peacock (1990). The subduction rate is 5 mm/Ma, and spreading half-rates are
1 mm/Ma. The model spans a time period of 2 Ma. Shaded parts of the
subducted lithosphere and overriding plates below 800° C approximate to
mechanical lithosphere.

mantle wedge is potentially fusible under these conditions (fluid-
induced melting). We envisage that diapiric upwelling is induced by
the combination of the gravitational instability of this partially molten
mantle, the weakness and thinness of the overlying mechanical boundary
layer, and the extension associated with "trench pull." As noted
earlier, this setting also provides the simplest explanation for the high
temperatures of boninite genesis (van der Laan, 1987).

There are a number of possible extant examples of this process where
backarc spreading axes intersect a subduction zone or a zone of transpres-
sion, such as the southern part of the Mariana Trough, the northern Lau
Basin, or the northern Scotia Sea (Casey and Dewey, 1984). Boninite is

erupted in these settings, though high-Ca boninite is the dominant
magma type. In these areas, the subducted lithosphere is significantly
older than that modeled in Figure 26. This must cool the mantle wedge
and perhaps inhibit shallow melting. In the Mariana region, we argue,
the maximum temperatures in both the mantle wedge and the sub-
ducted slab are reached at the initiation of subduction, after which the
subduction process cools the overlying lithosphere.

Ridge Subduction and Subduction of Hot Lithosphere

We present a model for the ridge subduction aspect of the Western
Pacific plate reorganization in Figure 26B. De Long et al. (1979) were
among the first to examine the thermal and petrogenetic consequences of
ridge subduction, beneath thermally mature (rather than immature as
here) oceanic lithosphere. They conclude that this process may be a cause
of "anomalous near-trench magmatism." In their model, dehydration of
subducted lithosphere metasomatizes the overlying mantle, which then
is melted as the ridge is subducted and hot asthenosphere rises close to
the base of the mantle wedge. A time lag exists between ridge subduction
and the maximum temperature reached in the mantle wedge because of
the slow rate of conductive heat transfer.

For Leg 125 boninite, the difficulty with the model as published
by DeLong et al. (1979) is that the temperature of the mantle wedge
is too low to generate melt at shallow depths, because the wedge is
cooled by subduction of the slab before the subduction of the ridge.
This is true even in the modeled case of subduction beneath young
(10-20 Ma) lithosphere. Contact melting of metasomatized litho-
sphere by heat from the asthenosphere in the slab-free window can
generate a small amount of melt at the amphibole-controlled solidus
some 100° C or more below the likely boninite liquidus temperature.
The latent heat of melting and the progressive removal of the heat
source as subduction proceeds may, however, inhibit the generation
of much magma from highly residual mantle. Thus, whereas boninites
may be generated by ridge subduction, they are only likely to be
high-Ca boninite and, if not, may lie considerably below the melting
temperature required for Leg 125 boninites. For example, the high-
magnesium andesite from New Georgia emplaced above the subduct-
ing spreading center of the Woodlark Basin gives temperatures of
1100°C (groundmass quenching) and 1140°C (pyroxene phenocryst
geothermometry) (Johnson et al., 1987).

Therefore, we tentatively conclude that ridge subduction can aid
boninite genesis but is likely to have been instrumental in the genesis
of Leg 125 boninites only if ridge subduction had taken place beneath
young, hot lithosphere and if ridge subduction were not pre-dated by
subduction of a lengthy slab of old lithosphere.

A further relevant consequence of ridge subduction is the greatly
enhanced capacity for melting of the subducted slab. DeLong et al. (1979)
consider this possibility, which was investigated more extensively by
Defant and Drummond (1990) and Drummond and Defant (in press) (see
appendix). They argue that the most fertile zone of melting lies at 23 to
26 kb and 770° C to 115° C, where dehydration and wet partial melting
of the slab can occur together. They also note that dacitic arc magmas
with the right composition to have been derived directly from slab melting
are associated with subduction of young (<30 Ma) and hence hot litho-
sphere. All the acid rocks recovered during Leg 125 are derived by
fractionation of more basic parents and not by slab fusion. Thus, although
acid magmas are likely to be derived from the subducted slab, we require
that these magmas hybridize with the overlying mantle rather than erupt
directly at the surface. It is then the hybridized mantle that melts to give
parental boninite magma. This difference in behavior may be attributed
to the temperature of the mantle wedge. Acidic magmas derived from the
slab may originate at greater depths and erupt to the surface if the mantle
wedge is cool (as in Central America and Alaska), but they originate at
shallow depths and cause mantle melting when the wedge is hot.

Thus, we conclude that the most effective setting for generating
the low-Ca and intermediate-Ca boninites is the activation of subduc-
tion at or near an active ridge-transform intersection. In such a setting,
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subduction of young lithosphere can combine with subduction be-
neath young lithosphere. Such a model explains in particular (1) the
absence of any obvious subducted sediment component, as the sub-
ducted lithosphere would be young and sediment cover small; (2) the
melting of depleted mantle at high temperatures; and (3) the coinci-
dence of boninite generation and the change in Pacific Plate motion.

LEG 125 PETROGENESIS IN A REGIONAL
CONTEXT

Arculus et al., van der Laan et al., Murton et al., and Pearce et al.
(this volume) all note significant differences in composition between
the various boninite suites so far studied from the Western Pacific
"proto-arc" terrane (Figs. 1 and 4). Here we summarize some of these
differences in terms of a subset of the plots used earlier to investigate
the genesis of Leg 125 boninites: the rare earth and trace element
patterns; the Pb isotope plot; the Ti/Zr-εNd diagram; the TiO2-Mg#
diagram; and the Hf/Sm-La/Sm diagram. The data (summarized in
Table 6) are taken from:

1. The West Philippine Basin (Meijer, 1975)
2. Chichi-jima (Hickey and Frey, 1982; Cameron et al., 1983;

Dobson and Tilton, 1989)
3. Guam (Meijer, 1976; Hickey-Vargas and Reagan, 1987)
4. Saipan (Meijer, 1983)
5. DSDP Leg 60 (Mariana forearc) (Hickey-Vargas, 1989)
6. The Mariana inner trench wall (Stern et al., 1991)
7. Zambales ophiolite (Yumul, 1990)
8. Palau (J.A.P., unpubl. data)

REE patterns (Fig. 27A) and trace element patterns (Fig. 27B)
highlight the nature of mantle enrichment. Both vary widely between
the Western Pacific boninite localities. Of the REE patterns, the
Zambales ophiolite forms one end of the spectrum, with strongly
LREE-depleted patterns indicative of an absence of any LREE-bear-
ing subduction component. The Site 458 boninite also has LREE-
depleted patterns. At the other end of the spectrum, dredge site D28
has a strongly LREE-enriched pattern. Flat to slightly U-shaped
patterns are characteristic of boninite from Chichi-jima, Guam, and
dredge site D50, as well as Leg 125.

Of the trace element patterns, all exhibit enrichment of the most
mobile elements, Sr, K, Rb, Ba, and (to a lesser extent) Th relative to the
high field-strength (HFS) elements. The conventional explanation of this
enrichment is that it results in part from aqueous fluid fluxing from
subducted oceanic lithosphere. For the Leg 125 samples, it is equivalent
to component C of Pearce et al. (this volume). The Zambales sample
contains only this component, as do some samples from Palau, not shown
in this plot. Most other samples exhibit the additional enrichment in LREE
and many HFS elements that gives rise to the high Zr/Sm and Zr/Ti ratios.
For the Leg 125 samples, this is equivalent to component B of Pearce et
al. (this volume), which we interpret in this paper as the product of slab
fusion. Dredge site D28 exhibits the greatest enrichment in this compo-
nent, DSDP Site 458 the least.

The Pb isotope diagram (Hickey-Vargas, 1989; Dobson and Tilton,
1989; Stern et al., 1991; Pearce et al., this volume) (Fig. 28A) highlights
the magnitude of any pelagic sediment component in the mantle source.
It shows that most boninite series plot on or close to the Northern
Hemisphere Reference Line (NHRL). The principal exception is the
Chichi-jima boninite and, possibly, the Guam Alutom series, suggesting
that only the latter may have had a pelagic sediment component in their
source (Dobson and Tilton, 1989). The Ti/Zr-εNd diagram (Fig. 28B)
shows a similar feature. Most of the boninite suites can be explained by
mixing of two components, one similar to PMM (component A), the other
with low Ti/Zr ratio and εNd on the order of 5-8 (component B).
Chichi-jima, by contrast, displays a trend toward the low εNd, pelagic
sediment, component (D). These variations thus reinforce the interpreta-
tions made from the trace element patterns. Note that the aqueous

subduction component, component C, appears only in projections
involving Sr isotopes and mobile elements.

The TiO2-Mg# diagram (Fig. 29A) defines the variability in degree
of depletion of the mantle source. In particular, Chichi-jima and
dredge site 28 in the Mariana inner trench wall have low Ti contents
and are best explained by derivation from the most depleted sources.
Boninites from dredge site 1403 and drill site DSDP 458 have Ti
contents comparable to the low-Ca and intermediate-Ca boninite from
Site 786. Boninites from the Facpi group from Guam have Ti contents
comparable to the high-Ca boninite from Site 786. The Acoje Block
of the Zambales ophiolite has variable Ti values indicative of deriva-
tion from variably depleted sources. The Site 458 tholeiites, like the
Leg 125 tholeiites, have high Ti contents indicative of derivation from
sources closer to fertile MORB mantle.

The Hf/Sm-La/Sm diagram (Fig. 29B) highlights the variability
in the subduction component. This diagram discriminates between
two types of subduction vector. The first is directed toward both high
Zr/Sm and high La/Sm ratios, which we model in this chapter as the
product of partial fusion of oceanic crust in amphibolite facies. The
second is directed toward high La/Sm ratios and slightly lower Zr/Sm
ratios and is followed by lavas from the active Mariana arc. In keeping
with detailed interpretations of the chemistry of this arc (e.g., Wood-
head, 1989), we interpret this vector in terms of derivation from
dehydration and partial fusion of subducted sediment.

As the trace element patterns in Figure 27 also show, the Acoje
block of the Zambales ophiolite contains Eocene boninites derived
from mantle containing no REE-bearing component. Boninite from
Palau and Saipan and (for some samples) Guam, together with
tholeiites from Site 458, form a trend in the direction of the second
vector. Boninite from the Mariana trench, Site 458, Chichi-jima, and
Leg 125 plot in the direction of the first vector. Surprisingly, the
Chichi-jima boninite does not follow the Mariana vector, despite its
lead isotope pelagic sediment signature. Mixing calculations, not
carried out to date, may resolve this "anomaly."

The diagrams in Figures 27-29 emphasize the wide variability in
almost all aspects of petrogenesis for the Eocene and early Oligocene
boninites from the Western Pacific: degree of melting, degree of
source depletion, pre-subduction mantle composition, and subduction
component. The Eocene boninite samples collected during Leg 125
represent in many respects an average petrogenetic history.

At this stage in our understanding, perhaps because of the small
number of localities, it is difficult to identify many systematic spatial
variations in petrogenesis. Note, however, that it is the most southerly
localities (Zambales and Palau) that contain no obvious (inferred) slab
fusion component. The reconstruction in Figure 4 places these south-
ern localities alongside the active spreading center in the West Phil-
ippine Basin. By contrast, Chichi-jima and the Leg 125 boninite sites
are located alongside the Oki-Daito-Amami province, adjacent to
Cretaceous or Paleocene lithosphere at Site 786. If this is correct, the
Leg 125 boninites should, according to the discussion presented
earlier, have lower temperatures and a more enriched pre-subduction
mantle. As the mantle wedge will be cooler, they should also have a
smaller "slab-fusion" component. The fact that none of these features
are observed indicates that this model is too simplistic and that simple
juxtaposition of the West Philippine Basin and the "proto-arc" may
not give the complete story.

We can also recognize temporal variations. Most enigmatic is the
fact that the Chichi-jima boninite is the only Eocene rock type to be
displaced from the NHRL on a Pb isotope diagram. Advocates of an
origin for Chichi-jima before plate reorganization argue that Chichi-
jima boninite differs from Leg 125 boninite because it is older and
had a different tectonic setting. As we noted in an earlier section,
however, there may be other explanations. It is also apparent that the
early Oligocene boninite and tholeiite series volcanic rocks lie closer
to MORB in their isotope and trace element characteristics than the
Eocene boninites and have compositions that suggest melting of less
residual mantle and, hence, a deeper source. This circumstance could
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Table 6. Representative analyses of boninite samples from Leg 125 and other parts of the Western Pacific Eocene-Oligocene province.a

Region

Unit
Sample
Rock type

SiO2

TiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P2O5

LOI

Se
Cr
V
Ni
Co
Cu
Zn

Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Hf
Ta
Pb
Th
U

Leg
125

786B
62R-3
LCB

55.40
0.21

12.48
8.78
0.13

13.51
5.46
3.30
0.69
0.03

4.33

29.0
1036

166
306

45.0
60
63

6.4
107

7.2
35

0.53
47

1.81
3.86
0.59
2.84
0.81
0.27
0.97
0.16
1.05
0.23
0.69
0.11
0.80
0.14

0.90
0.03
1.50
0.27
0.18

Chondrite normalized

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

5.84
4.78
4.84
4.73
4.15
3.67
3.75
3.38
3.26
3.20
3.29
3.40
3.83
4.35

Leg
125

768B
11R-1
ICB

56.43
0.23

13.56
8.02
0.15

11.45
6.84
2.87
0.44
0.01

2.8

29.2
543
171
157
36.3
40
71

5.7
165

5.1
40

0.62
19

1.31
3.37
0.48
2.32
0.61
0.24
0.78
0.14
0.84
0.17
0.56
0.10
0.70
0.11

1.02
0.03
2.37
0.34
0.13

4.23
4.17
3.93
3.87
3.13
3.27
3.01
2.95
2.61
2.37
2.67
3.09
3.35
3.42

Leg
125

786B
67R-1
ICB

55.11
0.26

12.95
7.84
0.15

13.60
6.97
2.87
0.22
0.04

2.56

33.7
786
202
296

38.5
56
58

3.1
136

6.5
27

0.44
7.6

1.15
2.57
0.37
1.97
0.61
0.22
0.81
0.15
1.00
0.21
0.72
0.12
0.75
0.11

0.70
0.03
0.72
0.17
0.12

3.71
3.18
3.03
3.28
3.13
2.99
3.13
3.16
3.11
2.92
3.43
3.70
3.59
3.42

Leg
125

786B
40R-2
HCB

50.51
0.33

12.90
8.61
0.15

12.19
12.73
2.27
0.28
0.04

5.46

27.1
762
193
374

44.6
27
57

7.6
139

8.2
26

0.53
15

1.50
3.05
0.50
2.61
0.80
0.31
1.06
0.20
1.30
0.30
0.84
0.14
0.87
0.13

0.70
0.02
0.84
0.18
0.14

4.84
3.77
4.10
4.35
4.10
4.22
4.09
4.22
4.04
4.18
4.00
4.32
4.16
4.04

Chichi-
jima

Marubewan
X108
ICB

58.01
0.14

11.64
10.21
0.15
9.94
6.82
2.42
0.66
0.01

4.43

30.3
481
176
103
35.0
89
66

13.0
86
4.0

27
0.66

35

0.86
1.80
0.24
1.24
0.47
0.14
0.46
0.08
0.62
0.13
0.48
0.07
0.68
0.12

0.75
0.06
1.51
0.16
0.13

2.77
2.23
1.97
2.07
2.41
1.90
1.78
1.69
1.93
1.81
2.29
2.16
3.25
3.73

Mariana
Trench
Site 28

28-1
LCB

60.75
0.16

11.40
8.03
0.13

11.51
5.08
2.24
0.65
0.04

2.96

22.8
722
126
234

39
39

9.9
154

4.0
41

0.49
36.02

4.14
0.54
2.30
0.64
0.21
0.59
0.15
0.71
0.13
0.43
0.07
0.49
0.11

1.12
0.05
1.99
0.23
0.21

4.10
5.12
4.43
3.83
3.28
2.86
2.28
3.16
2.20
1.81
2.05
2.16
2.34
3.42

Mariana
Trench
Site 50
50.17
ICB

57.11
0.18

10.74
8.78
0.14

14.55
7.08
0.62
0.74
0.05

2.96

1136
144
337

65
66

9.7
72
5.3

30
0.50

17.7

1.27
2.98
0.40
1.72
0.58
0.18
0.62
0.14
0.84
0.20
0.51
0.10
0.69
0.09

0.63
0.09
1.22
0.08
0.09

1.74
3.69
3.28
2.87
2.97
2.45
2.39
2.95
2.61
2.79
2.43
3.09
3.30
2.80

Mariana
Trench

Site 1403
44

LCB

58.68
0.23
9.86

10.10
0.14

12.15
6.35
1.86
0.55
0.08

3.6

25.0
1404

111
669

85.0
42
42

13.8
46

4.2
22
0.41

12.4

0.54
1.87
0.27
1.46
0.43
0.12
0.48
0.10
0.62
0.13
0.40
0.06
0.46
0.08

0.61
0.03
0.67
0.12
0.18

10.39
2.31
2.21
2.43
2.21
1.63
1.85
2.11
1.93
1.81
1.90
1.85
2.20
2.48

Guam

Facpi
89-1
ICB

55.07
0.49

13.95
8.54
0.14

10.02
7.85
2.86
1.02
0.04

3.16

29.0
566
212
186

57
65

9.1
97
14.3
47

2.36
70.1

3.22
7.36
1.05
5.00
1.36
0.46
1.60
0.36
2.39
0.54
1.53
0.25
1.60
0.27

1.45
0.16
1.82
0.68
0.38

1.68
9.11
8.61
8.33
6.97
6.26
6.18
7.59
7.42
7.52
7.29
7.72
7.66
8.39

ODP
Leg 60
Site 458

40-1
ICB

54.23
0.34

15.95
10.28
0.11
8.25
7.53
2.12
1.15
0.04

276
199
71
39.0
45
86

14.9
101

5.6
37

2.20
16

0.52
2.00
0.40
1.54
0.53
0.20
1.35
0.14
1.62
0.37
0.99
0.23
0.68
0.11

0.80
0.06
1.79
0.13
0.16

3.19
2.48
3.28
2.57
2.72
2.72
5.21
2.95
5.03
5.15
4.71
7.10
3.25
3.42

Palau
Is.

Babelthaup
Pa86-14

HCB

53.65
0.47

12.01
8.12
0.16

11.95
12.50
0.89
0.05
0.21

4.01

659
256
205

157
54

LO
133

15.7
20
0.23

13.2

0.99
2.18
0.16
2.46
0.99
0.37
0.87
0.26
1.40
0.33
1.07
0.17
1.14
0.19

0.60
0.01

1.23
2.70
1.31
4.10
5.08
5.03
3.36
5.49
4.35
4.60
5.10
5.25
5.45
5.90

Zambales
Ophiolite

Acoje
Z298
HCB

052.99
0.34

16.18
8.80
0.18

10.64
9.26
0.89
0.70
0.02

37.9
416
265
113

19.1

134

2.2
58
10.6
12
0.11
7.1

0.38
0.89

0.94
0.53
0.24

0.19

1.22
0.17

1.29
0.04

0.46
0.19

1.10

1.57
2.72
3.27

4.01

5.84
5.28

aData are from publications cited in the text, augmented by unpublished XRF major and trace element data (analyzed by R.J.A. at UNE) and ICP-MS trace element
data (analyzed by J.A.P. and D.W. P. at Durham).

651



J. A. PEARCE ET AL.

50 -i

Qi

•H 1 0

T3

O

S 5

Site 786 boninites

T

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

10 -

CG

O

0.1

o Chichijima

• Guam

G Zambales

• DSDP458

* Dredge D28

Δ Dredge D50

i i i i i i i i i i i i i i i i

Sr K Rb Ba Th Ta Nb La Ce Nd Zr Hf Sm Ti Y Yb

Figure 27. REE and trace element patterns for boninite and tholeiite samples

from other parts of the Western Pacific Eocene province showing the compari-

son with Leg 125 data.

be explained by cooling of the mantle wedge after the initiation of
subduction so that the shallowest levels are no longer fusible by the
early Oligocene.

In summary, the change from a transform to compressional plate
margin may provide a wide range of settings for boninite genesis and,
hence, a wide range of petrogenetic histories. Ridge subduction,
subduction beneath active ridges, and subduction of young litho-
sphere beneath young lithosphere are all likely processes and will, in
detail, give different boninite types. Further work, and further drilling,
are, however, needed to deduce the precise geometrical relationships
between the boninite provinces.

CONCLUSIONS

1. During Leg 125, scientists sampled the Izu-Bonin and Mariana
forearc basement at a number of sites. Site 786 penetrated an Eocene
boninitic edifice cut by dikes and sills mainly of early Oligocene ages.
Site 782 penetrated early Oligocene tholeiitic andesite and dacite.
Sites 778-780 and 783-784 penetrated residual peridotites.

2. The boninitic edifice at Site 786 is made up of a basement of
low-Ca bronzite andesite dikes and low-Ca boninite pillow lavas and
hyaloclastite overlain by lavas and breccia, and cut by dikes, of
intermediate-Ca bronzite andesite, andesite, dacite and rhyolite. These
rocks are all slightly radiogenic (in Pb and Sr) relative to MORB
mantle and are all characterized by high Zr/Sm and Zr/Ti ratios
relative to MORB, volcanic arc or ocean island basalt.

39.5 π

39.0 -

CO

§. 38.5
o
C\J
-Q

α_
38.0 -J

37.5

PVS

Leg 125

PPM

Chichijima

Saipan

Guam(Facpi)

Guam(Alutom)

DSDP Leg 60

Mariana Trench

18.0 18.5 19.0

Pb206/204
19.5 20.0

N

120 -

100 -

80 -

60 -

40 -

20 -

0

A

-2 4
εNd

10

Figure 28. Lead isotope and Ti/Zr-εNd diagrams for boninite and tholeiite

samples from other parts of the Western Pacific Eocene province showing the

comparison with Leg 125 data.

3. Experimental data indicate that the primary boninite magma
originated at high temperatures (on the order of 1250° C) and segre-
gated at very low pressures. The volatile studies of Newman and Van
der Laan (this volume) constrain the water content of the boninite
mantle source to values on the order of 0.15±0.075 wt%.

4. The mantle source prior to subduction can be inferred from
TiO2-Mg# covariations, to be the depleted mantle of clinopyroxene-
poor lherzolite composition that had lost up to nearly 20% melt
compared with a fertile MORB mantle composition. The depletion of
the source increases from tholeiite through high-Ca boninite to inter-
mediate-Ca boninite to low-Ca boninite. This mantle source has the
composition of MORB lithosphere unenriched by asthenospheric fluids.

5. Isotope data indicate two distinct subduction components. One
(component C) contains only the most mobile elements (such as Sr)
of the type that is conventionally interpreted as an aqueous subduction
fluid. The other (component B) contains both LIL and HFS elements
and has not previously been defined in detail.

6. Subduction component B contains most elements except Ti, Y
the middle-heavy REEs and compatible elements such as Ni, Cr, and
Se. Water, alkali elements including Na, alkaline earth elements, Al
and Pb, light-middle REEs, Th, Nb, Ta, Zr, and Hf all are enriched.
Like subduction components from the active Izu-Bonin and Mariana
arcs, they exhibit LIL element enrichment and negative anomalies of
Nb and Ta relative to Th and La. Unlike these components, they
exhibit high Zr/Sm and Zr/Ti ratios. Lead isotope data indicate that
pelagic sediments were not the source of this component. Petrogenetic
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comparison with Leg 125 data. The annotated line in the upper diagram is the

trend for pooled melts from variably depleted residues as defined in Figure 16.

modeling indicates that it may derive from trondhjemitic melt derived
by partial fusion of subducted oceanic crust (MORB-OIB amphibo-
lite). The isotopic composition of this component indicates an origin
from Pacific, and not Indian or West Philippine Basin, oceanic crust,
and/or seamounts and volcanogenic sediments.

7. The harzburgite has a similar enrichment pattern, but greater
magnitude of enrichment, to the boninite, indicating that this subdue-
tion component continued to be added in the subsolidus state to the
mantle residue from boninite genesis.

8. Most indicators (low modal clinopyroxene, Fo content of ol-
ivine between 91% and 92.5%) point to a degree of melting on the
order of 25% for the Leg 125 harzburgite. Experimental data and
thermal constraints indicate that the average degree of melting re-
quired to form the boninite is on the order of 5%-10%. The degree
of partial melting is likely to have been smallest in the genesis of the
low-Ca boninites, greatest in the genesis of the high-Ca boninite
series. We infer that the low-Ca boninite formed by about 5% melting
of fertile MORB mantle already depleted by the loss of about 15% of
melt. The harzburgite could be the most depleted residue from this
melting event, whereas the boninite is the pooled melt from a slightly
more enriched average source.

9. Experimental data indicate that the harzburgite has lost almost
the maximum amount of melt possible for an upwelling fertile MORB
mantle diapir containing 0.2 wt% of water. Given the evidence that

the melting took place in two stages, the second of which produced
boninites, we consider it probable that the two stages were separated
by a small time interval, so that the second stage of melting occurred
before substantial cooling of the melt residue had taken place. The
high temperatures of the boninite magma also indicate little cooling.
Subduction beneath, or very close to, an active ridge best satisfies this
criterion. Thermal modeling indicates that ridge subduction may be
important but is unlikely to be the sole cause of boninite genesis.
Nonetheless, the absence of a subducted sediment component in the
boninite and the evidence for slab melting indicate that the subducted
crust also was young. Subduction of young lithosphere into young
mantle is met during the transition from an active ridge-transform to
subduction system, as proposed by Casey and Dewey (1984).

10. The Leg 125 boninite and harzburgite are typical of the Eocene
western Pacific province. In detail, however, there are significant
differences in space and time within the province that still require a
tectonic explanation.
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APPENDIX: TRACE ELEMENT BEHAVIOR DURING PARTIAL
FUSION OF THE SUBDUCTED SLAB

Composition of the Subducted Slab

The metamorphic structure of oceanic lithosphere prior to subduc-
tion is well known from ophiolite studies and deep drilling of the
oceanic lithosphere as comprising, for metabasalts, brownstone fa-
cies, followed by zeolite facies, greenschist facies and amphibolite
facies, meta-ultrabasic rocks being serpentinized up to lower amphi-
bolite facies (Cann, 1979).

The net effect is that altered oceanic crust contains significantly
more water, carbon dioxide, sulfur, and alkali and alkaline earth
elements than average fresh MO RB. The precise degree of enrich-
ment of these elements will depend on, among other things, the age
of the crust. There have been various estimates of the distribution of
water within the crust. Peacock (1990), in one of the most recent
reviews, estimated 2% water in the basalts and 1% in the gabbros.

Much of this water may be expelled from the crust during subduc-
tion and before melting. Delaney and Helgeson (1978) examined the
thermodynamics of many of the possible dehydration reactions in
sediment and serpentinite associated with subduction. They did not,
however, consider the most important reactions for the dehydration
of oceanic crust, which involves chlorite breakdown and hornblende
formation. Hydrothermal experiments at the quartz-fayalite-magnetite
(QFM) buffer by Liou et al. (1974) show that the transformation from
greenschist to amphibolite facies is transitional. At 475°C, chlorite
begins to disappear, but total disappearance of chlorite and formation
of a hornblende-plagioclase assemblage is not complete until 550°C
at 2 kb and 575°C at 5 kb. A generalized reaction for the chlorite-de-
creasing curve is:
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albite + epidote + chlorite + quartz = oligoclase +
tschermakite + magnetite + H2O,

and for the chlorite-out boundary at 2 kb:

chlorite + sphene + quartz = aluminous amphibole +
ilmenite + H2O

In terms of trace elements, the latter reaction should cause the high
field strength (HFS) and large-ion lithophile (LIL) elements to be retained
in the slab, as they are more compatible with the products of the reaction.
Many highly mobile elements must, however, be released in the forma-
tion of greenschist facies from zeolite facies assemblages. We assume
here that the upper oceanic crust is of altered MORB composition and
that metamorphism up to amphibolite facies has not affected the elements
of interest, particularly La, Sm, Zr, and Hf.

Parameterization of Slab Melting

Three end-member options have to be considered, each of which
gives a distinctly different melting history:

100-
.FeTi oxide

Ptot ~ Pvol - P H2O

Ptot = Pvol > P H2O

Ptot Pvol = > P H,O

(1)

(2)

(3)

Here, we parameterize the first option (ptot = pv o l = p H 0 ) , using the
experiments of Helz (1973, 1976). The tholeiites used by Helz in her
experiments (a Picture Gorge tholeiite and the 1921 Kilauea olivine
tholeiite) are close in composition to an evolved and primitive altered
Pacific MORB, respectively. The pressure of 5 kb is within the range
postulated for boninite genesis, although the oxygen fugacity, on the
QFM buffer, may be slightly high. The principal results, summarized in
Figure Al, show that melting starts in the region of 700°C and that
feldspar and quartz make the dominant contribution to the melt up to the
disappearance of Plagioclase and start of incongruent melting of horn-
blende at 850°C-875°C. They also reveal that the silica content of the
melt decreases steadily with increasing temperature.

We parameterize the second option (ptot = p v o l >p H 0) on the basis
of the experiments of Holloway and Burnham (1972), who used
mixed vapor phases (H2O and CO2) to control equilibrium water
pressures. Holloway and Burnham also used the 1921 Kilauea olivine
tholeiite for their experiments, and both NNO and QFM buffers, and
at total pressures of 5 and 8 kb, again within the likely range for
boninite genesis. The principal results, also summarized in Figure Al,
are that both the solidus and the upper stability limit of Plagioclase
are raised relative to the pure water experiments performed by Helz.
Allen and Boettcher (1978) extended the work on the Kilauea tholeiite
to higher pressure (13 kb) and variable X H 0 values, though for a
different (HM) buffer.

Parameterization of the third option (ptot p v o l = > p H 0 is more
difficult because of a lack of controlled experiments for which the
composition and proportion of the melt had been measured for a given
temperature.7 The phase diagram used here is the schematic diagram
of Wyllie (1977) for an amphibolite containing 0.5% to 1% H2O, the
exact amount of water required to produce an amphibole-plagioclase
assemblage (i.e., just enough to hydrate the rock). In this case, melting
begins when the amphibole begins to break down, at a temperature
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7 Several articles have been published or made available to the authors since this
chapter was prepared (e.g., Beard and Lofgren, 1991; Wolf and Wyllie, in press). These
will improve the models presented here but do not negate the main conclusions.

T°C

Figure Al. Phase proportions used in the parameterization of the melting of

subducted oceanic crust in amphilobolite
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Figure A2. Results of modeling of MORB melting in amphibolite facies.

of over 900° C at 5 kb pressure. In contrast to the first two options,
Plagioclase remains in the residue up to high degrees of melting, and
the early melts are less acid than in the other experiments. However,
any quartz and potassium feldspar will combine with some plagio-
clase feldspar and contribute to the early melt fraction. In evaluating
the melting of amphibolite of this composition, we assume that the
degree of melting is linear with temperature and that each mole of
hornblende will generate a mole of melt. While neither assumption is
likely to hold, the aim at this stage is simply to get a broad under-
standing for the composition involved.

Theoretical Amphibolite Melt Compositions

Critical to the understanding of the composition of melts derived
from the subducted slab under different P,T,X conditions are the
partition coefficients between Plagioclase, amphibole and the slab
melt, and the role of minor phases. Because of the strong tempera-
ture-composition dependence of partition coefficients, and the gen-
eral absence of experimental data, any values must be approximate.
To simplify the discussion, we concentrate on the three elements, La,
Sm, and Zr (assumed similar to Hf). We also focus on intermediate to
acid melts, as the degree of melting is unlikely to be high enough to
generate basic melts. From the limited data available, it is not possible
to determine the variation of partition coefficients in P-T-X space. The
following regression lines are used to relate partition coefficient (K)
for a given element between amphibole and melt to absolute tempera-
ture (T) using compilations of Arth and Hanson (1975), Pearce and
Norry (1979), and Irving (1978) and additional values from Dostal et
al. (1983) and Irving and Frey (1984):

For La: lnK = -6.43 + 6647/T
For Sm: lnK =-4.85 + 6818/T
For Zr: lnK = -4.25 + 4879/T

Errors on these values are high but do not affect the principal
conclusions. Comparable equations for magnetite, clinopyroxene and
Plagioclase are also used, but these have little effect on the La/Sm and
Zr/Sm ratios when modeling amphibolite melting.

The bulk distribution coefficient can, however, depend critically
on the behavior of minor phases, particularly zircon, which accom-
modates Zr and Hf and monazite (or allanite), which accommodates

the light REE. These are modeled by examining the relationships
(from Watson and Harrison, 1984).

For zircon: In CZr = 17.18-12900/T
For monazite: In CLREE = 18.50-14160/T

where C refers to the saturation concentration of the subscripted element.
We model the concentrations of the three elements of interest from

the mineral and melt proportions at different temperatures as determined
from the melt parameterization described above. The modeling is based
on the batch equilibrium melting equation assuming that the resulting
composition will approximate that of pooled fractional melts. The source
is taken to be an average N-MORB. Significantly, neither Zr or LREE is
saturated in the melt generated from partial melting, essentially because
the residual amphibole retains enough of these elements to inhibit satu-
ration even at low temperatures and water-saturated melting.

Figure A2 summarizes the resulting La/Sm and Zr/Sm ratios for
the three types of melting. It is apparent that amphibolite melting can
explain the high La/Sm and Zr/Sm ratios observed in some boninites,
although it need not, of course be the only explanation. The predicted
melts occupy a band of variable enrichment in both La/Sm and Zr/Sm,
the highest ratios being the product of low-temperature melting. The
water content does not have a major effect on either ratio, although
the effect of water on partition coefficients has not been taken into
account. Note, however, that the nature of the amphibolite protolith
is important. Melts derived from ocean island basalt (IOB) protoliths
will be displaced to the right on the diagram.

Possible Observed Amphibolite Melt Compositions

An alternative approach is to study the amphibolites themselves
in paleo-subduction zones. The most comprehensive studies to date
come from the Catalina schist within a blueschist-bearing subduction
complex in Southern California (Sorensen and Barton, 1987; Soren-
sen, 1988; Sorensen and Grossman, 1989). The conditions of melting
and metamorphism in the Catalina schist (8-11 kb and 640° C-
750° C) are probably at higher pressure and lower temperature than
we envisage at the initiation of subduction, and the presence of both
metabasalts and metasediments in the Catalina schists is a complicat-
ing factor. However, many aspects of the studies of Sorensen and
co-workers can be applied to the Pacific setting.

Of particular interest is the difference between their migmatitic
and non-migmatitic amphibolites. The migmatites are significantly
enriched in certain trace elements (e.g., Th, Ta, Hf, P, and the LREE)
relative to the nonmigmatitic blocks. Sorensen and Grossmann (1989)
interpret this enrichment in terms of infiltration metasomatism. Many
trace elements are incorporated in the minor phases sphene, rutile,
allanite, zircon, and apatite. Alternatively, the migmatites may repre-
sent metabasalt that experienced partial melting and lost a small melt
fraction, thus concentrating some elements in these minerals in the
residue (restite). The composition closest to our perception of a partial
melt of amphibolite is trondhjemitic pegmatite. This rock type typi-
cally has large positive Eu anomalies and low REE contents with
LREE enrichment and very high Sr contents. Zr/Sm ratios can be high,
but this is not always the case. At this stage, therefore, we do not fully
understand the significance of this data set.

Pedersen and Malpas (1984) propose that the East-Karm0y pla-
giogranite of the Karm0y ophiolite may be a good example of wet
basalt partial melt in amphibolite facies. Being highly sodic, this rock
resembles ophiolitic plagiogranite derived by fractional crystallization,
but it differs markedly in its trace element character. REE patterns in
this rock type are steep; large positive Eu anomalies and Zr/Y and
Zr/Sm ratios are both extremely high. In contrast to the trondhjemitic
pegmatites from the Catalina schist, Sr is in surprisingly low abun-
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dance. Pedersen and Malpas (1984) suggest that the melting took
place within a high-temperature shear zone.

Defant and Drummond (1990) and Drummond and Defant (in
press) consider the generation of some trondhjemite, tonalite and
dacite (TTD) associations in volcanic arcs by slab melting. They argue
that the most fertile zone of melting is at 23-26 kb and 770° C-7750 C
where dehydration and wet partial melting of the slab can occur
together. They require that these slab melts are generated in arcs where
relatively young (<30 Ma) and hot lithosphere is being subducted.
These conditions are consistent with the theoretical thermal criteria
for slab melting proposed by Peacock (1990). They term these rocks
"adakites" after Adak Island (Alaska), where they were first docu-
mented by Kay (1978). In addition to this type example, they cite parts

of Central and South America, where similar rocks erupt above young
subducted lithosphere. They identify the principal characteristics of
this rock type as silica > = 56%, A12O3 = 15%, MgO usually < = 3%,
high Sr (usually >400 ppm), low HFS element abundances, and
87Sr/86Sr usually <0.7040. The Archaean TTD group is characterized
by similar compositions (e.g., de Wit et al., 1987).

The "adakite" and TTD slab-melting components have La/Sm and
Zr/Y ratios that are sufficiently high for the Leg 125 boninite sources.
However, the Sm/Yb ratios are too high, probably reflecting the
presence of garnet in the residue, and Zr/Sm ratios are too low,
probably because the adakites are melts of eclogite rather than am-
phibolite. Overall, therefore, the theoretical models may give the best
representation of the slab component at the start of subduction.
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