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INTRODUCTION

Legs 59 and 60 of the International Phase of Oceanic
Drilling (IPOD) were designed to study the nature and
history of volcanism of the active Mariana arc, its cur-
rently spreading inter-arc basin (the Mariana Trough),
and the series of inactive basins and intervening ridges
that lie to the west (Fig. 1). The older basins and ridges
were drilled during Leg 59 as the first part of a transect
of single-bit holes drilled in each major basin and ridge.
The eastern part of the transect—the tectonically active
region—was drilled during Leg 60.

The evolution of island-arc volcanos and magma
genesis associated with lithospheric subduction remain
some of the most complex petrologic problems con-
fronting us. Many types of source material (mantle,
oceanic crust, continental crust) and an unusually wide
range of possible physical conditions at the time of
magma genesis must be identified even before the roles
of partial melting and subsequent magma fractionation,
mixing, and contamination can be assessed.

The present-day Mariana arc is characterized by a
steeply dipping Benioff zone, which becomes essentially
vertical at depths greater than 200 km (Kanamori,
1977). The slope of the Benioff zone is thought to be
greatest below the active volcanos of the northern
Mariana arc and to become shallower (to the south)
beneath the inactive volcanic islands of Guam and
Saipan. Subduction below the Mariana arc is relatively
aseismic, and coupling between the upper and lower
(subducted) plates is weak or effectively nonexistent
(Kanamori, 1977). More recent results from drilling in
the trench and fore-arc regions of the Mariana arc not
only suggest the lack of an accretionary sedimentary
prism, but extensional tectonics within the fore-arc
sediments suggest a tensional stress regime within the
trench region (Leg 60 Scientific Party, 1979). Thus there
is clear evidence that the Pacific plate is subducting
spontaneously with relatively little resistance from the
upper plate.

During the Pliocene, the Mariana Trough began to
open about a north-south trending axis, effectively
splitting the West Mariana Ridge from the active
Mariana arc (Karig, 1975). The topography and mag-

1 Dr. Tarney's present address is Department of Geology, University of Leicester,
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netic fabric of the Parece Vela Basin suggest a similar
origin—the sundering of the Palau-Kyushu Ridge in the
late Oligocene (Karig, 1975). The origin of the West
Philippine Basin is less clear, however, and the age and
magnetic fabric of this basin remain controversial. Re-
cent studies of rocks dredged from the Mariana Trough
(Hart et al., 1972), the Lau Basin (Hawkins, 1976), and
the Scotia Sea (Saunders and Tarney, 1979) all reveal
that these basins are floored by basalts geochemically
similar to basalts erupted at mid-ocean ridges. The for-
mation of active back-arc basins (e.g., the East Scotia
Sea, Barker 1970) in the Mariana Trough (Karig et al.,
1978) is considered by many authors to be the result of
seafloor spreading broadly similar to that associated
with a mid-ocean ridge (e.g., Karig, 1971).
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Figure 1. Map of the Philippine Sea showing the locations of the holes
drilled during Leg 59. (The positions of the holes drilled during the
second part of the Mariana transect [[POD Leg 60] are also in-
cluded, along with those drilled in the area during DSDP Legs 6,
31, and 58.)

753



D. P. MATTEY, N. G. MARSH, J. TARNEY

Igneous rocks were successfully recovered from both
the West Philippine (Hole 447A) and Parece Vela basins
(Holes 449 and 450). Excellent basement penetration
and a high degree of core recovery were attained in Hole
447A. Detailed mineralogical and geochemical studies
of the rocks from this hole have provided clear insight
into the various magmatic processes involved during
ocean-crust formation.

The Leg 59 South Philippine Sea traverse included
sites on two major north-south submarine ridges (the
Palau-Kyushu and West Mariana ridges). These fea-
tures are interpreted by Karig (1972, 1975) to be eroded
and subsided remnant volcanic arcs, and their forma-
tion is presumed to be broadly analogous to the cur-
rently active Mariana-Bonin island-arc system. Al-
though the Philippine Sea area has been studied by
dredge surveys (Dietrich et al., 1978) and by two earlier
DSDP Legs (6 and 31), relatively little information was
obtained on the structure and chemical composition of
these arcs. During Leg 59, the Palau-Kyushu and West
Mariana ridges were successfully drilled to depths of
over 900 meters; in particular, at Site 448 (Palau-
Kyushu Ridge), 46 igneous and volcaniclastic units were
recognized. These detailed sections provide a unique op-
portunity to study the chemical and petrologic structure
of young island arcs and to test whether evolutionary
trends exist during cyclic island-arc and marginal-basin
formation in the Philippine Sea.

As a result of the two tectonic environments studied,
this report on the petrology and geochemistry of the
basalts from holes drilled during Leg 59 is divided into
two parts. Part 1 describes the mineralogy, petrology,
and geochemistry of basalts from the West Philippine
and Parece Vela basins (the ‘‘basin sites,”” i.e., Holes
447A, 449, and 450); Part 2 discusses the geochemistry
of igneous rocks from the Palau-Kyushu and West
Mariana ridges (the ‘‘arc sites,”’ i.e., Holes 448, 448A,
and 451).

SAMPLING AND ANALYTICAL TECHNIQUES

Whole-rock analyses for major and trace elements and microprobe
analyses of fresh glasses, phenocrysts, and xenocrysts have been
undertaken during this study of Leg 59 basalts. Wherever possible, for
whole-rock analysis, at least two samples were taken from every cool-
ing unit identified at each site.

‘Whole-rock analyses for major and trace elements were performed
by X-ray fluorescence (XRF) spectrometry (see Tarney et al. [1979];
and Marsh et al. [in press] for details of method, precision, and accu-
racy) using a Phillips PW1450 automated X-ray spectrometer.
Analyses were carried out using 46-mm diameter pressed-powder
discs. For the major elements a chromium or rhodium target tube was
used; a tungsten target was used for Ni, Cr, Zr, Nb, La, Ce, and Nd
and a molybdenum target for Y, Rb, Sr, Th, Ba, and Pb.

The abundance of glass margins recovered from the “‘basin sites””
(Holes 447A, 449, and 450) enabled representative fresh glasses to be
studied in parallel with the whole-rock sampling scheme. In many
cases, both whole-rock and fresh-glass analyses are available for each
cooling unit, if not the same pillow. From 55 chilled margins studied,
40 glass and over 500 phenocryst analyses were obtained using the
energy-dispersive electron microprobe at the Department of Miner-
alogy and Petrology, University of Cambridge. Glasses were analyzed
using a defocussed beam approximately 100 pm in diameter with an
accelerating voltage of 15 kV. Spectra were counted for 80 s and pro-
cessed using an iterative peak stripping program. At least two glass
spectra were processed per sample and the results averaged to give the
final analysis. Wollastonite, jadeite, and olivine standards were
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analyzed periodically to monitor the instrumental drift. Represen-
tative standard analyses are summarized in Table 1, along with the
results of 15 replicate analyses of a tholeiitic augite. Estimates of the
lower limit of detection are also given in Table 1. The detection limits
of elements such as K and P are too high for these elements to be
analyzed in many glasses; similarly, Na and Mg were not detected in
many pyroxenes and plagioclases, respectively. The abundances of the
minor elements Ni, Mn, Cr, Co, and V are considered reliable only if
present in quantities greater than 0.3 wt. %.

Unfortunately, during transit from the ship to Birmingham, 13
samples from Hole 447A became separated from their labelled cap-
sules. These samples were analvzed even though it is not known ex-
actly which of the 13 labelled intervals they correspond to. The results
of these analyses are presented in this report, and the data are plotted
on some diagrams. The samples have been labelled alphabetically
(Table 4). All of these samples correspond closely in chemistry to one
or another of the established chemical units at Hole 447A.

PART 1: THE ‘““BASIN SITES”’

The West Philippine Basin

The West Philippine Basin, the deepest and oldest of
the marginal basins of the Philippine Sea complex, is
bounded by the Palau-Kyushu and Oki Daito ridges to
the east and north-east and by the Ryukyu and Philip-
pine trench systems to the north-west and west. The
basin in divided by an axial zone of higher relief, the so-
called Central Basin Ridge or Philippine Ridge, which
trends north-west-south-east (Fig. 1). Considerable at-
tention has been focussed on the possible origins of this
basin (e.g., Karig 1975). Symmetry about the Central
Basin Ridge is observed in the bathymetry (Ben-Avra-
ham et al., 1972), the magnetic-anomaly pattern (Watts
et al., 1977), and the heat-flow distribution (Watanabe
et al., 1977), which suggest symmetrical basin formation
about this features. Several hypotheses have been pro-
posed to explain the formation of this basin, including:

1) entrapment of Cenozoic oceanic crust generated
by symmetrical mid-ocean-ridge-type spreading about
the Central Basin Ridge behind a Palau-Kyushu subduc-
tion zone (Ben-Avraham et al., 1972); and

2) symmetrical Cenozoic mid-ocean-ridge-type spread-
ing (connected to the Kula Ridge spreading system by a

Table 1. Analytical results for electron-microprobe standards.

Olivine Augite
Xb rec.© Xb od

Wollastonite
DA Xb rec.©

No. of
Analyses (N) 10 17 15

Si0p 0.1 51.39 51.34  40.19 40.82 50.07 0.51
TiOp 0.05 — — - - 0.50  0.07
AlhO3 0.1 — - — — 3.09 0.27
CrpO3 0.05 - — —_ - 0.33 0.05
FeO 0.05 0.31 — 9.38 9.54 6.64 0.24
MnO 0.05 0.07 - — —_ — -
MgO 0.15 — — 48.48 49.12 15.01 0.28
CaO 0.15 47.56 48.02 — — 20.80 0.27
NayO 0.3 — —_ — —_ - —
K20 0.05 — — — - — —
NiO 0.15 - — 0.28 0.28 — -

2 D = lower limit of detection.
X = mean of N analyses.

€ rec. = recommended value.
o = standard deviation.



Palau-Kyushu transform fault) followed by entrapment
to form a marginal basin behind the newly created
Palau-Kyushu subduction zone (Hilde et al., 1977).

Site 447 is located on the eastern side of the West
Philippine Basin between the Central Basin Ridge and
the Palau-Kyushu Ridge, about 35 km northwest of
DSDP Site 290 (Leg 31). Hole 447A penetrated base-
ment at 113 meters and successfully cored a further
183.5 meters of basalt.

The Parece Vela Basin

The Parece Vela Basin, smaller and shallower than
the West Philippine Basin, is bounded by the West Mar-
iana Ridge to the east, and by the Palau-Kyushu Ridge
to the west. To the north, the Parece Vela Basin merges
into the Shikoku Basin, eventually terminating in the
Nankai Trough, whereas to the south it is bounded by a
relatively complex system of arcs, trenches, and fracture
zones (the Palau, Yap, and Mariana trenches). Karig
(1975) construes that the ridges flanking the basin to the
east and west were active in the mid-Tertiary, prior to
sundering and formation of the Parece Vela Basin in the
early Miocene. A north-south zone of higher relief con-
taining an axial trough (Parece Vela Rift) is interpreted
by Karig (1971, 1975) as the final position of the spread-
ing axis. Although north-south magnetic lineations
have been identified in the Shikoku Basin (Watts and
Weissel, 1975), lineations are anomalously absent in the
Parece Vela Basin (Keating, this volume).

Two holes, 449 and 450, were drilled in the Parece
Vela Basin on each side of the Parece Vela Rift. Hole 449
is located in the west side of the basin, where thin
sediments cover exceptionally rough basement. Penetra-
tion was successful to a depth of 151.5 meters, and 40.5
meters of basaltic basement were cored before poor hole
stability terminated drilling operations. Hole 450 was
drilled into the distal end of the thick wedge of volcani-
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clastic sediment that extends westward from the West
Mariana Ridge, 150 km east of the Parece Vela Rift.
Coring was successful to a depth of 340 meters, the final
7 meters being drilling into basalt. The ‘‘acoustic’” base-
ment in the area of Site 450, however, is interpreted to
be at least 500 meters sub-bottom. At two other sites, 53
and 54 (DSDP Leg 6), shallow basalts and andesites
were unexpectedly encountered in the sediment wedge in
this area; Fischer, Heezen et al. (1971) interpreted these
as intrusive in origin. There is clear evidence that the
basalt recovered from Hole 450 is also intrusive (see the
material presented later in this chapter), and the ques-
tion is raised as to whether the basalt recovered repre-
sents true ocean (or marginal-basin) basement.

Lithology and Petrography

The following section describes the lithology and
petrography of phenocrysts and megacrysts present in
the basalts from Holes 447A, 449, and 450. Detailed
petrographic descriptions are given in the corresponding
site reports. Chilled glassy margins were studied wher-
ever possible in conjunction with existing thin sections
prepared during Leg 59. Stated phenocryst composi-
tions are based on microprobe determinations unless
otherwise stated. Abundances of phenocrysts quoted
are only estimates; the basalts are described as
““aphyric’” if they contain less than 5% total pheno-
crysts, ‘‘sparsely phyric’’ if they contain from 5% to
10% total phenocrysts, or ‘‘phyric’’ if they contain
from 10% to 20% total phenocrysts. Relevant petro-
graphic data from each hole are summarized and com-
pared in Table 2.

Hole 447A

The basement at this site consists of 18 basalt lava
flows, which were divided into six lithologic units by the
shipboard party (Fig. 2) using lithologic, petrographic,

Table 2. Summary of petrographic features of basalts from Holes 447A, 449, and 450.

Hole 447A 449 450
Unitd L1, L2 L3a L3b-d L4, L5 L6 Upper Lower
No. of flows 5 1 3 3 6 1? 1?7 17
Phenocrysts P1-Ol-Sp P1-Px-Ol-Sp P1-Ol-Px P1-Ol 0Ol-P1-Sp P1-Ol-Px-Sp Pl Pl-Px
aphyric to phyric sp. phyric sp. phyric sp. phyric sp. phyric sp. phyric phyric
sp. phyric
Paragenetic sequence
Sp Pl[sp]b Pl Sp Sp Sp Pl Pl
Phenocrysts PI(Sp)b Pl + Px Pl + Ol + Px Pl + Ol Ol(Sp) [Sp]b Ol + PI(Sp)b Pl + Px
Pl + Ol Pl + Px + Ol Ol + Pl Pl + Ol + Px
Groundmass Pl + Ol + Px Pl + Px Pl +Px Pl+ 0Ol +Px Pl+0Ol+Px Pl+ Ol + Px Pl + Px Pl + Px
Px, ores Px, ores Px, ores Px, ores Px, ores Px, ores Px, ores Px, ores
Xenocrysts
Spinel _ AC — s Bd - .= .
Plagioclase — Angs, Anys - An75-g0[Sp]P —_ = =
Olivine — ? ? ? — — —
Pyroxene — Cr-endiopside  Cr-endiopside — - -
Xenoliths - — - — anorthosite — —

a Units L1 through L6 correspond to Units 6 through 11 in the Site 447 Report.
Parentheses denote equilibrium (phenocryst) inclusions; brackets denote xenocryst inclusions.

€A

d as inclusions in plagioclase phenocrysts.
B

as free-floating resorbed crystals and inclusions in plagioclase xenocrysts.
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Figure 2. Stratigraphic sections of igneous basement penetrated at
Holes 447A, 449, and 450. (Lithologic [L] and chemical [C] units
are distinguished. In Hole 447A, the lithologic units correspond to
Units 6-11 in the Site 447 report, this volume.)

and paleomagnetic data. Recovery averaged 60%, and
many long uninterrupted cores were obtained, notably
through pillowed sequences. The stratigraphy of this
site is relatively clear, and the positioning and thick-
nesses of the various units are considered to be fairly
accurate.

The six major lithologic units are notated L1 and L6
(these numbers correspond to Units 6-11 in the site
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report), and each incorporates from 1 to 6 individual
cooling units or flows (notated Lla, L1b, etc.). The
cooling units are of three types:

1) massive lava flows characterized by aphanitic
margins and doleritic cores (e.g., L1a, L4, and L5b);

2) pillowed lava flows (e.g., L1b, L2, and L6d-f);
and

3) ““pillowed massive flows.’’ Many units appear to
consist of an upper layer of pillow lava that grades
downward into a petrographically and chemically indis-
tinguishable lower massive flow (e.g., Llc, L3a-d, L4,
L5a, and Lé6a-c). The rhythmic sequence of pillow lava
plus massive basalt is a striking feature of the stratig-
raphy of this hole (Fig. 2).

Unit L1 (18.5 m). This unit includes four cooling
units of aphyric to plagioclase-olivine-spinel-phyric
basalt. Plagioclase phenocrysts are generally euhedral to
subhedral and average 1 mm in size. Crystals typically
display marked oscillatory zoning, with cores ranging in
composition from Ang; to An,s. Plagioclase and olivine
also form glomerophyric clots, often with olivine partly
enclosing the plagioclase. Olivine crystals show a small
range in composition (Fog;_gs) and are slightly zoned
(both normally and reversed). Reddish brown chrome
spinels form small (50-150 um) octahedra and are usu-
ally found as inclusions in plagioclase crystals.

Unit L2 (9.5 m). This single flow is composed of
rather uniform aphyric pillow basalt. Glassy margins,
however, reveal rare phenocrysts of plagioclase and
olivine. Plagioclase crystal cores range in composition
from Ang, to An,s and show strong oscillatory zoning.
Olivine crystals are euhedral or partly skeletal, unzoned,
and have compositions in the range Fogg to Fogs.

Unit L3 (44.0 m) is a distinctive lithologic unit con-
sisting of four flow units of plagioclase-olivine-clino-
pyroxene-spinel-phyric basalt. The uppermost flow unit
(L3a) is the most porphyritic unit drilled at this site and
contains single euhedral phenocrysts of plagioclase
(0.5-3 mm in size, core compositions Angy-An;s), rare
augite (up to 1 mm in size), and less common olivine
(0.2-0.8 mm, core compositions Fog,—Fog,, averaging
Fog,). Plagioclase and augite (Plate 3, Fig. 4) often form
extensive glomerophyric clots 1 to 4 mm across, the
augite granular and strained, with patchy extinction.
Olivine phenocrysts are partly skeletal (Plate 1, Fig. 4)
and appear to have crystallized later in the paregenetic
sequence. The remainder of this unit (L3b-d) is con-
siderably less porphyritic, containing only rare pheno-
crysts of augite, but is otherwise petrographically simi-
lar to Unit L3a. Phenocrysts are concentrated near the
base of the lower massive portions of Units L3c and L3d
as a result of gravitational settling.

In addition to the phenocrysts and glomerocrysts
described above, Unit L3 contains many examples of
crystals apparently markedly out of equilibrium with
the host glass. These include:

1) Large (1-3 mm) ragged or rounded xenocrysts of
plagioclase both more and /less calcic than the euhedral
plagioclase phenocrysts. The more calcic crystals (Plate
2, Fig. 5) fall in a narrow compositional range from



Angg to Angs, are unzoned, and have smooth rounded
outlines, whereas the less calcic crystals are sometimes
reversed zoned, with cores as sodic as An;s, mantled by
plagioclase of a similar composition to that of the
euhedral phenocrysts (Ang, ;5). The latter crystals are
often more ragged in outline.

2) Small (0.2-0.5 mm) oval grains of Cr-rich endiop-
sidic augite (Wo4; Ensg Fsg), many of which are almost
completely digested (Plate 1, Fig. 5; Plate 3, Figs. 1-3,
5). Several crystals contain small blebs of glass, possibly
the result of magmatic corrosion.

3) A few plagioclase phenocrysts contain rounded
grains of relatively Al-rich chromium spinel (Plate 2,
Fig. 7). These spinels are also tentatively interpreted as
xenocrysts and will be discussed in more detail later in
this report.

It is emphasized that the xenocrysts found in Unit L3
(most commonly in L3a) represent considerably less
than 1% of the rock.

Unit L4 (9.0 m) consists of a single flow of massive
sparsely phyric plagioclase-olivine basalt. No glass mar-
gins were recovered from this unit. Plagioclase pheno-
crysts, up to 1 mm in size, are euhedral and range in
composition from approximately Angs to An.s (optical
determination). Small subhedral olivine pseudomorphs
(0.5 mm) are concentrated near the base of the unit, sug-
gesting that posteruptional gravitational settling took
place.

Unit L5 (15.0 m) comprises two ‘‘pillowed massive
flows’® of plagioclase-olivine-sparsely phyric basalt.
Glassy pillow margins contain euhedral, slightly zoned
phenocrysts of plagioclase (0.3-1.0 mm), with core
compositions Ang, to Ang,. The smaller subhedral or
skeletal olivine phenocrysts are unzoned and are the
most magnesian (Fogg) olivines from this site.

Unit L6 (at least 89 m) includes six flows of pillowed
basalts, the three uppermost flows being of the com-
pound ‘‘pillowed-massive’’ type. The basalts are all
olivine-plagioclase-spinel-phyric with euhedral crystals
of olivine (0.5-1.0 mm, Fog;-Foge) (Plate 1, Fig. 1) and
euhedral crystals of plagioclase (1 mm, Angy-Angy)
(Plate 1, Fig. 2). Early-formed octahedra of reddish
brown magnesiochromite are common as inclusions in
olivine phenocrysts or as freely floating crystals (Plate
2, Figs. 1-6). Units L6e and L6f are petrographically
similar to the four overlying units, except for the
presence of xenocrysts and xenoliths. The xenocrysts are
dominantly ragged (corroded or abraded) crystals of
plagioclase (Angs-Ang), often as large as 1.5 mm in size
(Plate 1, Fig. 6, Plate 2, Fig. 6). Some crystals contain
inclusions of reddish, relatively aluminous chromian-
spinel, sometimes as large as 0.5 mm (Plate 1, Fig. 6).
Isolated crystals of corroded, relatively aluminous
spinel (chromian-spinel) are sometimes found either as
discrete crystals or as inclusions in olivine phenocrysts,
often alongside equilibrium, less-aluminous, euhedral
spinels (Plate 2, Fig. 4). At the base of Unit L6f, a few
xenoliths of anorthosite were recovered; up to 5 cm in
size, these are composed entirely of cumulate plagio-
clase of composition Ang, to Ang, (Plate 1, Fig. 7).
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Hole 449

The 7 meters of pillowed basalt recovered at this site
can be tentatively divided into two lithologic units (Fig.
2), which probably represent at least two separate lava
flows.

The upper basalts (approximately 24 m) contain
phenocrysts of euhedral oscillatory zoned plagioclase,
ranging in size from 0.5 to 2 mm. Core compositions
range from Angs to An;;, and many crystals show strong
reverse zoning. Olivine phenocrysts are restricted to
these upper basalts and are euhedral to partly skeletal,
with core compositions varying from Fogs to Fogs. Rare
glomerocrysts of augite occur, commonly in association
with plagioclase (usually less calcic than the isolated
phenocrysts). Reddish brown octahedra of spinel (mag-
nesiochromite) are relatively common as inclusions in
both olivine and plagioclase. These range in size from
100 to 200 um.

The lower pillowed basalts (approximately 16 m) are
sparsely plagioclase-phyric; olivine, clinopyroxene, and
spinel phenocrysts are rare.

Hole 450

Almost 2 meters of pillow basalt were recovered from
this hole after penetration of a monotonous series of
gray vitric tuffs. Approximately 8.5 meters of reddish
brown hydrothermally altered tuffs overlie the basalt
(Fig. 2), and the sediment/basalt contact is marked by a
1-cm-thick band of pale brown, baked tuff that has
been intruded by minute blebs of basalt glass. Pockets
of a similar baked tuff are also found between pillows.
This basalt was interpreted by the shipboard party as a
pillow lava that foundered into, or even intruded, soft
wet sediment while sufficiently hot to thermally meta-
morphose the adjacent sediments (i.e., a subsediment
flow).

The basalt contains phenocrysts of plagioclase and
rare clinopyroxene. Plagioclase phenocrysts are gen-
erally large (1-3 mm) and euhedral, with core composi-
tions of Angs to Angs for the larger isolated crystals and
Angs to Any; for the smaller subhedral crystals that are
glomerophyric with clinopyroxene.

Alteration

Most of the basalts recovered from Holes 447A, 449,
and 450 have suffered moderate to extensive low-tem-
perature seawater alteration (halmyrolysis). In hand
specimen, the more holocrystalline interiors of pillows
and massive flows are typically pale gray with frequent
brown mottling. The brown coloration, in particular, is
closely associated with veins and fracture surfaces. Less
crystalline basalt forming the margins of flows and
pillows has a more uniform brown appearance. This
type of alteration appears to be related to the ease of ac-
cess to seawater along cracks, joints, and generally more
permeable areas. There is no clear relationship between
the degree of alteration and depth of burial. The altera-
tion is relatively uniform and never exceeds zeolite
grade.
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A more pervasive type of alteration, not necessarily
associated with weathered surfaces, veins, and cracks,
results in the replacement of pyrogenic phases by second-
ary minerals. There is widespread replacement of olivine
by brown smectites and granular opaque oxides.

Unaltered olivine is generally only preserved in fresh
glass margins. Interstitial glass is similarly replaced by
brown smectites, calcite, and sometimes zeolite, Plagio-
clase, although more resistant to alteration, may be
veined or partly replaced by calcite and zeolites. Clino-
pyroxene, however, remains entirely fresh. Veins and
vesicles are lined or filled with a variety of secondary
minerals, including pale blue, green, and brown smec-
tites, calcite, zeolites, and sometimes pyrite.

Fresh glass is preserved in cooling rinds of pillow
basalts and in the chilled margins of more massive
flows. In thin section, incipient hydration to honey-
yellow palagonite is common, usually as veins, or as a
transitional zone between the fresh glass and partly
crystalline variolitic material. In more altered areas the
entire glass rind is altered to a banded aggregate of deep
green and brown smectites.

Geochemical Results

Chemistry of the Residual Glasses

Fresh-glass analyses are important for three reasons:
(1) they provide information on the lower limit of MgO,
Ca0, and Al,0; contents of primitive liquids; (2) chemi-
cal variation resulting from phenocryst accumulation is
reduced; and (3) the chemical effects of seawater altera-
tion are effectively eliminated. Fresh-glass margins were
fortunately very common at all three ‘‘basin’ sites
drilled during Leg 59, and it was possible to determine
the liquid compositions of all major lithologies.

The compositional range of the Leg 59 ‘‘basin’’-glass
analyses is illustrated in the form of oxide-MgO varia-
tion diagrams in Figure 3. Representative analyses from
Hole 447A are listed in Table 3. The data clearly fall
into seven tightly clustered chemical groups: five from
Hole 447A and one each from Holes 449 and 450. The
lack of internal variation within Holes 449 and 450 com-
pared to Hole 447A is probably a consequence of the
greater penetration at the latter site.

Each of the five compositional groups (chemical
units) from Hole 447A is approximately equivalent to
one of the lithologic units described earlier; a detailed
chemical stratigraphy is presented in the following sec-
tion, in conjunction with the whole-rock major- and
trace-element data. These invariant liquid composi-
tions, however, are representative of up to 80 meters of
basalts, and the 18 flow units are in fact represented by
only 5 magma compositions.

In terms of major elements, the data from Hole 447A
form a relatively well-defined linear trend, with Al,O;
and CaO correlating positively and TiO,, SiO,, FeO,
and Na,O correlating negatively with MgO. Consid-
ering the data as a whole, we note the following general
intersite compositional differences. The basalts from
Holes 449 and 450 are less magnesian (~7.5% MgO)
than are the majority of basalts from Hole 447A
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Figure 3. Major-element oxide versus MgO variation diagrams for
glasses from Hole 447A (Chemical Units C1-CS5 are indicated) and
Holes 449 and 450.

(8.0-8.5% MgO). Hole 450 glasses are broadly similar
to those from Hole 449, with the exception of TiO, and
Al,0O,, which are somewhat richer and poorer, respec-
tively. A comparison of Hole 447A (West Philippine
Basin) with Holes 449 and 450 (Parece Vela Basin)
shows that the latter basalts are relatively poor in SiO,,
FeO, and CaO, and Hole 449 basalts are notably richer
than those of Hole 447A in Al,O,.

Whole-Rock Major- and Trace-Element Geochemistry

Hole 4474

Forty-five whole-rock analyses of basalts from this
hole are presented in Table 4. All the analyses are
similar to typical mid-ocean ridge basalt (MORB).
Compared to the glass analyses, however, these whole-
rock analyses show a considerably greater range of vari-
ation, particularly in MgO, which varies from 5% to
11%. Other major-element concentrations are broadly
similar to those in the glasses, with the notable excep-
tion of K,0. The abundance of K,O in the majority of
glasses is below the limit of detection of the electron-
microprobe system, i.e., less than 0.05%, a value typical
of fresh MORB. In the whole-rock analyses, however,
K,O0 is higher by an order of magnitude, reaching levels
as high as 1.4% in some samples.

The major- and trace-element data conform to five
coherent groups equivalent to the glass groups described
in the previous section. To illustrate the down-hole
chemical stratigraphy, representative data are plotted
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322853858 o 32 58 2333355800 | against stratigraphic height in Figure 4. Four chemical
hiatuses are observed, marked both by differences in ab-
933333323, § 3% 33  33gzsuases solute abundances of elements such as TiO,, Al,03, Zr,

Y, Sr, and Cr and by various inter-element ratios,

280988833, 2 88 38  sagmsnzes: including Ca/Al, Ti/Zr, and Y/Zr. These discon-
oBESRERE % 22 U5  sowsc_wo tinuities, occurring at the base of Lithologic Units L2,
3sowswnd-sl g = S5 dedysggs~- L3a, L3d, and LS5, indicate that from one to six chem-
of«GEREgE B 28 88 covnewvsons ically similar lava flows were erupted followed by a
RERRIIICST & OF &8 NAORSRgess distinct change in magma composition. Thus five
533583858 3 98 83 osggaggess chemical units are clearly distinguished at this site,
oo - = gl based on both whole-rock and residual glass analyses.
SErENIRRE B 2% ¥ no-csnmsen These chemical units, notated C1 through C5 in down-
- - —__r — D D == - .
e - H oo hole order of appearance, are related to the lithologic
=50 59328L 5 2% 23 __oscoaser units as follows: Cl1 = L1, L2; C2 = L3a; C3 = L3b,
mEREEESTT & L ¢, d; C4 = L4, L5; C5 = L6 (see Fig. 2).
o%+38U8N8 | 8 I 8%  acemIrmane Whole-rock and glass average compositions for each
o VI DM - - -%-1 A E-E 2 = e —— . -
R = S e chemical group are presented in Table 5. Although a
230333888, 7 3% 38  asggsgnans| slight systematic compositional shift is observable, each
. o R of the glass and whole-rock average pairs are similar.
¢538330888 § 28 85  sszpszsass Glasses tend to be richer in SiO, and MgO and poorer in
e TiO,, Na,0, and K,O. These systematic differences may
R e ] W e - “r SV e T - . =
jSemcedas | g S S5 SSsgsagde-- be partly attributed to the different methods of analysis
4E=S28582 9 58 U8 weseensens employed but can also be accounted for in terms of
arZes=assSl g “= Sc  AogHSgsS-H| alteration and/or crystal accumulation.
+8-2I58398 | 2 A% 32  csancnccas Figure 4 shows that within each chemical unit there is
=S = - oo = - - . 3
o h : cmone . a small range in the absolute abundances of many major
2855333828 3 88 3% nsgggspusas| 8 and trace elements. Certain inter-element ratios, how-
= - 2 ever, are strongly bimodal. In particular, ratios of hygro-
385538535815 28 38  =33g33g3es| 3 magmatophile (HYG) elements (i.e., those with low
i B T E mineral/melt partition coefficients) fall into two groups
z23%335%8 2 % 5% :sgmegszes| & (Fig. 40). For example, Units C1 and C4 have Ti/Zr ~
T, g 94, Y/Zr ~ 0.39, and P/Zr ~ 4, in contrast to Units
5335SRE881 § 33 8% Sggpsroeaz| £ C2, €3, and CS, which have ratios of 125, 0.53, and 8,
af_ENEZ22 £ 23 z= 3 respectively (Table 5). These element pairs are plotted in
§-iZsFZds | g 2o 33 "225351"533| F Figures 5, 6, and 7, and the data clearly define two in-
a engnEs W OTR B8« £ dependent linear fractionation trends. Thus the basalts
d-¥Zsrznsl g -a S5  ~32235335%| % from Units C1 and C4 have lower Ti/Zr, Y/Zr, and
FERCLT TN o S S — g P/Zr ratios compared with those from Units C2, C3,
grEzsron®l g =e 58 <opgehEs~s| 3 and C5. Two magma types can therefore be distin-
o i B 3 3 e 33 =8 bec e o el f T et 3 gu . L
g-3gdézns | g 32 So  R3EFSHISRN Z Major-element differences between the more magne-
af-E288N2 8 9E 38  ensuoesoaw § sian basalts of each magma type can be recognized in
ROAFTEGTEL w 7O RS OueaEaacnt 2 Figure 3 and Table 5; namely, for a given MgO content
383830348, 8 28 8§82  ngeagavscosl § there are absolute differences in SiO, (49.0-50.5% for
= - o MSgmOSorin = N
= = E Cl1, C2; 51-52% for C2, C3, C5) and in Al,Oy (16.5-
423835558 3 35 38 opesangns g 17.5% for C1, C2; 14.0-15.5% for C2, C3, C5). Units
C o o : C1, and C4 are also richer in Na,O and poorer in CaO,
$988335802. § 38 8% ssggsgnnes| but there are no differences in FeO or TiO, contents.
2.982288 3 Ro oF £ Whole-rock and glass data are plotted in Figures 8
WAL =O MmO 3 = e SO~ S oMo £ . . .
g-gassdds | g Z8 5 3333SES¥ER E and 9 on the Di-Hy-Ol and the Px-OI-Pl projections of
45nCUBBE8 | § N5 UF ccc-cwm-oms| § the normative basalt tetrahedron of Yoder and Tﬂley
JERFTERNST B CR w9 SSgstazesn) g (1962). The iron oxidation state (again, total iron is
~84285238 | 8 7Y UE  scsccmex=ac3 quoted as FeO unless otherwise stated) has been
CoCoo®m—nro - S TS S g = — g
FUETTEETE R P SRRRERS 5e recalculated as Fe3+ /Fe2* + Fe3+ = 0.15 for the calcu-
2 &3 lation of the CIPW norms. On the Di-Ol-Hy (Fig. 8)
t5 € 3 projection, whole-rock analyses of basalts belonging to
§30g08083 8 S5 2 o7 Units C1 and C4 plot on or close to the Di-Ol join. Unit
SEEEEER 3R T B9 22 E ss5ss2m3E =8 C2, C3, and C5 basalts are on average more Hy-
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Table 4. Analyses of basalts from Hole 447A.

Core 14 15 15 15 16 17 17 17 18 19 21 21 2 2 23 23 24 25 27 28 29 9
Section 3 2 3 4 2 1 2 3 2 3 1 2 | 3 I 4 2 3 I 1 2 3
Interval 41 35 69 13 37 52 25 105 116 84 9 99 34 9 63 76 125 10 41 112 B0 15
Sip 47.7 47.8 487 478 475 486 500 S04 50.7 48.2  49.0 490 482 50.6 50.1 48.0 47.2 475 41.2 48.8 49.2 48.9
TiOg 1.09 1.05 1.07 1.00 0.99 1.05 1.44 1.42 1.41 1.27 1.12 110 1.14 1.13 1.16 1.0S 0.83 0.91 0.87 1.01 0.94 0.92
Ala03 164 163 163 159 154 161 142 143 14.6 153 148 151 14.7 14.5 14.7 14.8 15.7 16.9 1.0 15.3 15.7 15.1
tFe203® 1076 1061 1069 1050 995 1042 1102 1026 1035 1245 1136 11.01 1154 1020 1050  11L.07 9.68 10,13 1000  10.59 9.95  10.24
MnO 019 019 019 048 016 016 017 017 0.5 013 016 0.6 0.6 0.18 0.17 0.18 0.16 0.19 0.17 0.17 0.17 0.17
MgO 6.76 6.71 6.78 B.82 8.63 7.02 7.67 B.08 8.24 5.72 6.86 71.06 6.17 9.13 9.32 6.86 11.61 7.47 B.51 1.51 B.55 B.08
Ca0 12,19 11.51 1241 1096 1196 1222 1137 11.86 12.01 11,10 12,38 1211 1285 12.07 11.52 12.66 11.67 12.20 11.70 1217 12.44 13.13
Naz0 2.60 2.75 2.84 2.68 2.48 2.77 .66 2.68 2.67 .41 241 2.57 2.24 2.67 2.68 2.36 234 2.52 2.50 217 231 .27
K20 0.45 0.50 0.39 0.38 0.51 0.45 0.41 0.57 0.39 .12 0.64 0.57 0.99 0.06 0.06 0.59 0.05 0.58 0.46 1.03 0.44 0.57
P20g 0.07 0.08 0.07 0.07 0.08 0.07 0.10 0.10 0.11 .1 0.09 0.08 019 0.08 0.08 0.08 0.05 0.05 0.05 o.11 0.08 0.09
Total 98.12 97.46 9945 9829 97.74 9890 99.01 99.84 100.62 97.87 9884 9876 98.26 10069 10032 9760 99.29 9844 9B4B  99.80 99.77 9837
Fea03 1.29 1.27 1.28 1.26 1.19 1.25 1.33 1.23 1.24 1.49 1.36 1.32 1.38 1.22 1.26 1.33 .16 1.22 1.20 .27 1.19 1.2
FeO B.52 8.41 5.47 8.32 7.88 B.25 8.81 B.13 B8.20 9.86 9.00 72 9.14 B.08 B.32 B.77 67 B.02 7.92 B.39 88 8.11
Trace Elements (ppm)
MNi 96 104 108 129 163 126 78 152 159 125 91 N 113 143 112 107 153 132 164 131 145 139
Cr 295 278 294 298 274 300 162 163 175 296 276 260 276 253 226 279 269 295 269 392 in 370
Zn 80 81 69 94 n 63 86 89 82 105 87 98 94 69 70 102 53 101 69 118 80 82
Ga 21 19 14 18 20 19 18 16 18 19 19 19 20 17 17 18 15 13 14 20 18 18
Rb 4 4 4 [ -] 4 8 4 6 10 5 5 9 <l <1 5 <1 6 6 9 4 5
Sr 128 130 126 127 127 139 87 85 8BS 83 73 73 8 69 69 7 107 116 109 87 86 88
Y 26 25 25 25 25 26 is 37 is n 28 29 30 26 T 9 0 2 2 29 2 2
Zr 65 65 = 64 62 67 0 69 68 59 54 5 54 51 4 49 53 0 58 48 47 47
Nb | <1 1 <1 <1 <1 2 ] <l <l <l <l 1 1 <l <1 <1 <1 <l I 2 2
Ba 25 30 29 18 28 16 25 13 26 32 20 24 25 22 2] 24 13 22 14 18 20 16
la 4 5 5 2 4 4 3 4 4 7 4 5 k] 3 4 4 3 4 3 5 6 4
Ce 10 1 7 12 8 5 10 11 8 8 8 8 6 [ 7] 4 3 6 6 10 [ 9
Nd 7 3 i 8 7 6 8 9 9 ] [ 7 7 [ 6 6 5 ] 5 7 T 7
Pb 1 4 3 <] <1 5 3 4 5 3 ] ] 3 2 4 3 5 <l 2 4 y: 5
Th <1 <l <1 <l <l | i <1 <1 <1 <l 2 1 <l <l <l 1 <1 <1 <1 <l <l
CIPW Norm
Q 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Or 2.7 3.0 2.3 23 kN 2.3 2.5 34 2.3 6.8 ig kR 59 0.4 0.4 3.6 0.3 35 2.7 6.2 2.6 34
Ab 223 23.9 23.1 23.1 208 216 2.7 27 2.5 20.8 20.6 220 19.3 224 26 20.5 19.7 19.7 20.2 18.6 19.6 19.3
An 322 k) 30.8 30.9 0.2 30.5 25.8 254 264 28.3 28.2 28.4 27.8 27.3 219 28.6 324 337 343 29.2 3.2 29.4
Ne 0.1 0.0 0.6 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 1.1 0.7 0.0 0.0 0.0
Di 21.8 21.9 252 19.8 24.4 249 251 26.8 26.2 2.6 274 26.1 29.6 257 23.2 289 0.7 22.5 19.8 25.5 24.5 9.0
Hy 0.0 0.9 10.0 1.4 0.0 0.0 12.7 8.4 10.4 6.5 5.9 4.6 1.7 11.1 11.2 22 0.0 0.0 0.0 4.6 6.3 1.8
ol 138 13.8 13.0 17.8 16.4 13.4 5.4 7.7 6.7 9.0 8.7 0.2 10.0 8.1 9.6 1.0 2.6 15.1 17.8 11.0 1.2 12.4
Mi 1.9 1.9 1.9 1.9 1.8 1.8 1.9 1.8 1.8 2.2 2.0 1.9 2.0 1.8 1.8 2.0 1.7 1.8 [} 1.9 1.7 1.8
lm 1 20 2.0 1.9 1.9 20 2.8 LY 2.7 25 2.2 21 22 2.1 2.2 2.0 1.6 1.8 1.7 1.9 1.8 1.8
Ap 0.2 0.2 0.2 o1 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.5 0.2 0.2 0.2 0.1 0.1 0.1 0.3 0.2 0.2
Unit Lib  Lic Lid  Lid 12 L2 Lia Lia L3a  L3b Lic Lic Lid Lid Lid L3d L4 Lsa Lsb Léa Léa Léa
Cl C1 Cl Cl <l C1 2 C2 2 C3 <3 C3 Lex} €3 G Cci 4 c4 c4 Cs Cs L]

Note: Samples A through M are the 13 samples that had become separated from their labelled capsules, so it is not known to which intervals they correspond.

2 tFe30y = total Fe as Fea03,

normative. These diagrams shows that basalts from
Units C1 and C4 are less silica saturated than those from
Units C2, C3, and CS5. Glass compositions are plotted
on the same diagram, and these also are either Ol-norm-
ative (Units C1, C4) or Qz-normative (Units C2, C3,
C5). In the Px-Ol-PI projection (Fig. 9), the whole-rock
data all fall in the olivine-tholeiite field of Miyashiro
(1970). Unit C1 and C4 basalts, however, are more Ol-
normative than those from Units C2, C3, or C5. The
Hy-normative glasses of Units C1 and C4 basalts lie on
the 1 bar plagioclase-olivine cotectic curve (Miyashiro,
1970). Thus the two magma types also follow two dif-
ferent major-element fractionation trends, namely, a
Si-Ca poor and Al-Na rich trend (Units C1 and C4) and
a Si-Ca rich and Al-Na poor trend (Units C2, C3, and
C5).

The behavior of the compatible trace elements Ni,
Cr, and Sr relative to HYG elements such as Ti, Zr, Y,
and P also discriminates between the two magma types.
To illustrate these relationships, each element is plotted
against Zr in Figures 10, 11, and 12. Although Ni con-
tents vary considerably within each chemical unit, a
broad negative correlation is observed with Zr for both
magma types (Fig. 10). It is difficult to distinguish be-
tween the two magma types on the basis of absolute Ni
contents, because each has a similar range (100-160
ppm, averaging 140 ppm), which is within that of
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typical depleted MORB (e.g., Nazca plate, Rhodes et
al., 1976). The behavior of Cr, however, is rather dif-
ferent. Cr shows a progressive depletion from Units C5
(~400 ppm) through C3 (~250 ppm) to C2 (~175
ppm). In contrast, Cr shows a small but significant in-
crease between Units C4 (278 ppm) and C1 (289 ppm)
(Fig. 11, Table 5).

The variation of Sr relative to Zr (Fig. 12) also
characterizes each magma type. The Sr contents of
Units C1 and C4 are relatively high (100-140 ppm,
Table 5) and increase sympathetically with Zr, with the
Sr/Zr ratio remaining constant at about 2. Sr contents
of Units C2, C3, and CS5 are lower (60-90 ppm) and re-
main approximately constant with increasing Zr. Within
each chemical unit, however, Sr rises with Zr, and each
unit is defined by a unique Sr/Zr ratio.

Both magma types have similar ranges of Rb and Ba
and average approximately 5 and 20 ppm, respectively.
Neither of these elements show any correlation with Zr,
and each element displays a considerable range within a
chemical unit. Both elements are notably susceptible to
seawater alteration, which probably accounts for much
of the scatter. Similarly, Nb shows no discernible cor-
relation with Zr, which varies from 3 to 7 ppm. The
cause of the scatter here is more likely the result of
analytical imprecision at such low abundances. How-
ever, Zr/Nb ratios for these basalts are relatively high,



Table 4. (Continued).
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29 29 n 30 2 34 6 36 36 7
3 4 | 4 1 2 2 1 5 | A B C D E F G H ] K L M
51 B 58 91 107 19 4 62 29 80
48.6 48.7 48.6 49.4 49.0 487  4B.S 478 481 477 S0.2 500 469  4B6  48.6  47.8 492 482 484 487 497 496  4T.
0.95 0.9 0.89 0.89 0.79 090 087 098 0% 092 116 138 08) 110 093 104 113 0% 082 086 111 LIS 083
15.6 15.3 149 15.2 15.8 162 160 160 156 159 150 145 152 157 177 157 142 155 152 158 144 149 177
10.26 9.82 9.92 9.66 9.50 1049 1010 11.24 1056 1075 1041 10,84 10.65 1042 1025 10.59 1140 1060 998 1036 1092 1093 1022
0.6 0.6 0.6 0.16 0.17 017 018 047 046 DJT 047 0I8 046 022 0JB 020 0J7 048 015 046 08 0J7 048
6.57 B.04 8.13 9.23 B.63 686 758 663 704 610 B0l 743 12464 TB4 526 644 TS0 753 789 765 RS2 798 810
1269 1294 1389 1266 1331 1291 1247 1147 1307 1264 1227 11.B3 1093 1205 1118 1386 1254 1344 1284 1117 1178 1217 1136
221 2.9 218 237 212 232 23 224 225 2115 270 263 224 259 280 270 S0 227 217 216 261 251 2.6l
1.14 0.53 0.62 0.48 0.34 058 053 112 059 114 035 046 005 057 147 040 05 045 079 119 022 040 0.5
0.10 0.09 0.09 0.07 0.05 0.07 0.07 006 006 009 008 0.1 0.05 0.07 006 007 0.09 0.06  0.08 0.07 008  0.07 0.05
9831 99.82  99.38 100,06 9971 99.21 98.63 9778 9827 97.57 10032 9931 99.62 99.12 9845 98E2 9932 991 983 9818 99.60 9997 98.6]
1.23 118 1.19 1.16 1.14 126 121 135 127 1,29 125 130 L6 125 127 137 127 120 124 131 13 12
8.13 1.78 7.86 7.65 7.52 831 800 89 836 8351 824 K59 54 8.2 839 903 840 790 821 865 866 809
125 140 150 153 123 108 148 155 161 170 186 9% 6 120 103 107 102 133 127 122 121 149 157
384 358 375 365 367 393 390 416 an Wa 248 17 324 16 304 284 70 414 398 479 247 245 303
85 73 kil 62 59 107 89 76 80 79 72 B4 44 123 % 72 82 74 69 4 72 7 86
16 17 15 18 17 19 16 15 19 17 15 19 17 18 18 18 17 18 17 18 15 17 19
13 § 5 4 2 s 6 7 4 8 4 6 <l s [} 4 7 3 8 14 5 § 6
90 85 92 87 73 93 90 %« 92 93 72 86 101 132 12 128 75 90 74 il 7 n 109
28 21 2 21 20 28 24 24 2 2 29 34 20 27 23 25 28 21 n 21 7 28 2
a7 45 46 48 ” as 41 45 43 45 55 61 50 66 54 61 55 47 39 40 52 51 52
=1 I 1 2 <1 <1 <1 1 <l <1 <l <1 <1 <1 <1 1 | <l <l <1 1 I <l
3 16 19 13 14 19 2 16 8 2 19 25 5 20 29 18 15 17 16 20 15 23 12
5 3 3 4 3 5 2 4 3 3 4 5 2 5 4 3 2 3 1 3 4 3 3
7 9 7 [ 4 7 7 & 5 4 6 10 10 1 7 8 11 8 6 4 7 6 8
6 6 7 6 5 5 5 6 4 5 6 9 7 8 6 7 7 5 4 4 7 5 6
! 3 3 4 4 3 <l [ 6 2 6 2 2 4 2 4 4 1 <i 1 1 4 2
=1 2 <l <1 <1 <1 1 2 <1 <l 1 <1 <1 <l <1 <l <1 | <l 2 <l <1 <l
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.9 3.2 1.7 2.8 2.0 35 3.1 6.8 1.5 6.9 2.1 2.7 0.3 3.4 8.8 24 3.0 27 4.8 7.2 1.3 24 3.0
19.0 19.6 17.3 20.0 18.0 198 202 194 194 183 228 224 190 223 21,0 177 213 189 187 186 223 212 203
29.7 30.2 29.5 29.4 273 324 iy 3 312 312 227 285 34 29.7 2.0 299 26.3 il 29.8 30.5 21.0 28.3 55
0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 1.7 29 0.0 0.2 0.0 0.0 0.0 0.0 1.1
27.6 278 320 26.7 270 26.0 248 20 282 68 265 260 18.4 24.6 19.9 23 29.2 293 28.1 208 254 258 17.4
1.2 LX) 0.0 29 53 3.0 36 EN | 1.3 0.0 6.5 10.6 0.9 0.7 0.0 0.0 4.5 0.0 1.6 7.3 9.5 7.8 0.0
10.8 1.6 12.5 13.9 10.9 106 118 126 118 118 9.4 59 257 144 120 99 102 131 126 110 9.3 9.3 182
1.8 1.7 1.7 1.7 1.7 1.8 1.8 2.0 1.9 1.9 1.8 1.9 1.7 1.8 L8 1.9 2.0 1.9 1.8 1.8 1.9 1.9 1.8
1.8 1.8 1.7 1.7 1.5 1.7 1.7 1.9 1.7 1.8 2.2 26 1.6 2.1 1.8 2.0 22 1.7 1.6 1.7 2.1 22 1.6
0.3 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.3 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.1
Léb Léb Léc Léd Lée Lée La&f Laf L6f L&f
cs Ccs C5 cs Cc5 Ccs Ccs { o] C5 Ccs

ranging from 10 to 30, and fall in the range of values for
depleted N-type MORB (Erlank and Kable, 1976; Tar-
ney et al., 1979, Sun et al., 1979). The HYG elements
La, Ce, Nd, Pb, and Th are present in very low abun-
dances (Tables 4, 5), typical of depleted N-type MORB.

Holes 449 and 450

Because of the poor basement penetration and re-
covery at these two Parece Vela Basin sites, the available
data are limited to only four whole-rock analyses. These
are compared in Table 6 with the average glass analyses
from each hole. The basalts from Hole 449 and 450 are
rather similar in terms of MgO (~7.5%), FeO/(FeO +
MgO) ratio (~0.52), and Ni contents (~ 110 ppm), but
the basalt from Hole 450 is slightly richer in CaQ and
has a slightly higher CaO/Al,O; ratio. K,O in the
whole-rock samples is again enriched relative to the
values in the glasses (and in fresh MORB), but the dif-
ference is not so marked as at Hole 447A. Small but
significant differences between the two holes are ap-
parent for several incompatible elements. For instance,
basalts from Hole 450 have higher TiO,, Y, Zr, and Ce
but lower Sr, Ba (and K,0) than those from Hole 449.
Figures 3, 5, and 6 also suggest that the basalts from
Holes 449 and 450 have parental magma compositions
broadly similar to those of Units C1 and C4 from Hole
447A in the Philippine Sea. In overall geochemical

characteristics, the Parece Vela basalts are not very dif-
ferent from typical mid-ocean ridge basalts.

Mineral Chemistry

The composition of phenocrysts found in fresh
glasses from Holes 447A, 449, and 450 have been
studied using the electron microprobe. The number of
analyses of each phase varied in accordance with its
abundance; thus a total of 300 plagioclase crystals, 100
olivine crystals, 80 pyroxene crystals, and 50 chrome-
spinels were analyzed. Included in this investigation
were many examples of xenocrysts—crystals of plagio-
clase, olivine, pyroxene, and spinel—in marked disequi-
librium with their host glasses. We particularly empha-
sized recognition of compositional differences between
the phenocrysts and the resorbed phases in order to
place constraints on their possible modes of origin.

Plagioclase

Plagioclase phenocrysts are ubiquitous in Leg 59
basalts; their compositional ranges are summarized in
Figure 13. The phenocrysts are characterized by oscilla-
tory zoning; within each sample studied, core composi-
tions vary by 10 to 15 mol % of anorthite. General
directions of zoning are indicated in Figure 13. The ma-
jority of phenocryst compositions fall in the range Ang,
to Ang,, but glomerophyric plagioclases (often associ-
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Table 5. Representative analyses of basalts and glasses from Chemical Units C1 through CS5, Hole 447A.

C1 C2 C3 C4 C5
Unit wra glb wr gl wr gl wr gl wr gl
Si0p 479 49.7 50.4 52.0 49.0 51.3 47.3 49.2 48.6 51.1
TiOp 1.04 0.99 1.42 1.30 1.14 1.04 0.87 0.74 0.92 0.84
AlpO3 16.0 16.3 14.4 14.2 14.9 14.9 16.5 17.4 15.6 15.5
tFeQ 9.40 9.08 9.52 10.07 8.94 9.75 8.94 8.26 0.22 8.79
MnO 0.18 0.11 0.16 0.15 0.16 0.13 0.17 0.11 0.17 0.11
MgO 7.59 8.19 8.00 7.07 7.30 7.99 9.19 9.09 7.61 8.48
Ca0 11.77 11.92 11.74 11.46 12.10 12.27 11.86 12.40 12.77 12.69
NasO 2.66 2.38 2.67 2.30 2.48 1.87 2.45 2.21 2.23 1.76
K0 0.46 0.02 0.46 0.02 0.58 — 0.36 — 0.72 0.02
P705 0.06 — 0.09 0.05 0.10 — 0.05 — 0.08 —
Trace Elements (ppm)
Cr 289 167 267 278 382
Ni 124 129 113 163 142
Zn 78 86 89 74 81
Ga 19 18 19 14 17
Rb 5 6 7 6 5
Sr 131 86 74 111 88
Y 25 36 29 22 24
Zr 65 69 53 57 46
Nb <1 1 <] <1 <l
Ba 23 21 24 16 19
La 4 4 4 3 4
Ce 9 10 7 5 6
Nd T 9 6 5 6
Pb 1 4 3 2 3
Th 1 1 1 1 1
Selected Element Ratios
F/(F + M)¢ 0.55 0.54 0.58 0.50 0.55
Ca/Al 0.74 0.82 0.81 0.72 0.82
Zr/Nb >65 69 >53 >57 >46
P/Zr 4 6 8 4 8
Ba/Zr 0.35 0.30 0.45 0.28 0.41
Ti/Zr 96 124 128 92 122
Y/Zr 0.39 0.51 0.55 0.38 0.52
Cr/Ni 2.46 1.42 2.42 1.75 2.74

2 wr = whole-rock average compositions.
gl = glass average compositions.

€ tFeO/(tFeO + MgO).

ated with clinopyroxene) are usually less calcic than
isolated phenocrysts (Table 7, Analyses 7 and 8).

The range of plagioclase compositions in Holes 447A
and 449 basalts are broadly similar: from Ang, to Anqg
in Hole 447A (Table 7, Analyses 1, 2, 4, and 5) and
from Ang; to Ans in Hole 449 (Table 7, Analysis 7).
Phenocrysts from Hole 450 are significantly more cal-
cic, and compositions ranging from Ang to Ang, are
common (Table 7, Analysis 9).

Within Hole 447A, there is a general relationship be-
tween the compositions of the plagioclase phenocrysts
and the host glasses. The two magma types found in
Hole 447A are characterized by, among other things,
different Ca/Al ratios (~0.72 in Units C1 and C4,
~0.82 in Units C2, C3, and C5). Although the data are
limited, plagioclase phenocrysts from the former are
less calcic (~Angy) than the average composition of
phenocrysts from the latter (~ Angs). Representative
analyses of plagioclases from the two magma types are
given in Table 7 (Analyses 1 and 2). In the magma type
represented by the three Chemical Units C5, C3, and C2
(each progressively more evolved in terms of falling
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MgO and Ni and rising TiO,, Zr, etc.), the plagioclase
phenocrysts also tend to become less calcic, falling from
Ang, to Ang, in Unit C5, to Angg to Ansgin Unit C3, and
to Angg to Ans; in Unit C2. It is emphasized that these
correlations are only crude and could reflect equally
well the greater influence of factors such as fluctuating
P20 and degree of undercooling in the melt on the pla-
gioclase-melt equilibria (Lofgroen et al., 1974; Drake,
1976).

Plagioclase crystals, interpreted as xenocrysts, are
found at several horizons in Hole 447A basalts. These
crystals differ from the equilibrium phenocrysts in that
they are much larger, up to 2 cm in diameter, and have a
smooth or corroded anhedral outline. Two types are
recognized, based on differences in composition, style
of zoning, and morphology. Representative analyses of
both types of plagioclase xenocrysts are compared with
associated phenocrysts in Table 7, Analyses 3, 4, 5, and
6.

Type 1. ““More refractory’ xenocrysts. These are
considerably more calcic than associated equilibrium
phenocrysts and are only found in Unit C2 basalts



T
Tio, Al MgO Ca0 N
120 N o 203 o o o o o
oo 0B go 8 o o P
140 O Ty et Sy B
2
f 3 3 i
160 L] L ¥ N ¥
3 - s " " "u
E 180 o - 1 [y 2
£ & c ) ] )
g 200] 4 o o o © o
b~
g ° o =] o o
S 20
.. '. ‘ L - ..
240 . . . . -
250 5 Ll - - - -
- - - - -
230 - -
.* . iy * e . e
200 =t — 2 —* =
:“ 08 1.0 1.2 1.4 15 16 17 6 8 10 1m 12 13 2 3
Zr Y
ol 0 . [ o | M o
1 8 53 g | B %
1401 =] Iy On o o8 Bn
2
f 2l 4 — |1
180F w v w w L
z 3 -: * L LY o
[}
E 1BOF e " | ; - l-:_
B o ] -] Q (-]
g 200} 4 o o o -] o
? o 1<) o Q o
a
ZZUI' . . | - . -
' |
N s " b % -
2401 . L] . . .
280}»5 . . . - -
- -
280- . L] - . ]
- o » i »
A . a A a
300 TR RS o 3
s 40 50 BO 70 20 30 BD 100120740 100 200 200 400
100 —_— ——— —r—rr r—T—t—r
FIF+M) CalAl TifZr YizZr PiZr
120F a o o =} o
1 ] o =] o
g @ oaQ =] B &5
1401 o— &£ £ e L
2l 1 i 2 | i
160fF w w w
3 " o H "a .
Al oA Vv [ s
= © o o °
5200 4 o o o o o
E o o ] o o
& 220¢
<& L. < .| <
L] .. .* LY [}
2401 - . . - .
260 5 . . . . -
. . . . .
2801 & %
«* ¢ . ‘oo - <
an e = oy 2 - :
- 4 5 K] 6 .7 B .9 90 10 130 3 4 5 B 2 6 10141

c
Figure 4. Down-hole geochemical variations (whole-rock XRF data)
at Hole 447A, West Philippine Basin. (Selected major elements are
shown in A, selected trace elements in B, and selected element
ratios in C. Chemical Units C1-C5 are distinguished by a set of
symbols consistent with the variation diagram in Fig. 3. F/(F +
M) means tFeO/(FeO + MgO).)

(Lithologic Unit L3a). Crystals range in size from 2to §
mm and are characterized by smoothly rounded or em-
bayed outlines. They vary little in composition, from
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Figure 5. Titanium versus zirconium plot for basalts from Holes 449
(open stars), 450 (closed stars), and 447A (individual Chemical
Units C1-C5 at Hole 447A are distinguished as follows: open
squares and circles = Units C1 and C4, respectively [forming
Magma Type 1]; closed triangles, squares, and large circles =
Units C2, C3, and C5, respectively [forming Magma Type 2].
Crosses and small closed circles are unlabeled samples belonging to
Magma Types 1 and 2, respectively [see the preceding text on
sampling techniques].)

Angg to Angs and are unzoned. Euhedral phenocrysts
vary from Angg to Ang in the host basalts.

Type 2. “‘Less refractory’ xenocrysis. These are
typically similar to, or less calcic than, associated
equilibrium phenocrysts and are found in two horizons
in Hole 447A. The lower Unit C3 basalts (from Litho-
logic Unit L3d) contain relatively small (1-3 mm)
xenocrysts ranging in composition from Ang; to Angy
and are partly mantled by a thin rim of plagioclase of
similar composition to the euhedral phenocrysts
(Angg g;). The lower basalts from Unit C5 (Lithologic
Units Lée, f) contain more abundant and significantly
larger (up to 2 cm) crystals, which have a more ragged,
abraded anhedral form. These xenocrysts are zoned by
up to 5 mol % An, with core compositions varying in
the range Angg to Anq; associated plagioclase pheno-
crysts are slightly more calcic (Angy_gp). These xeno-
crysts are also associated with large (up to 5 mm)
aluminous chrome-spinels, and glomerophyric groups
of both phases are sometimes found. Xenoliths of
cumulate textured anorthosite, up to 5 cm in size, were
recovered from the deepest basalts penetrated in Hole
447A. Individual crystals from the xenoliths are similar
in appearance and composition to the isolated xeno-
crysts, hence the two may have been derived from the
same source.

Olivine

Olivine is present as phenocrysts in the majority of
glasses studied, except those from Hole 450. Composi-
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Figure 7. Phosphorus versus zirconium plot for basalts from Holes
447A, 449, and 450 (same symbols as in Fig. 5).

tional ranges are summarized in Figure 14. The overall
variation extends from Fogg to Fog;.

Compared to plagioclase, olivine phenocrysts portray
a much more restricted range of core compositions
(rarely exceeding 2 mol % of forsterite) and less exten-
sive zoning (less than 1% Fo). Unlike plagioclase, the
olivine composition is closely related to the composition
of the host glass, and each chemical unit is characterized
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ol Hy

Figure 8. Basalt whole-rock analyses from Holes 447A, 449, and 450
plotted in the diopsite-olivine-hypersthene face of the basalt
tetrahedron. (The symbols are the same as in Fig. 5. The fields of
basalt glass compositions from the five chemical units from Hole
447A [labelled 1-5] and from Holes 449 and 450 are also plotted
for comparison.)

Pl

Figure 9. Basalt glasses and whole-rock samples from Hole 447A
plotted in part of the pyroxene-plagioclase-olivine ternary dia-
gram. (The symbols are the same as in Fig. 5. Glass analyses from
Units C4 [partly filled circles] and C1 [partly filled squares] plot
along the 1 bar cotectic curve of Miyashiro [1970].)

by a narrow range of olivine compositions. Table 8
compares the most magnesian olivine analysis from
each unit in Hole 447A and in Hole 449. NiO varies
from approximately 0.3% (~ 2300 ppm) to below the
detection limit of the electron-microprobe system
(0.15%, ~1000 ppm). CoO and MnO are also both
close to the detection limit, and results are unreliable.
CaO remains fairly constant at about 0.3%, indicating
that these olivines have equilibrated at low pressures
(Simkin and Smith, 1970).
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The Fe-Mg distribution coefficient K, between oli-
vine and liquid

Kp = Xfo * Xifo / X% « X%o

(where X¢., = the mole fraction of FeO in olivine, etc.)
has been determined both experimentally and in natural
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Figure 12. Strontium versus zirconium plot for basalts from Holes
447A, 449, and 450 (same symbols as in Fig. 5).

systems by a number of workers (Roeder and Emslie,
1970; Cawthorne et al., 1973; Thompson, 1975) and is
found to remain approximately constant (0.30-0.36) for
a wide range of bulk compositions, pressures, and tem-
peratures, The olivine data have been used to calculate
apparent K, values for phenocryst-glass pairs to test
whether all the phenocrysts are in equilibrium with the
host glass. Larger anhedral crystals of olivine are also
found in samples that contain ur:doubted xenocrysts of
plagioclase and pyroxene, and it is possible that these
olivines may also be xenocrystic in origin.

The calculated K, values are plotted against the iron-
magnesium ratio of the host glass in Figure 15. The glass
analyses reflect the lower limit of MgO content of the
primitive liquid, therefore the highest olivine-liquid Kp
values are the minimum true equilibrium K, value.
Each chemical unit gives similar maximum K, values of
0.30 to 0.32 (Range A, Fig. 15). These are slightly lower
than the value of 0.33 predicted by Cawthorne et al.
(1973) and Thompson (1975), which probably suggests a
higher Fe3+/Fe2+ ratio than the value of 0.15 used in
the calculations. An assumed oxidation ratio of 0.20 in
the glasses elevates the calculated K, values closer to the
accepted value of 0.33 (e.g., Field B, Fig. 15).

The glasses from each chemical unit display a range
of Kp values extending as low as 0.25. This array of
values, all calculated from euhedral or skeletal olivine
phenocryst compositions, is probably a result of early-
formed (magnesian) phenocrysts coming in contact with
residual glass (i.e., more fractionated because of incip-
ient groundmass crystallization). The larger anhedral
olivines found in Units C2 and C3, however, give sig-
nificantly lower K, values, ranging from 0.25 to 0.22.
In both of these units, considering all the K, values, the
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Table 6. Representative analyses of basalts and glasses from Holes 449
and 450.

Hole 449 450

Sampled 1 2 gl 3 4 gl®
SiOp 49.4 49.0 499 50.0 49.6 50.1
TiOy 0.99 1.02 0.91 1.43 1.35 1.43
AlpO3 14.3 14.9 16.5 15.2 15.4 14.9
tFeO 9.36 9.84 9.30 8.20 8.38 9.43
MnO 0.14 0.15 0.12 0.17 0.16 0.12
MgO 9.14 7.74 7.59 7.58 7.40 7.47
Ca0 12.25 11.43 11.60 13.08 12.99 11.56
NaO 2.76 2.95 2.25 2.87 2.71 2.52
K20 0.46 0.39 0.15 0.23 0.37 0.08
P705 0.08 0.11 0.11 0.11

Total 99.03 97.66 — 99.05 98.54 —

Trace Elements (ppm)

Ni 108 116 118 117
Cr 221 220 274 266
Zn 63 92 71 69
Ga 16 18 18 18
Rb 5 4 2 4

Sr 158 155 134 129

Y 24 26 31 30
Zr 61 62 89 82
Nb 2 3 2 2
Ba 32 29 23 23
La 5 5 5 5
Ce 9 7 10 13
Nd 8 7 9 10
Pb <l 4 3 3
Th <1 1 <l 2
Selected Element Ratios

FAF + M)b 0.51 0.56 0.52 0.53
Ca/Al 0.82 0.77 0.86 0.84
Zr/Nb 30 21 45 41
Ba/Zr 0.52 0.47 0.26 0.28
Ti/Zr 97 99 9 99
Y/Zr 0.39 0.42 0.35 0.37
Cr/Ni 2.05 1.90 2.32 2.27

a Samples: (1) 449-15-2, 11 em, (2) 449-17-2, 109 cm, (3) 450-36-3, 7 cm,
(4) 450-36-3, 86 cm.

b {FeO/(tFeO + MgO).

€ gl = average of glass analyses.

distribution is crudely bimodal. This evidence supports
the postulate that these larger, anhedral olivines, which
are clearly too magnesian to have crystallized from their
host glasses, are xenocrysts.

Pyroxene

Clinopyroxene is found as glomerophyric inter-
growths with plagioclase and as spectacularly resorbed
xenocrysts in a few basalt samples from Hole 447A and
as rare phenocrysts and glomerocrysts in the upper
basalts from Hole 449. In Hole 447A, pyroxene-bearing
basalts are limited to Lithologic Unit 3 and are most
abundant (although subordinate to olivine and plagio-
clase) in Unit L3a (Chemical Unit C2). The resorbed
grains of pyroxene are very small and rarely exceed 0.5
mm in size. Their morphology varies from examples
that have irregular outlines with embayments to almost
completely digested round grains less than 0.05 mm in
diameter. In thin section, these pyroxenes are pale
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yellowish green in color, with frequent multiple twin-
ning. No exsolution features are observed.

Glomerophyric clinopyroxenes are often found in the
same samples as the resorbed crystals. These form in-
tergranular or subophitic intergrowths with plagioclase
(up to 2 mm in diameter), the latter usually being less
calcic than the associated plagioclase phenocrysts.
These clinopyroxenes are pale green in color, have a
characteristic patchy extinction, and twinning is rare.

In Hole 449, both euhedral phenocrysts and glomer-
ophyric clinopyroxenes are found in the upper basalts,
associated with spinel-bearing plagioclase phenocrysts
and rare olivine phenocrysts. These clinopyroxenes tend
to be larger and more euhedral than their Hole 447A
counterparts.

Four pyroxene-bearing glass margins from Hole
447A and one from Hole 449 were studied by micro-
probe to elucidate the variation in pyroxene com-
positions. One sample, containing five resorbed crystals
and three glomerophyric groups, was studied in detail
(447A-18-1, 40 cm, 65 analyses). The results are plotted
in the pyroxene quadrilateral in Figure 16 (Hole 447A)
and Figure 17 (Hole 449). Representative analyses are
presented in Table 9. The glomerophyric pyroxenes and
the resorbed pyroxenes from Hole 447A are composi-
tionally different. Resorbed crystals are typically en-
diopsides and diopsidic augite ranging in composition
from Wo,;EnsgFs,; to Wo;sEnssFsg, with most variation
in the Wo molecule at a constant Mg/(Mg + Fe) (0.85).
Although some crystals are slightly zoned (by a few mol
% Wo), there is, in fact, a greater range in core com-
positions between crystals in the same sample. Glomero-
phyric crystals are slightly more iron-rich [Mg/(Mg +
Fe) = 0.82] and less calcic than the resorbed crystals and
range in composition from WoyEn.gFs;; to Wo;30Ense
Fs,4. Although there is variation in the Fs molecule, the
dominant variation is again in Wo, but this time as zon-
ing within single crystals.

The most important minor elements in these pyrox-
enes are Cr,0; and Al,O;, followed by TiO,. The
resorbed crystals are notably rich in Cr,0;, averaging
0.8% but sometimes reaching as high as 1.5%; the
glomerophyric pyroxenes are lower in Cr,0s, typically
0.15% to 0.4%. No differences in Al,O; contents are
observed, and both equilibrium and nonequilibrium
crystals average 2.5% Al,O; and range from 1% to 4%.
TiO,, however, is generally lower in the resorbed crys-
tals (less than 0.5%, average 0.2%) than in the glomero-
crysts (range 0.5-0.8%).

Figures 18 and 19 show the results of a more detailed
study of the differences and behavior of minor elements
in resorbed and glomerophyric pyroxene crystals from
one sample. The AL:Ti relationships are illustrated in
Figure 18, and it can be seen that the resorbed crystals
are relatively more aluminous (Al:Ti = 15) compared
with the glomerocrysts (AL:Ti = 10). The variation of
Al, Ti, Cr, and Mg/(Mg + Fe) with mol % Wo content
suggests more of a continuous compositional trend link-
ing resorbed and unresorbed crystals.

In general, the compositional difference between the
resorbed grains and glomerophyric pyroxenes is small
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Figure 13, Summary of variation in composition of plagioclase phenocrysts (open circles = core analyses, closed circles = rim analyses) and xeno-
crysts (open stars = core analyses, closed stars = rim analyses) from Holes 447A (A) and 449 and 450 (B). In A, samples [core-section, interval
in cm] from Hole 447A are designated by: a = 14-3, 60 cm; b = 15-2, 5cm; ¢ = 16-2,45cm; d = 17-1, 148 cm; e = 18-1,40 cm; (f = GL-31); g
=19-3,62cm; h = 21-5,2cm; i = 22-1,20cm; j = 25-2, 125¢cm; k = 28-1, 140cm; | = 30-3,45cm; m = 314, 35¢cm; n = 35-2, 145cm; 0 =
36-3, 40 cm; p = 364, 77 cm; g = 37-1, 110 cm; and r = anorthosite zenolith, 36-3, [R. B. Scott, personal communication]. In B, samples
[hole-core, interval in cm] from Hole 449 are designated by s = 14-1, 1 cm and t = 15-1, 130 cm and from Hole 450 by u = 36-3, 1 cm andv =

36-3, 133 cm.)

though significant. This is surprising in view of the con-
trasting crystal forms present in the same samples.

In Hole 449, rare euhedral phenocrysts of endiopsidic
augite are found that are very similar in composition to
the resorbed pyroxene crystals in Hole 447A (Table 9,
Fig. 17). The phenocrysts are up to 2 mm in size and
display no evidence of resorption. These are associated
with glomerocrysts of a less calcic, chrome-poor augite,
similar in composition to those from Hole 447A.

Spinel

Spinel (magnesiochromite) is present as rare inclu-
sions, microphenocrysts, and resorbed grains in the
more magnesian lavas from Holes 447A and 449. The
compositional variation found in the 50 spinels analyzed
is summarized in Figure 20, a projection onto the
[Cr/(Cr + AD)/[Mg/(Mg + Fe2+)] face of the spinel
prism. Representative analyses are presented in Table 10.

Two types of spinel are found in the samples studied:

1) Small (50-500 pm) reddish brown octahedra,
embedded or attached to phenocrysts (usually olivine)
or as free-floating microphenocrysts, are common in
basalts from Chemical Units C1, C4, and C5. These
magnesiochromites have a small range of composition,
dominated by variation in Cr/Cr + Al from 0.55 to
0.48 (Fig. 20; Table 10, Analyses 1-3). In crystals large
enough to analyze (> 100 pm), a small degree of zoning
was detected, mainly of the “‘reversed”” type with Cr-
rich rims. No differences in composition were found in
spinels, which have crystallized from different geo-
chemical units. For comparison, the field of typical
magnesiochromites from the Mid-Atlantic Ridge is also
shown on Figure 20. The euhedral chrome-rich spinels
from Hole 447A are essentially identical to spinels in
FAMOUS (Legs 37 and 49) basalts (Sigurdsson, 1976;
Dick, 1976; Wood, Varet, et al., 1979).
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Table 7. Representative analyses of plagioclase phenocrysts and

Xenocrysts.
Hole 447A 142 450
Anal.t 1 2 3 4 5 6 7 8 9
Typeb p p x P P x p p p
Si0g 48.72 46,04 45.12 47.84 47.34 48.92 49.08 51.96 47.29
Alz0Oq 2.9 3419 3565 339 3.9 239 2.07 30.07 5.9
FeO 0.41 0.37 0.26 0.29 0.35 0.46 0.49 0.65 0.29
Ca0 15.91 18.01 18.49 16.51 17.15 15.79 15.67 13.89 16.40
Naz0 .10 0.95 0.54 1.44 1.36 1.73 1.80 295 0.62
K20 n.d. n.d. n.d, n.d. n.d. n.d. n.d. 0.15 nd
Total 100.11 B9.56 100,06 99.28 100.10 99.29 9.11 9967 99.69
Cation Proportions on the Basis of 8 Oxygens
Si 2.225 2.128 2076 2.203 2.169 2.248 2.259 2.369 2.161
Al 1.775 1664 1.934 1.802 1.831 1.755 1.740 1.616 1.891
Fel+ 0.016 0.014 0.011 0.00 0.013 0.018 0.019 0.025 0.011
Ca 0.779 0.892 0.912 0.815 0.842 0.778 0.773 0679 0.803
Na 0.186 0.085 0048 0.129 0121 0.154 0.161 0.260 0.055
K — — — - -_ - - 0.008 -
Sum 4981 4983 4.981 4.960 4.976 4,953 4,952 4,957 4.921
An 0.7 913 95.0 B6.4 87.5 B35 BL7 71.6 936
Ab 19.3 8.7 5.0 13.6 12.5 16,5 17.3 1.5 6.4
Or - - - - - — - 0.9 -
FAT + M€ 048 0.0 0.55 0.51 0.55 0.56
Ca/Alc 0.7l 0.85 0.82 0,82 0.70 0.77

8 | = Caleic phenocryst from L5a, (Chemical Unit C4), (Sample 447A-25-2, 125 cm);
= calcic phenocryst from Lée (C5), (Sample 44TA-31-4, 35 ecm);

= extremely calcic xenocryst from L3a (Sample 44TA-16-2, 45 cm);

= most calcic plagioclase from same sample as Anal, 3;

= most calcic phenocryst from L6f (Sample 447A-36-4, 77 cm);

= core of less-calcic xenocryst from L6f (Sample 447A-36-3, 40 em),

= most calcic phenocryst containing spinel inclusions (Sample 449-14-1, 1 cm);

= plagioclase glomerophyric with augite, from same sample as Anal, 7;

= most calcic phenocryst (Sample 450-36-3, | cm).

= phenocryst; x = xenocryst (this notation will be used in the mineralogic tables that follow).
atios in host glasses, tFeQ/(tFeQ + MgO).

3
:
:
%
2) Significantly larger spinel crystals, characterized
by an embayed or pitted appearance, are found in the
lowest Unit C5 basalts (associated with plagioclase
xenocrysts and xenoliths [anorthosite]), as inclusions
within plagioclase phenocrysts in Unit C2 basalts, and
in the upper basalts from Hole 449. These spinels are
distinctly more aluminous [Cr/(Cr + Al) = 0.43-0.38]
and are among the most magnesian [Mg/(Mg + Fe2+) =
0.74-0.66] spinels found in Leg 59 basalts (Fig. 20;
Table 10, Analyses 6-9). Those found in Unit C5 basalts
range from 200 to 1000 um in size, whereas those from
Unit C2 and from Hole 449 basalts are somewhat
smaller (50-500 pum). In Unit C5 basalts, resorbed
spinels are found as free-floating crystals or as inclu-
sions in olivine phenocrysts, often side by side with
equilibrium spinels. Noticeably light in color, these
spinels are yellowish brown in comparison to the euhe-
dral reddish brown microphenocrysts. The aluminous
spinels from Unit C2 and from Hole 449 are less pitted
and were probably protected from reaction by the
plagioclase that now surrounds them. This armoring of
the spinel by plagioclase would also account for the
unusual coexistence of this phase with clinopyroxene
phenocrysts in Hole 449. Spinel is generally absent from
basalts bearing clinopyroxene phenocrysts; to explain
this coexistence, a liquid-spinel<linopyroxene reaction
relation (at the expense of spinel) has been proposed by
Irvine (1967) and by Hill and Roeder (1975).
Aluminous spinels with Cr/(Cr + Al) as low as 0.20
have been reported from mid-ocean ridge basalts by
Bryan (1972), Frey et al., (1974), Sigurdsson (1976), and
Dick (1976). Most authors agree that aluminous spinels
represent crystallization at elevated pressures, which
probably commences at mantle pressures for the most

768

Hole  Unit %Fo Sample
90 80
I T I L
aq47a €1 L e 1 ) a
' an 0 ' : B

2 L—-ap—o—— d

e O 0—*0 L3
G L—0O-»—0 ' I g
L og____o | ) h
L—o«» 0 ' X
ca |_(m 1 [ I
Cc5 L—ea DO 1 1k
—epO- ‘ =
) —0 ' »m
— e 0 = LR
L_mol 1 ] o
L CD | I I p
L O—o! 1 1 q
—OO» o L It
449
L 1 | ]
90 80

Figure 14. Summary of variation in composition of olivine pheno-
crysts in basalts from the different chemical units from Holes
447A and 449. (Samples are designated by the same letters as in
Fig. 13. Open circles = cores, closed circles = rims, stars =
calculated olivine composition in equilibrium with host glass, us-
ing Kp = 0.33, Fe3* /(Fe** Fe?*) = 0.15 [see text for details].)

aluminous compositions. The Leg 59 aluminous spinels
plot toward the Cr-poor edge of the MORB magnesio-
chromite field and are not nearly as aluminous as the
Atlantic chromian-spinels (Fig. 20). Nevertheless, they
are significantly more aluminous than the equilibrium
microphenocrysts in the same samples and probably
crystallized in shallow-level reservoirs prior to eruption.



Table 8. Representative analyses of olivine phenocrysts and a xeno-
cryst.

Hole 447A 449
Anal.3 1 2 3 4 5 6 7
Type p P X P ] p p
Si0p 40.47 40.22 39.83 40.01 40.41 40.21 39.85
FeO 12.53 16.46 14.07 13.95 10.80 11.85 14.31
MnO n.d. 0.16 0.25 n.d, 0.21 0.24 0.23
MgO 45.82 42.89 44.48 44,40 46.88 46.92 44,70
Ca0 0.28 0.23 0.29 0.33 0.33 0.25 0.22
NiO 0.33 0.23 0.21 0.30 0.28 n.d. 0.28
CoO 0.19 n.d. n.d. 0.25 0.30 0.23 0.32
Total 99.61 100.22 99.11 99.24 99.21 99.70 99.91
Cation Proportions on the Basis of 4 Oxygens
Si 1.011 1.014 1.006 1.009 1.006 1.000 1.001
Fel + 0.262 0.347 0.297 0.294 0.225 0.246  0.301
Mn — 0.003 0.005 — 0.004 0.005 0.005
Mg 1.706 1.611 1.674 1.668 1.739 1.738 1.674
Ca 0.008 0.006 0.008 0.009 0.009 0.007 0.006
Ni 0.007 0.005 0.004 0,006  0.006 — 0.006
Co 0.004 — — 0.005 0.006 0.005 0.006
Sum 2.996 2.986 2.994 2.991 2.994 3.000 2.999
Fo 86.7 82.3 84.9 85.0 88.6 87.6 84.8
Kpb 0.27 0.28 0.23 0.30 0.28 0.27 0.30
2 | = Magnesian phenocryst from C1 (Sample 447A-14-3, 60 cm);

2 = magnesian phenocryst from C2 (Sample 447A-17-1, 148 cm);

3 = xenocryst(?) from same sample as Anal, 2;

4 = magnesian phenocryst from C3 (Sample 447A-22-1, 20 cm);

5= magnes::a.n phenocryst from C4 (Sample 447A-25-2, 125 cm);

6 = magnesian phenocryst from C5 (Sample 447A-36-3, 40 cm);

b 7 = _magnesia_n phenocryst from Hole 449 (Sample 449-15-1, 130 cm).
Olivine/glass iron-magnesium distribution coefficient (see text).

Alteration Chemistry of Leg 59 Basalts

All the basalts analyzed show slight to moderate low-
temperature seawater alteration. This type of alteration
is generally characterized by hydration and an increase

GEOCHEMISTRY, MINERALOGY, AND PETROLOGY OF BASALTS

in the Fe3+/Fe2+ ratio. The behavior of major- and
trace-elements during seawater alteration has been
described by many authors (e.g., Hart, 1970; Nicholls
and Islam, 1971; Hart et al., 1974; Pearce and Cann,
1973; Scott and Hajash, 1976; Thompson and Hum-
phris, 1977; Floyd and Tarney, 1979). The resulting
chemical changes generally involve increases in H,O,
Fe,0;, K,0, Rb, Ba, Sr, Th, Pb, and Ce, and decreases
in Si0,, Al,03, and MgO. A few elements such as AL,O,
and CaO can increase or decrease. Although small in-
creases in TiO,, P,0s, and Zr have been noted (Hart,
1970; Shido et al., 1974), these elements together with
Y, Nb, Cr, and Ni are generally considered to be stable
(Pearce and Cann, 1973).

In this study, the chemical effects of alteration have
been identified in two ways:

1) by comparing fresh glass and altered basalt from
the same flow unit; and

2) by comparing the degree of scatter in binary plots
of elements that would normally behave coherently in a
comagmatic suite.

An altered pillow from Lithologic Unit L3d was
studied in detail in order to estimate the relative mobil-
ity of the major elements. The pillow selvage is about
1.5 cm wide and grades into a brown oxidized variolytic
zone (~1 cm wide). The interior of the pillow, 30 cm
from the margin, is composed of pale brown sparsely
phyric variolytic to intersertal basalt (approximately
60% crystalline). Olivine phenocrysts are replaced by
brown smectites and amorphous oxides; plagioclase
phenocrysts are partly replaced or veined with car-
bonates. Groundmass plagioclase and clinopyroxene are
relatively fresh; the glassy mesostasis is replaced by
clays, carbonates, and some zeolites. The outermost

Fed3t/Fed*t + Fe2t =015

—— |

e Glass-Phenocryst
O Glass-Xenocryst
12345 Bulk Rock-Olivine

.40 25 50

.
.55 .60 .65

FeO/(FeO + Mg0) (host glass, bulk rock)

Figure 15. Plot of K, (Fe/Mg distribution coefficient between olivine and host glass or bulk rock versus
the FeO/(FeO + MgO) for host glass and bulk rock). Horizontal dotted line is accepted K, value of
0.33 [see text]. Range A is the range of maximum olivine-host glass calculated K, values for all
sample pairs studied. Field B shows the effect of increasing the oxidation ratio of host glass from

0.15 t0 0.20.)
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Figure 16. Pyroxene xenocrysts and glomerocryst compositions from
Units C2 and C3, Hole 447A, plotted in pyroxene quadrilateral.
(In the Unit C2 pyroxene quadrilateral, xenocrysts = open circles,
squares = crystals with glass inclusions, and closed circles =
glomerocrysts, of Sample 447A-18-1, 40 cm [Sample e, in Figs. 13
and 14); partly filled circles = xenocrysts of Samples 447A-17-1,
148 cm [Sample d, Figs. 13 and 14]; crosses = xenocrysts of Sam-
ple 447A-96-3 [Sample f, Figs. 13 and 14]. In the Unit C3 pyroxene
quadrilateral, circles and squares with crosses = xenocryst cores,

= xenocryst rim, Sample 447A-22-1, 20 cm.)

open squares

30 ) £
/_ 128 —_—

Figure 17. Pyroxene xenocryst and glomerocryst compositions from
Hole 449 (Sample 449-15-1, 130 ¢cm, Sample t, Figs. 13, 14) plotted
in a portion of the pyroxene quadrilateral (same as Fig. 16). (Open
circles = xenocrysts, closed circles = glomerocrysts.)
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Table 9. Representative analyses of resorbed and glomerophyric
augites.

Hole 447A 449
Type X X x(7) g g X P g
Anal.@ 1 2 3 4 5 6 7 8
$i09 5278 5294 5476 5345 5449 5222 5367 52.20
TiO; 031 028 0.30 0.50 067 021 017 0.52
AlyOq 267 213 1.94 3.03 166 254 LIS 4.00
Cra03 .00 052 0.23 0.45 024 080 047 0.37
FeO 507 583 6.12 6.44 676 503 486 .73
MnO - - 0.20 — — — — -
MgO 17.50  17.88 1821  17.67  17.63  17.52 1799 17.53
Ca0 2006 1922 1944 1867 1781 2062 2001 1731
Co0 — 0.13 - - - = 0.17 =
V205 - - - - 015 014 - 0.31
Total 99.39 9993 100.90 10021 10041 99.10 9919  100.07
Cation Proportions on the Basis of 6 Oxygens
Si 1934 1950 1971 194l 1911 1924 1966  1.906
AllY 0.066 0050 0029 0059  0.089 0076 0034  0.09%4
AVl 0.049 0043 0054 0071  0.068 0.034 0.041  0.082
Ti 0.009 0008 0008 0014 0018 0006 0005 0014
Cr. 0029 0015 0006 0013 0007 0023 0014 0011
Fe2* 0.155  0.180 0.8 0.9 0236 0.155 0149 0236
Mn — — 0.006 - - - - —
Mg 0.99% 0982 0927 095 0957 0963 0582  0.954
Ca 0.788 0759 0739 0727 0.695 0.814 0788 0.677
Co —_ 0.004  — — — — 0.005  —
v — =2 = —~ 0.005  0.008 — 0.009
X 2000 2000 2000 2000 2.000 2000 2000  2.000
Y 1197 1230 1237 1248 1291 1186 1196 1215
Z 0.788 0.759 0.739 0.727 0.695 0.814 0,788 0.677

Mg/(Mg + Fe) 86.0 84.5 84.0 83.0 80.2 86.1 86.8 80.2

Ca 41.5 9.5 38.8 38.7 36.8 42.2 41.1 36.3
Mg 50.3 L118 51.4 50.9 50.7 49.8 51.2 511
Fe 8.2 9.4 9.8 10.4 12.5 8.0 .7 12.6
& | = Chrome-rich endiopsidic augite, r bed grain (200 um) from Unit L3a (C2), Sample

447A-18-1, 40 cm;

= less chrome-rich, less resorbed dic augite, from same sample as Anal, 1;

= resorbed ‘‘transitional’’ endiopsidic augite (see text) containing glass inclusions, from Unit
L3a (C2), Sample 447A-16-2, 45 cm;

= glomerophyric diopsidic augite from same sample as Anals. 1 and 2;

= least magnesian diopsidic augite from same sample as Anals. 1, 2, and 4;

= chrome-rich endiopsidic augite, resorbed grain (500 wgm) from Unit L3d (C3), Sample
447A-22-1, 20 cm;

7 = ph yst of diopsidic augite, Sample 449-15-1, 130 em;

& = iron-rich glome.mcryst of diopsidic augite (same sample as Anal. 7).
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Figure 18, Comparison of aluminum and titanium contents (nor-
malized to 6 oxygens) of pyroxene xenocrysts (open circles),
glomerocrysts (closed circles), and crystals containing glass in-
trusions (squares) from Unit C2, Sample 447A-18-1, 40 cm.
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pyroxene xenocrysts and glomerocrysts. (The sample and symbols
are the same as in Fig. 18.)

portion of the glassy selvage, however, contains col-
orless fresh glass veined by honey-yellow, slightly bire-
fringent palagonite. Defocussed-beam microprobe anal-
yses (Table 11) of the fresh glass (Analysis 1), palagonite
(Analysis 2) and devitrification aureoles around micro-
lites (Analyses 3, 4) are compared with the bulk-rock
analysis of the pillow interior (Analysis 5). Comparing
the fresh glass and bulk-rock analyses, the pillow in-
terior is depleted in SiO, and enriched Na,0? and K,0O;
smaller changes are observed in FeO (enriched) and in
MgO and CaO (depleted). TiO, and Al,O; are essen-
tially unchanged (TiO,, in fact, is consistently about
10% lower in nearly all glasses relative to both fresh and
altered whole-rock analyses; which may be a systematic
analytic difference).

2 part of the NayO difference may be the result of volatile loss during probe analysis.

GEOCHEMISTRY, MINERALOGY, AND PETROLOGY OF BASALTS
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Figure 20. Composition of spinels in basalts from Holes 447A and
449, plotted on the [Cr/(Cr + Al)}/[Mg/(Mg + Fe?*)] face of the
spinel prism. (The field of typical magnesiochromites from the
Mid-Atlantic Ridge (MAR) is shown for comparison.)

The analyses of the devitrified glass are more
variable, particularly in MgO (strongly depleted) and in
Al,O; and CaO (enriched). The inadvertent excitation
of plagioclase microlites could also account for the in-
crease of Al,0, and CaO in these analyses. The greatest
deviation in composition relative to the fresh glass is
shown by the palagonite vein. The low total (86%) sug-
gests considerable hydration, and this is apparently
accompanied by large losses in CaO and Na,O . Smaller
changes are shown by MgO and SiO, (depleted),
whereas Al,O; and particularly TiO, and FeO are
enriched. The most dramatic change is shown by K,0;
enriched by a factor of 50 in the bulk-rock analysis, it is
enriched by a factor of almost 200 in the palagonite
vein. The chemical variations between fresh glass and
palagonite are similar to those observed by Pritchard et
al. (1979) for basalts from the Mid-Atlantic Ridge. They
noted that the palagonite analyses recalculated to a di-
octahedral illite composition and that the composition
of the palagonite was probably controlled by crystal
structure and depended on the chemistry of the fresh
glass.

These results are probably typical of other glass-
whole-rock major-element comparisons in Hole 447A
basalts. The conclusion is that, with the notable excep-
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Table 10. Representative analyses of spinels.

Hole 447A 449
Type 1 2

Anal.2 1 2 3 4 5 6 7 8 9
Si0y 0.29 0.27 0.96 0.24 0.47 n.d. 0.25 0.27 0.22
TiOy 0.43 0.27 0.37 0.24 0.16 0.29 0.35 0.25 0.26
Al)O3 2439 26.89 27.02  27.84 29.61 3191 3132 33.14 31.36
Fey03° 4.00 5.51 4.66 5.88 4.11 4,30 4.15 5.14 4.46
Cry03 42,16 3775 3723 36.56 31.49  34.29 34.34  31.19 34.72
V305 n.d. 0.18 n.d. n.d. 0.17 n.d. 0.15 n.d. n.d.
FeO 14.02  13.24 15.16  13.41 13.09 1230 13.37  11.27 12.74
MnO 0.40 0.34 0.34 0.40 0.30 0.36 0.47 0.42 0.53
Co0 0.20 0.22 0.37 0.42 0.30 0.40 0.24 0.35 0.40
MgO 14.45  14.75 14.38  14.58 15.50  15.65 1338 16.60 15.50
NiO n.d. 0.26 n.d. 0.16 n.d. 0.20 n.d. n.d. n.d.
Total 100.34  99.58  100.69  99.73  100.20  99.70  100.11  99.63  100.39
Cation Proportions on the Basis of 32 Oxygens

Si 0.07 0.06 0.23 0.06 0.11 — 0.06 0.06 0.05
Ti 0.08 0.05 0.07 0.04 0.03 0.05 0.06 0.04 0.04
Al 6.94 7.50 7.58 7.84 8.20 8.80 8.64 9.02 8.62
Fe3+ 0.72 0.99 0.83 1.05 0.72 0.75 0.73 0.89 0.78
Cr 8.04 7.15 7.00 6.91 6.77 6.34 6.37 5.88 6.40
% = 0.03 = — 0.03 = 0.03 - -
Fe2+ 2.83 2.65 3.02 2.68 2.57 2.41 2.62 2.18 2.45
Mn 0.07 0.07 0.07 0.08 0.06 0.07 0.09 0.08 0.11
Co 0.04 0.04 0.07 0.08 0.06 0.08 0.05 0.06 0.08
Mg 5.20 5.27 5.10 5.19 5.24 5.46 5.37 5.71 5.39
Ni — 0.05 — 0.03 — 0.04 — - —_
R4+ 0.15 0.11 0.30 0.10 0.14 0.05 0.12 0.10 0.09
R3+ 1570  15.67 15.41  15.80 15.69  15.89 15.77  15.79 15.80
R2+ 8.14 8.08 8.26 8.06 7.93 8.08 8.03 8.05 8.03
Mg/(Mg + Fe2+)  0.648  0.655 0.628  0.660 0.679  0.694 0.672  0.724 0.684
Cr/(Cr + Al) 0.537  0.485 0.480  0.468 0.452  0.419 0.432  0.394 0.426
Mg/2Al 43.7 48.0 48.8 49.6 52.0 55.7 54,5 57.2 54.7
Mg/2C 21.8 18.6 16.8 16.1 16.9 13.4 13.2 15.2 13.7
Ni/2Fe® — 0.6 — 0.4 — 0.5 - — —
Fe +/2Cr 28.9 26.6 28.2 27.6 26.2 26.7 27.0 22,0 27.0
Fe2 + /2Fe3 + 4.4 5.6 5.4 6.3 4.5 3.7 4.6 5.6 4.6
2Fe2+/Ti 1.0 0.6 0.8 — 0.4 —_ 0.7 — —
a1 = Large (500 um) octahedral microphenocryst in glass, adhering to olivine phenocryst, Unit Lée, C5 (Sample

447A-314, 35 cm);

2=
447A-36-4, 77 cm);

3=
aluminous spinel (same samples as Anal. 2);

4 =

5=

6 =

7 = same crystal as Anal. 6—rim;

8 =

s
Fe203 estimated assuming stoichiometry.,

tion of K,0 (and to a lesser extent SiO, and MgO, both
of which are susceptible to alteration and varying pro-
portions of cumulus phases), the XRF whole-rock
major-element analyses are largely representative of the
original pyrogenic compositions. Indeed, the XRF
major-element data, when plotted on oxide-MgO varia-
tion diagrams (e.g., Fig. 19), form coherent trends with
relatively little scatter.

It is generally agreed that Cr, Ni, P, Ti, Zr, Nb, and
Y are relatively immobile during low-temperature
alteration (Cann, 1970; Erlank and Kable, 1976), and
these elements exhibit a strong covariance in basalts
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small (150 um) octahedral microphenocryst enclosed by olivine phenocryst, Unit L6f, C5 (Sample
small (80 um) octahedral microphenocryst enclosed by olivine phenocryst that also contains resorbed
octahedral microphenocryst (200 pm) “‘floating” in glass, Unit L6f, C5 (Sample 447A-35-2, 145 cm);
spinel megacryst (2 mm), adhering to plagioclase xenocryst, Unit L6f, C5 (Sample 447A-36-3, 40 cm);
resorbed “*aluminous’’ spinel inclusion in olivine (same crystal as Anal. 3)—core;

*‘pitted aluminous spinel,” enclosed by plagioclase phenocryst, Unit L3a, C2 (Sample 447A-16-2, 45 cm);
“‘pitted aluminous spinel,”’ enclosed by plagioclase phenocryst (Sample 449-15-1, 130 cm).

from Hole 447A (see Fig. 5, 6, 7, 10, and 11). However,
there is no discernible correlation between these ‘‘im-
mobile’’ elements and elements such as Ba and Rb.
Because these two elements do exhibit coherent varia-
tions with Zr, Nb, Y, etc. in subaerial basalts (Weaver et
al., 1979) and in less altered oceanic basalts (Tarney et
al., 1979) it would appear that Ba and Rb, like K, have
been mobile during alteration of Hole 447A basalts.
Surprisingly, Sr varies coherently with Zr (Fig. 12) and
appears to be relatively immobile (cf. Hart, 1970;
Pearce and Cann, 1973), although this is not always the
case during basalt alteration (Tarney et al., 1979).



Table 11. Comparison of compositions of fresh
glass, palagonite, devitrified glass, and crystalline
interior of a single pillow,

Anal? 1 2 3 4 5
Si0p 512 423 505 515 488
TiO; 0.92 1.62 089 093 1.0
Al03 155 17.1 189 167 153
tFeO 8.63 1397 9.1 795 9.53
MnO 010 023 009 013 0.7

MgO 8.44 552  3.05 7.96  7.51
CaO 12.66 1.26  13.49 11.57  12.17
Na0 1.70 041 2.06 220 217
K70 0.02 3.82 04l 0.76 1.03
P20s — — — — 0.11

Total 99.13 85.82 98.55 100.02 97.87

1 = Fresh glass;

2 = honey-yellow palagonite;

3 = mid-brown devitrified aureole around plagio-
clase microlite;

4 = dark brown devitrified pillow margin;

5 = whole-rock XRF analysis of pillow interior
from Sample 447A-28-1, 140 cm (pillow mar-
gin), 112 cm (pillow interior).

The chemical changes resulting from seawater altera-
tion of Hole 447A basalts are summarized in Table 12
and are compared qualitatively with the effects nor-
mally observed during low-temperature submarine
weathering (Scott and Hajash, 1976; Thompson and
Humphris, 1977).

Discussion

Magmatic Processes at Site 447

Clearly, basalts with a range of chemical and mine-
ralogic compositions occur at Site 447. The results
show, however, that on the basis of lithology, petrog-
raphy, phenocryst compositions, glass compositions,
and whole-rock major- and trace-element chemistry, the
basalts can be grouped into five distinct chemical units.
In this section we consider the nature of the magmatic
processes that may have produced the chemical varia-
tions, both on an intra- and inter-unit scale.

Intra-unit Chemical Variations

Within each chemical unit, the XRF major-element
analyses show a considerably greater dispersion than do
the glasses. The whole-rock analyses are plotted on
oxide-MgO variation diagrams together with the field
of variation for each glass group in Figure 19. From
these diagrams it is clear that the oxide deviating the
most from the field of glass compositions for any par-
ticular group is MgO. A significant, but smaller, spread
of data is also observed for most other oxides. This
blurring of the whole-rock analyses relative to the rather
more consistent specific liquid composition is probably
caused by two processes: (1) alteration, and (2) the
uneven distribution and/or postextrusion gravitational
settling of phenocrysts.

It is considered unlikely that alteration alone would
modify, for example, the MgO content of these basalts
by up to 3% (i.e., the same degree of leaching found in
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Table 12. Chemical effects of
low-temperature seawater

alteration.
Generally Leg 59
observed2  basalts

Si07 == e
TiO, N+ (+)
AlOs + = (N)
Fey03 + (+)
FeO -

MgO - -
Ca0 + - (=)
NayO + - +
K70 ++ + +
P705 N N
H,0 + +
Cr N N
Ni N N
Rb ++ ++
Sr +:i4 N
Y N N
Zr N N
Nb N N
Ba + + -
La N + N
Ce + - N
Nd N N
Pb + -
Th + +

Note: + + = strong increase;
— — = strong decrease; +
= slight increase; — =
slight decrease; () = slight
change, within analytical
error; N = no change.

4 For data sources, see text.

the palagonitized glass, Table 9). Furthermore, intra-
unit variation is also observed in oxides (TiO,, Al,03)
and elements (Zr, Y, Sr) that are relatively insensitive to
alteration.

The down-hole chemical stratigraphy diagrams (Fig.
4) show that a large proportion of the intra-unit varia-
tion is often found within a single flow. An additional
source of intra-unit or, more particularly, intra-flow
chemical variation would be caused by posteruptional
gravitational settling of phenocrysts. This feature was
noted by the shipboard scientists in the lower portions
of the pillowed massive flows (e.g., Lithologic Units
L3c, d; L4; L6a) and even within some of the larger
pillows. Usually olivine (as smectite pseudomorphs)
and, more rarely, plagioclase phenocrysts are asymme-
trically distributed and are concentrated toward the base
of the flow (or pillow). Analyses of basalts from various
heights above the base of differentiated flow (L3d) are
compared with the ‘‘parental’ glass average for the
chemical unit (C3) in Table 13. MgO increases from 6%
at the top of the flow to over 9% in the central portion,
where olivine phenocrysts (pseudomorphs) are concen-
trated, before falling to ~7% at the base. FeO varies in
the opposite sense, falling to a minimum at the center of
the flow. The glass composition is intermediate relative
to the two end members. Ni, which is strongly parti-
tioned into olivine, covaries with MgQO, whereas ele-
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Table 13. Comparison of basalt compositions at four horizons (within
flow Unit L3d, Hole 447A) with the “‘parental’’ glass average for
Chemical Unit 3.

Core-Section 22-1 22-3 23-1 23-4

Interval (cm) 34 9 63 76 Glass (av.), C3
5i07 48.2 50.6 50.1 48.6 51.3
TiOy 1.14 1.13 1.16 1.05 1.04
Al,O3 14.7 14.5 14.7 14.8 14.9
tFeO 10.38 9.18 9.45 9.97 9.75
MnO 0.16 0.18 0.17 0.18 0.13
MgO 6.17 9.13 9.32 6.86 7.99
CaO 12.85 12.07 11.52 12.66 12.27
Na0 2.24 2.67 2.68 2.36 1.87
K20 0.99 0.06 0.06 0.59 —
P20s 0.19 0.08 0.08 0.08 —
Trace Elements (ppm)

Cr 276 253 226 279 —
Ni 113 143 112 107 —
Rb 9 <1 <1 5 —
Sr 78 69 69 71 —
Y 30 26 27 29 —
Zr 54 51 54 49 —
Nb 4 4 4 4 —
Ba 25 22 21 24 —
La 3 3 4 4 —
Ce 6 6 7 4 —
Nd 7 6 6 6 —
Th 1 <1 <l <1 —
Fe/(Fe + Mg) 0.63 0.51 0.50 0.59 0.55
Ca/Al 0.87 0.83 0.78 0.85 0.82
Ti/Zr 127 133 129 128 —
Y/Zr 0.55 0.51 0.51 0.59 —
St/Zr 1.44 1.35 1.28 1.45 —
Cr/Ni 2.4 1.8 2.0 2.6 —
Height (m)a 8.5 5.5 4.0 0.5 —

2 Height above base of flow unit.

ments with low distribution coefficients between olivine
and melt (e.g., Zr, Y, Sr, and Cr) are diluted in the
olivine cumulate zone.

In the major-element oxide-MgO variation diagrams
(Fig. 21) for the whole-rock XRF data, it can be seen
that the analyses from each unit form an overlapping
series of subparallel trends which, in most diagrams, are
related to an olivine control vector. Plots of Ti, Y, P
(Figs. 5-7), and Sr versus Zr (Fig. 12) show that
although ratios of these elements may differ between
units, the variation within a particular chemical unit is
characterized by a more or less constant ratio. Pheno-
cryst/melt distribution coefficients (D) for various
minor and trace elements are compared in Table 14. Ex-
cept for Sr, Ni, and Cr, all these elements have D <1,
which means that the gravity differentiation of olivine
or any other phenocrysts (except large quantities of
clinopyroxene) will not significantly change ratios such
as Ti/Zr, Y/Zr, or P/Y. Gravitational settling of olivine
phenocrysts does, however, have a marked influence on
Ni (DQia ~ 10, Table 14), which varies by as much as
50 ppm within a single chemical unit (Fig. 10). On the
other hand, Sr, although controlled by plagioclase frac-
tionation (DE/la ~2, Table 14), forms a linear positive
correlation with Zr (Fig. 12) within each unit, which
suggests that plagioclase settling was limited.
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The existence of olivine cumulates can also be
demonstrated using olivine-liquid Fe-Mg equilibria. If
the bulk-rock analyses are initially assumed to represent
completely liquid compositions, then a set of apparent
olivine-liquid K, values can be calculated using the ex-
pression given above. The representative (most magne-
sian) olivine-phenocryst compositions from each unit
(Table 6) were used in the calculations and the results
also plotted on Figure 15. It can be seen from the
diagram that the apparent olivine-bulk-rock K, values
form trends that pass through the field of olivine-glass
K, values for that unit. Some whole-rock compositions
from C1 and C5 have K, values in the same range as
those of olivine glass. These rocks, although sparsely
olivine and plagioclase phyric, could have been com-
pletely liquid at the time of eruption. Units C2, C3, and
C4, however, contain whole-rock compositions that
give anomalously high apparent K, values, ranging
from 0.35 to 0.39. These rocks are all relatively rich in
olivine phenocrysts (or smectite pseudomorphs), and
from lithologic evidence are interpreted as cumulates
(because of gravitational settling after eruption). The
high calculated K values also support this interpreta-
tion, because the olivine phenocrysts found in the
glasses are too low in Fo to be in equilibrium with a
liquid of the composition of the whole rock.

It is suggested that the range of chemical variation
found within each chemical unit in comparison to the
glass analyses is caused mainly by the random sampling
of slightly differentiated pillows and flows. Seawater
alteration has also contributed to this variation, notably
in the form of K,0O, Rb, and Ba enrichment. Despite the
altered nature of the samples analyzed, the XRF major-
and trace-element data are remarkably coherent.

Inter-unit Geochemical Variations

The geochemical data show that essentially two in-
dependent fractionation trends link the five chemical
groups of basalts in Hole 447A. The trends are prin-
cipally defined by constant ratios of Ti/Zr, Y/Zr, and
P/Zr. This implies that C4 basalts are comagmatic with
C1 basalts and C5 basalts comagmatic with C3 and C2
basalts (Fig. 5-7). The abundances or behavior of many
of the other elements analyzed characterize one or the
other of these two fractionation trends. Thus the glasses
of basalts with the lower Ti/Zr, Y/Zr, and P/Zr ratios
(i.e., Units C1 and C4), are less Si-saturated, poorer in
SiO, and CaO, and richer in Al,O; and Na,O than are
the glasses of basalts with the higher ratios (Units C2,
C3, and C5). The XRF major-element variation is
dominated by the effects of within-flow olivine settling,
which tends to exaggerate the range of MgO contents
found within each unit. Nevertheless the whole-rock
major elements (e.g., Al, Ti, and Na, Fig. 21) reflect the
same inter-unit chemical differences as the glasses,
despite some systematic discrepancies (caused by altera-
tion or the different analytic methods used).

A good positive linear correlation that passes through
zero between Zr and Ti or Y suggests that these elements
are behaving as nearly ideal incompatible elements
(Treuil and Varet, 1973). Basalt compositions that
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Figure 21. Major-element oxide-MgO variation diagrams for whole-rock XRF analyses from Hole
447A. (The symbols are identical to those in Fig. 5. The fields of basalt glass composition for each
chemical unit are also plotted for comparison [labelled 1-5]. Heavy dashed lines emphasize the range
of the compositions [XRF] found in Units C2, C3, and C5. Vectors illustrate the effect of removing
5% by weight of olivine [Fogs], plagioclase [Angs], clinopyroxene [Cr-rich endiopside, Table 9,
Analysis 2], and spinel [magnesiochromite, Table 10, Analysis 1].)

Table 14, Distribution coefficients (D) for various minor and trace
elements of phenocrysts and basaltic matrix and estimated coeffi-
cients for bulk mantle.2

P Ti Zr ¥ Nb Sr Ni Cr

Olivine 0.01> 001 001 001 001 001 10° 0.2

Plagioclase 0.01® 001 001 001 001 20 001 0.0l
Clinopyroxene  0.1P 0.5 0.1 0.7 001 0.2 2° 2.5¢
Garnet 0.1b — 001 32 0.01  0.01 — —

Orthopyroxene 0.017 0.1 003 0.2 015 002 3 5

Bulk Mantled 0.03 010 0.04 023 001 003 6.3 54

2 References: Arth and Hanson (1975); Drake (1976); Philpotts and Schnetz-
ler (1970); Schnetzler and Philpotts (1970); and Pearce and Norry (1979).
Assumed values.

€ Calculated for T = 1300°C.

d 0l = 50%, Cpx = 25%, Opx = 25%.

define such a trend can realistically only be related by
fractional crystallization of low-pressure basalt liquidus
phases with very small distribution coefficients for these
elements, such as olivine and plagioclase or minor
clinopyroxene. Ti and Y are elements that are parti-
tioned into clinopyroxene to a much greater extent than
is Zr (Table 14), and more substantial precipitation of
this phase (say greater than 10%) produces a convex

curvature to the Ti/Zr and Y/Zr trends (e.g., Deception
Volcano, Tarney et al., 1977). The occurrence of fwo
such fractionation trends in a series of basalts closely
related in space and time is particularly interesting.
Clearly they cannot be derived from a common parent
by the low-pressure fractional crystallization of the
observed phenocryst phases. It is only possible to
modify the Ti/Zr, Y/Zr, or P/Zr ratios by substantial
fractionation of clinopyroxene or, at high pressure, by
fractionation of garnet.

The presence of partly redigested clinopyroxene
xenocrysts in the more evolved basalts from the high
Ti/Zr trend is strong evidence that fractional crystalliza-
tion of this phase indeed took place. We consider it
unlikely, however, that basalts from each of the two
trends are directly related by the fractionation of
clinopyroxene. To change the Ti/Zr ratio from 125 to
95 (Fig. 5) or the Y/Zr ratio from 0.5 to 0.4 (Fig. 6) re-
quires from 30% to 50% fractionation of clinopyroxene
(calculated using the Rayleigh equation and the appro-
priate partition coefficients from Table 14). Further-
more, least-squares petrologic mixing calculations (see
the material following) fail to account for differences in
the major elements shown by the two magma types. The
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Si0,- and CaO-rich, Al,03;- and Na,O-poor basalts
from Units C2, C.;, and C5 cannot in any way be related
to the SiO,- and CaO-poor, Al,0;- and Na,O-rich
basalts from Units C1 and C4 by fractional crystalliza-
tion of clinopyroxene. Garnet fractionation is also un-
satisfactory, as even minor precipitation of garnet
would severely deplete an element such as Y, which, like
the heavy rare-earth elements, is strongly partitioned
into this phase (Table 14).

Alternatively, a partial melting process could gene-
rate parental compositions with different initial trace-
element abundances, either as a result of melting of dif-
ferent source compositions or through different degrees
of partial melting of the same source. In the absence of
isotope and rare-earth element data it is difficult to con-
strain these two models. The behavior of elements with
extremely small bulk solid/liquid partition coefficients
(i.e., D < 0.01, such as La, Ce, Ta, Nb, Hf, Th) has
proved effective in recognizing varying scales of mantle

-inhomogeneity in the North Atlantic (Wood, Tarney et
al., 1979; Tarney et al., 1979). Without precise data for
these elements, the possibility of local mantle hetero-
geneity cannot be excluded.

If clinopyroxene were to remain as a residual phase
during partial melting, then elements such as Ti and Y
would be progressively retained in the source with
smaller degrees of melting, Residual clinopyroxene in
the mantle source region beneath the spreading axis is
not an unreasonable assumption. Thus different degrees
of melting of the same source could generate parental
basalts with different Ti/Zr, Y/Zr, and P/Zr ratios.
Bulk mantle/liquid distribution coefficients for a selec-
tion of elements for a hypothetical three-phase mantle
(50% olivine + 25% clinopyroxene + 25% orthopy-
roxene) are also listed in Table 14. Although the values
are only approximate, the important point is that the
bulk mantle distribution coefficients for Ti and Y would
almost certainly be larger than that for Zr. Therefore
the locus of a series of liquids generated by variable par-
tial melting of a mantle containing residual clinopyrox-
ene would be a curved line on a plot of Y (or Ti) versus
Zr (Fig. 22). Subsequent fractional crystallization of
olivine, plagioclase, or minor clinopyroxene would then
produce the two linear trends extending away from the
origin (Treuil and Varet, 1973; Tarney et al., 1979).

The least-squares petrologic mixing equation of
Wright and Doherty (1970) has been used to test
whether basalts from different units lying along these
trends could be related by closed-system low-pressure
fractional crystallization. Mixing problems were set up
that attempted to relate a primitive parental basalt unit
with a more evolved unit by the subtraction of reason-
able phenocryst assemblages. For any result to be valid,
it is critical that the compositions used in the calcula-
tions were entirely liquid prior to eruption. For this
reason, and for their superior freshness, the average
glass compositions from each chemical unit (Table 5)
were used (recalculated to total 100%, K,O-free). Rele-
vant phenocryst compositions were selected from the
microprobe data. A solution is considered potentially
valid if the oxide residuals are less than 0.1 (especially
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Figure 22. Compositional fields of the five chemical units from Hole
447A plotted on a yttrium-zirconium diagram to illustrate possible
inter-unit relationships by partial melting and fractional crystal-
lization.

for TiO,), the sum of the squares of the residuals is close
to or less than 0.1 (Wright, 1974), and above all, if the
amounts and compositions of the subtracted phases are
compatible with the petrographic data.

The most primitive basalts, in terms of FeO/(FeO +
MgO) and low abundances of the incompatible ele-
ments, belong to Unit C4 for the low Y/Zr magma type
and Unit C5 for the higher Y/Zr magma type.

The derivation of C1 basalts from the more-primitive
C4 basalts can be satisfactorily accomplished by 16%
crystallization of plagioclase (Angs), olivine (Fogg), and
minor clinopyroxene in the proportions 5:1.5:1. The
results of this calculation are set out in Table 15. The
amount of crystallization can also be calculated from
the enrichment or depletion of elements such as Ti, Y,
Zr, Ni, and Sr in the derived basalts using the Rayleigh
fractionation law:

C = (1= Fp-2
Co

(where C° = concentration in parent liquid, C' = con-
centration in derived liquid, F = fraction of solids
removed, and D = bulk distribution coefficient). A
bulk partition coefficient was calculated for the frac-
tionating assemblage using the phase proportions
predicted by the major-element fractionation model.
The average abundances (from Table 5) of the elements
listed above in the parental and derived units were used
to calculate the quantity of solid phases removed to
satisfy the observed enrichment or depletion. These
results are compared with those from the major-element
mixing calculations in Table 16.



Table 15. Least-squares crystal fractionation solution between
Chemical Units C1 and C4.

Derivative Plag (8] Parent Calc.

Cl Angs Fogg Cpx Cc4 Cc4 Residuals
Si0op 50.20 47.28  40.11 53.86 49.60  49.64 0.04
TiOy 1.00 — - 0.31 0.73 0.84 0.11
AlyO3 16.60 32.98 - 2.49 17.43  17.41 -0.01
tFeO 9.21 - 11.40 4.36 8.29 8.21 -0.08
MnO 0.09 - 0.23 0.19 0.10 0.09 -0.01
MgO 8.46 - 47.00  17.54 9.16 9.15 -0.01
Ca0 12.02 16.93 027 2069 1239 1232 -0.07
Nay0 2.47 1.68 - - 2.25 2.24 -0.01
Solution 0.837 0.105 0,035  0.023 £r? = 0.03

Note: The solution suggests that Unit C1 may be derived from Unit C4 by 16.3%
crystal fractionation of a mineral assemblage—plagioclase 64.4%, olivine 21.5%,
clinopyroxene 14.1%.

In the C4 to C1 fractionation step, the amounts of
crystallization predicted by the enrichment of Ti, Zr,
and Y and the depletion of Ni are in good agreement
with the amount predicted by the difference in major-
element compositions of the glasses. However, Sr in-
creases from 111 ppm in Unit C4 to 131 ppm in Unit CI
and correlates positively with Zr (Fig. 12). Because Si is
usually thought to partition strongly into plagioclase
(DRYMa ~ 1.87, Drake and Weill, 1975), plagioclase-
dominated fractional crystallization, as suggested by the
least-squares calculation, should deplete the melt in Sr
to a greater extent than is observed. The enrichment of
Sr in the more fractionated basalts would require Dg/i
to be ~0.05. The validity of the fractionation model is
then questioned by the unexpected behavior of Sr. The
results of the least-squares calculations on undoubted
liquid compositions are good, with low-oxide residuals.
Also, the modal proportions of plagioclase, olivine, and
minor clinopyroxene are similar to the abundances of
these phases found as phenocrysts in the basalts. The
weakest point of the model lies in the use of the average
trace-element abundances measured in whole-rock sam-
ples that may not have been completely liquid when
erupted. Minor accumulation of plagioclase could sig-
nificantly increase the whole-rock Sr in liquids with such
low Sr contents (~120 ppm). Fe-Mg olivine-liquid
equilibria suggest that this may be true in the case of one
sample from C4 (see Fig. 15 and related text). Biased
sampling of olivine-rich basalts (resulting from gravita-
tional settling) from Unit C4 and/or plagioclase-rich
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Table 16. Fractional crystallization models for Site 447 basalts.

basalts from Unit Cl1 may account for the approxi-
mately 20% enrichment of Sr observed in whole-rock
analyses of Unit C1 relative to Unit C4.

Tables 17 and 18 present results of least-squares frac-
tionation calculations between pairs of the three chemi-
cal units that have the high Ti/Zr-Y/Zr fractionation
trend (see Figs. 5 and 6). Using the average glass com-
position from Unit C5 as a prospective parental compo-
sition, fractionation steps to C3 and C2 basalts give
numerically satisfactory results. The differences in ma-
jor elements between these units can be related by frac-
tional crystallization of plagioclase, olivine, and clino-
pyroxene (in proportions approximately 5:1:4) in two
steps of 17%. The fractionation of clinopyroxene ap-
pears to be more important in the evolution of the
basalts from this magma type.

Comparing the degrees of fractionation calculated
from the trace elements with those predicted by the ma-
jor elements within this magma type reveals some vari-
ance, notably for Sr and Ni. The Rayleigh fractionation
results for Ti, Y, and Zr between C5 and C3 and be-
tween C5 and C2 (Table 16) are in fairly good agreement
with the degree of fractionation required to account for
the differences in major elements. The 17% subtraction
of plagioclase, olivine, and clinopyroxene (in propor-
tions 5:1:4) to derive C3 from CS5 basalts explains the
observed depletion of Ni, but the observed depletion of
Sr, as indicated by the average abundances in each unit,
is too severe. On the other hand, the differences in Ni
and Sr between C5 and C2 basalts are too small to be
satisfactorily explained by 34% fractionation of the
assemblage predicted by the least-squares calculations.
Again, the accumulation of olivine or plagioclase phe-
nocrysts in the whole-rock samples could account for
anomalous inter-unit differences in Sr and Ni. More-
over, many flows of this magma type contain xerno-
crysts, particularly basalts from the lower parts of Unit
C5 and from Unit C2.

The presence of these xenocrysts could contribute to
unsatisfactory fractional crystallization model in two
ways. The actual analysis of xenocrystic rock may result
in chemical bias. A more fundamental implication is
that the presence of xenocrysts reflects the possibility
that magmatic processes other than closed-system frac-
tional crystallization may have taken place, such as
magma mixing.

Least-squares models for major elements

FP from Rayleigh

Parent  Derivative 4 :

magma magma Glass Whole rock fractionation models
type type Ol Plag Pyx Fa Ol Plag Pyx F2 Ti Zr ¥ Ni Sr
C4 Cl 3.5 10.5 2.3 16.3% 5.4 8.3 0.8 14.5% 15.0 125 13.2 17.0 —_
C5 C3 1.7 8.9 6.9 17.6% 1.3 8.3 4.1 13.7% 23.5 138 23.1 252 -
C5 c2 40 179 12,5 343% 0.5 8.9 2.4 11.8% 41.3 345 43.0 9.0 258

& F refers to the percentage fractional crystallization (of the mineral proportions indicated) calculated to relate derivative and
parent-magma major-element compositions, based on glass and whole-rock analyses, respectively.
F refers to the percentage fractional crystallization necessary to produce the observed changes in the trace-element abun-
dances, based on the Rayleigh fractionation equation. For Ti, Zr, Y, Ni, and Sr, bulk distribution coefficients have been
calculated for the mineral assemblages predicted by the respective glass analyses (see Table 14).
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Table 17. Least-squares crystal fractionation solution between
Chemical Units C3 and C5.

Derivative  Plag ol Parent  Cale.

a3 Angy  Fogs Cpx Cs Cs Residuals
Si0y 51.50 49.87 40.01 53.86 51.80 51.65 =0.15
TiOy 1.01 — — 0.31 0.87 0.86 -0.01
AlaOy 15.10 32.08 — 2.49 15.50 15.59 —0.09
FeO 9.78 0.50 13.94 4.36 8.48 8.7 0.23
MnO 0.13 - — 0.19 0.12 0.12 0.00
MgO 8.06 — 40.40 17.54 8.61 8.67 0.06
Ca0O 12.44 15.57 0.32 20.69 12.89 13.16 0.27
Naz0 1.95 2.11 —_ — 1.76 1.81 0.05
Solution 0.830 0089 0017  0.069 £ =016

Note: Tl'_le solution suggests that Unit C3 may be derived from Unit C5 by 1 7% crystal
fractionation of a mineral assemblage—plagioclase 50.9%, olivine 9.5%, clino-
pyroxene 39.4%,

Table 18. Least-squares crystal fractionation solution between
Chemical Units C2 and C5.

Derivative Plag 01 Parent  Calc.

o7 Angg Fogs Cpx Cs Cs Residuals
S0z 52.50 49.87 39.40  53.B6 51.80  51.80 0.00
TiOy 1.25 — - 0.31 0.87 0.86 -0.01
AlaO3 14.33 32.08 — 2.49 15.50  15.49 -0.01
FeO 10,84 0.50 16.89 4.36 B.48 8.45 -0.03
MnO 0.12 - 0.22 0.19 0.12 0.11 -0.01
MgO 7.19 — 42.61 17.54 8.61 8.62 0.01
CaO 11.38 15.57 029  20.69 12.89  12.88 - 0.01
Naz0 232 2.11 — — 1.76 1.91 0.15
Solution 0.659 0.178  0.040  0.125 £r? = 0.02

Note: The solution suggests that Unit C2 may be derived from Unit C5 by 34.1%
crystal fractionation of a mineral assemblage—plagioclase 51.9%, olivine 11.7%,
clinopyroxene 36.4%,

Origin of the Xenocrysts

Xenocrysts are found only in basalts corresponding
to the high Ti/Zr and high Y/Zr magma type and are
most common in the lower basalts from Unit C5 and in
Unit C2 basalts. Examples of olivine, plagioclase, clino-
pyroxene, and spinel xenocrysts have been recognized,
although not all of these phases are necessarily found in
the same basalt flow. Unit C5 basalts are characterized
by chromian-spinel xenocrysts that are more aluminous
than the magnesiochromite phenocrysts and by plagio-
clase xenocrysts (usually /ess calcic than associated
plagioclase phenocrysts). Unit C2 basalts contain xeno-
crysts similar to those found in C5 basalts as well as oli-
vines that are more magnesian than the associated
phenocrysts, plagioclase more calcic than the plagio-
clase phenocrysts, and Cr-rich endiopsides.

Many occurrences of similar xenocrysts or mega-
crysts have been reported in drilled basalts from the
Mid-Atlantic Ridge (e.g., Leg 2, Frey, Bryan et al.,
1974; Leg 37, Donaldson, Brown et al., 1977; Legs 45
and 46, Dungan and Rhodes, 1978; FAMOUS Area,
Melson, 1979). Megacrysts are rare in the evolved Fe-
rich basalts from the East Pacific Rise. Hypotheses put
forward to explain the origin of these exotic phases in-
clude:

1) accidental disturbance of cumulate material with-
in a magma chamber (Muir and Tilley, 1964);

2) resorption of cognate low-pressure phenocrysts
caused by rapid changes in conditions, such as pressure
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or volatile content (Aumento, 1964; Melson et al.,
1968);

3) resorption of cognate crystals carried down to
hotter portions of magma chambers by convective over-
turns (Melson and Thompson, 1971); and

4) accidental or cognate fragments of the upper man-
tle (Blanchard et al., 1976).

The xenocrysts from Hole 447A can be classified into
two types, according to the type of liquid from which
they might originally have crystallized: (1) ‘‘more-
refractory’’ xenocrysts, crystallized from a more primi-
tive (Mg-, Ca-rich) liquid than the host rock, and (2)
“‘less-refractory’’ xenocrysts, crystallized from a more
evolved (Mg-, Ca-poor) liquid than the host rock. The
more-refractory xenocrysts include magnesian olivines
(C2), calcic plagioclases (C2), and aluminum chromian-
spinels (C2, C5); less-refractory xenocrysts include less-
calcic plagioclase (C2, C5) and Cr-rich endiopsides (C2,
rarely in C3).

There is no evidence that any of these phases
crystallized at high (mantle) pressures. Shearing, kink-
banding, or any other physical deformations are nota-
bly absent, particularly in the olivine crystals. With the
exception of the less-calcic plagioclase xenocrysts, all
other crystals are single grains. Thus the xenocrysts are
not thought to have originated as accidental inclusions
of upper-mantle or lower oceanic-crust material. The
CaO contents of the olivines are typical of olivine
crystallized at relatively low pressures (Simkin and
Smith, 1970); the endiopsides have low Al,O4 contents
and do not in any way resemble the highly aluminous
clinopyroxenes (6-10% Al,O;) crystallized from tho-
leiitic basalts at 10 to 18 kb (Thompson, 1974). The
resorbed chromian-spinel xenocrysts, however, are simi-
lar to the aluminous spinels from Mid-Atlantic Ridge
basalts interpreted by Dick (1976) and Sigurdsson (1976)
as having crystallized at elevated pressures, possibly
during residence in subcrustal magma chambers.

Xenoliths of cumulate anorthosite are also present in
the lower basalts from Unit C5 and are associated with
xenocrysts of less-calcic plagioclase. The abraded mor-
phology of these less-calcic plagioclases and their simi-
larity to those that make up the anorthosite xenoliths
suggest that they are both derived from the same source.
It seems likely that the less-calcic plagioclase, the
olivine, and the endiopside xenocrysts (i.e., the less-
refractory xenocrysts) have resulted from accidental
disturbance of crystal cumulates within a sub-axis mag-
ma chamber. The chromian-spinels and the more-calcic
plagioclase may have crystallized at slightly higher
pressures, perhaps prior to injection into a sub-axis
magma chamber.

The association of more-refractory xenocrysts with
less-refractory xenocrysts in the C2 basalts suggests that
the new influx of Ca-plagioclase- and Al-spinel-bearing
primitive magma disturbed cumulate material that had
separated from a more evolved magma already resident
in the magma chamber. The resultant hybrid magma
must have erupted before the two sets of xenocrysts had



time to equilibrate fully with the new host magma com-
position.

Summary of Magmatic History at Site 447

The magmatic history of the basalts erupted at Hole
447A can be interpreted as follows:

1) Eruption of C5 basalt from a magma chamber
that had been fractionating plagioclase. The eruption
was probably triggered by an influx from below of
primitive Al-spinel-bearing magma (with high Ti/Zr,
etc.). Early basalts contained xenocrysts of Al-rich
spinel (chromian spinel) and xenoliths of cumulate
anorthosite. As the magma chamber became more
quiescent, later basalts were xenocryst- and xenolith-
free.

2) Eruption of C4 basalts (with lower Ti/Zr) as a
separate magma batch from the mantle. This event
represented either a smaller degree of partial melting of
the same magma source or derivation from a slightly
different source composition. The magmatic plumbing
system must have been quite separate from the one used
for the passage and storage of C5 basalts.

3) Eruption of C3 basalts derived from a C5-type
magma by fractional crystallization of 8.9% plagio-
clase, 1.7% olivine, and 6.9% clinopyroxene.

4) Eruption of C2 basalts, probably triggered by a
fresh influx of Al-spinel- and Ca-plagioclase-bearing
primitive magma. Resulting magma contained these
xenocrysts and less-calcic plagioclase, olivine(?), and
Cr-rich endiopside as disturbed cumulates and was more
fractionated than the C3-basalts magma batch.

5) Eruption of basalts derived from C4 magmas by
the fractional crystallization of 10.5% plagioclase,
3.5% olivine, and 2.3% clinopyroxene. The magma
chamber must have been distinct from the storage
chamber for C5, C3, and C2 magmas.

PART 2: THE “ARC SITES”

The Palau-Kyushu Ridge

The Palau-Kyushu Ridge (PKR) extends over 2000
km, separating the West Philippine Basin from the
Parece Vela Basin. The ridge rises up to 2000 meters
above the floor of the West Philippine Basin. Rocks
dredged from a steep west face in the Site 448 area (in-
cluding sub-alkalic basalts and basaltic andesites with
island-arc-tholeiite affinities) are extremely vesicular
and suggest eruption at shallow marine depths or even
sub-aerially (International Working Group on the IGCP
Project ‘‘Ophiolites,”” 1977).

Site 448 is located on the west edge of the ridge
(16°20.48'N, 143°52.45'E) in 3483 meters of water
(Fig. 1). Two holes were drilled at the same location.
The first hole successfully penetrated 584.5 meters
before drilling problems necessitated that the hole be
abandoned. A second hole was washed down for 527
meters and was then continually cored to a final depth
of 914 meters. Core recovery from both holes averaged
50%. Hole 448A is tied stratigraphically to Hole 448 by
lithologic and paleontologic horizons, but with a ver-
tical displacement of 19 meters.

GEOCHEMISTRY, MINERALOGY, AND PETROLOGY OF BASALTS

Lithology and Petrography

The combined lithostratigraphic column can be
divided into 319.5 meters of middle-Miocene to middle-
Oligocene oozes, chalk, and tuffs (5 units) underlain by
624 meters of volcanic ‘‘basement’” (46 units). The
volcanic ‘‘basement’’ is markedly different from typical
ocean (Layer 2) crust (e.g., Hole 447A) and is character-
ized by igneous units (flows, sills, and dikes) inter-
bedded with volcaniclastic breccias. A systematic ac-
count of the lithology and petrography is given in the
site report, but the more important features are sum-
marized in the following section (see Table 19).

The upper part of the ‘‘basement”’ section consists of
relatively thick (20 to 50 m) volcanic units (Units 6, 8, 9,
11, 13, and 14), each of which consist of up to 7 indi-
vidual flows. Pillowed basalts are common. Inter-
bedded volcaniclastic breccias vary from 15 to 30 meters
thick. The lower half of the ‘‘basement’’ section con-
sists of more numerous volcanic units (Units 16-51) that
are considerably thinner (0.5-3 m) and are often single
flows. Pillow basalts are absent. In addition, in the
deepest part of the section (below 700 m), as many as 10
dikes and sills were recognized.

Nearly all the igneous units are sparsely plagioclase
phyric, but sharp distinctions can be made on the basis
of mafic phenocryst assemblages among plagioclase-
olivine, plagioclase-clinopyroxene-orthopyroxene, and
plagioclase-clinopyroxene basalts. These three petro-
graphic types, although sometimes distinguished by
trace amounts of a particular phenocryst phase, are con-
fined to well-defined stratigraphic horizons (Table 19).

1) Olivine-bearing basalts, with few exceptions, are
restricted to the uppermost units (Units 6, 8, and 11),
which span 150 meters of the ‘‘basement’ section.
These basalts contain up to 2% of plagioclase pheno-
crysts (Angy 7), subordinate olivine phenocrysts (as
smectite pseudomorphs), and rare phenocrysts of
clinopyroxene. These flows are typically highly vesicular
and oxidized.

2) Orthopyroxene (bronzite)-bearing basalts are,
with one exception, restricted to Units 13 and 14. These
units are relatively porphyritic and contain up to 15%
plagioclase phenocrysts with minor clinopyroxene,
bronzitic orthopyroxene, and rare olivine. These two
units are not separated by volcaniclastic breccias and
represent successive eruptions of at least 7 separate
flows with a total thickness of about 50 meters.

3) Basalts containing plagioclase (up to 20%) and
minor clinopyroxene dominate the remainder of the
volcanic units in Holes 448 and 448A (approximately
50% of the total volcanic basement penetrated). These
thinner and often single flows are separated by relatively
thick volcaniclastic breccia units. A few units from the
lower part of the section are not of the plagioclase-
clinopyroxene-phyric type: Unit 22 is olivine-phyric
(5%), with minor plagioclase and clinopyroxene; Unit
28 contains minor olivine in addition to plagioclase
(10%) and minor clinopyroxene; Unit 49 is extremely
porphyritic, still containing 30% plagioclase, 5% clino-
pyroxene, and 4% orthopyroxene. The remaining sills
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Table 19. Igneous lithology of Holes 448 and 448A.

Phenocrysts®

Hole Unit Type2 DY 7¢ N4 Q) Pl Cpx Opx

Texture Comments

448 L6 P 319.5 38.5 1 tr 1 —
L8 P/F 376.5 27.5 6?7 <2 2 tr
L9 P/F 404.0 230 1 — o= —
L11 F 4560 335 5 tr <1 —
L3 F 521.0 355 87 tr 10-15 2

448A  LI3 P 537.5 g0 27 tr 7-15 2 <l
L14 P 575.0 :

L16 F 613.5 1.5 1 — 1 |
L8 F 623.0 2.0 1 - tr 1
L20 F 660.5 9.5 1 — tr -
L22 F 694.0 5.5 i 5 3 1
L23 B 699.5 150 17 no data
L24 F 714.5 3.5 1 — 10 2
L26 D/S 727.0 1.0 1 — 5 -
L27 D 728.0 3s 1 — — —
L28 D 731.5 5.0 1 1 10 1
L3l F/B 757.0 11.5 2 — 5 1
L33 F? 769.5 140 1 - 1-20 1
L35 5? 792.5 2.0 1 — 10 2
L37 D 802.0 4.0 1 — 6 1
L39 F 810.5 30 27 — 10 1
L41 F 832.0 11.5 1 — 15 1
L43 F 843.0 5.0 1 — r tr
L45 S 858.5 6.0 1 — 10 1
L47 S 866.5 1.0 1 no data
L49 S 887.0 9.0 1 - 30 s
L51 D 902.0 12,0 1 no data

Highly vesicular, oxidized
Highly vesicular, oxidized
Moderately vesicular

Hyalopilitic to subophitic
Pilotaxitic to ophitic
Hyalopilitic to subophitic

Hyalopilitic Moderately vesicular
Hyalopilitic

Intersertal Extremely vesicular
Intersertal Highly vesicular
Intersertal Highly vesicular
Intersertal No vesicles, very altered, native Cu.
Intersertal

— Autobreccia?

Intersertal

Hyalopilitic Relatively fresh
Vitryophyric Similar to L26
Intersertal Slightly vesicular
Subophitic Flows and flow breccias
Intersertal Slightly vesicular
Hyalopilitic No vesicles

Intersertal Fresh

Intersertal Two flows with interflow breccia
Intersertal No vesicles

Intersertal Slightly vesicular
Intersertal Slightly vesicular

— Slightly vesicular
Subophitic Very porphyritic

- Pyrite-rich

a4 p = pillow lava; F = massive flow; B = flow breccia; D = dike; and S = sill.

b p = sub-bottom depth (m) to top of unit.
€ T = unit thickness (m).

N = number of cooling units.
¢ Estimated modal abundances (%).

and dikes are all plagioclase-clinopyroxene-phyric
basalts.

Thus, with a few exceptions, the three major
petrographic types occur down-hole in this sequence:
plagioclase-olivine basalts, plagioclase-clinopyroxene
orthopyroxene basalts, and plagioclase-clinopyroxene
basalts. The relative importance of each petrographic
type is misleading in terms of the numbers of ‘‘units.”
The cumulative thicknesses of the three types are, in
fact, broadly similar (Table 20), considering the widely
different depth ranges that they span,

Alteration

The basalts and the volcaniclastic rocks from Holes
448 and 448A are extensively altered. Throughout the
entire section, pyrogenic phases are replaced by clays,
zeolites, carbonates, and sulphides. Fresh olivine is
found only rarely in unaltered glassy margins (Scott,
this volume); elsewhere it is completely replaced by
smectites and opaque oxides. Plagioclase is usually re-
placed by clays, except in fresh glassy margins. Clinopy-
roxene, however, is relatively fresh, except in the most
intensely altered areas of the section.

Two zones of alteration are recognized. The upper-
most 150 meters of vesicular basalts and breccias (Units
6 to 10) are yellow or yellowish brown in color, sug-
gesting oxidative and probably low-temperature altera-
tion. Below 150 meters (approximately 500 meters sub-
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Table 20. Cumulative thickness of the three major petro-
graphic types in Holes 448 and 448A.

Petrographic
Group T2 NLh N  Depth Interval (m)
Ol-basalts 104.5 3 12 337-427
Opx-basalts 73.5 3 7 511-575
Cpx-basalts  132.5 20 22 613-914

AT = cumulate thickness (m).
bNL = number of lithologic units.
CN. = number of cooling units.

bottom), beginning in breccia Unit 11, the yellow ox-
idized matrices give way to greenish gray or greenish
blue matrices. Disseminations and veins of native cop-
per along with copper and iron sulphides point to
hydrothermal activity under more reducing conditions
than those in the upper zone. Aldrich et al. (this volume)
recognize a hydrothermal metamorphic gradient in
Holes 448 and 448A, which suggests a geothermal gra-
dient characteristic of an island-arc environment.

The West Mariana Ridge

The West Mariana Ridge (WMR) separates the
Parece Vela Basin from the young and currently
spreading Mariana Trough. Karig (1975) interpreted
this north-south trending ridge as a remnant island arc



that was left behind when the active volcanic Mariana
arc broke away during spreading of the Mariana
Trough. The ridge itself is somewhat shallower than the
PKR, usually less than 2000 meters below sea level, but
rising in parts to only 55 meters below sea level.
Vesicular dacites were dredged from the deeper sections
of the ridge (3000-4000 meters); to account for their
present depth, Karig and Glassley (1970) suggest that
subsidence of the ridge must have begun in the Quater-
nary.

Site 451 is located on the eastern edge of the West
Mariana Ridge (18°00.88°N, 143°16.57°E) in 2600
meters of water (Fig. 1). Hole 451 successfully pene-
trated 930.5 meters of massive coarse volcaniclastic
sediments before scheduling considerations terminated
drilling operations.

Lithology and Petrography

No igneous units (i.e., lava flows, sills, or dikes) were
penetrated in Hole 451. With the exception of the last 4
meters (see the forthcoming material), sediments and
volcaniclastic rocks only were recovered. These are
divided into three major units, which range from late
Quaternary to late Miocene (see the site report for
details). Units 1 and 2 consist of foraminifer or nan-
nofossil oozes and carbonate-rich vitric ash, respective-
ly. Unit 3 consists of 861 meters of repetitious, coarse,
angular, volcanic breccias that grade into bioturbated
vitric tuffs. The least-altered volcanic clasts from this
unit were sampled for petrographic study and chemical
analysis. These consist predominantly of basalts and
rare andesites, divided into five petrographic groups by
the shipboard scientists:

1) plagioclase-clinopyroxene-orthopyroxene-mag-
netite-olivine andesites,

2) plagioclase-clinopyroxene-magnetite-olivine ande-
sites,

3) plagioclase-clinopyroxene basalt,

4) clinopyroxene-plagioclase basalt, and

5) aphyric basalt.

Andesite clasts contain abundant phenocrysts of
strongly zoned plagioclase (up to 30%), Ans,¢g), with
subordinate clinopyroxene (up to 10%) and magnetite
(up to 5%). Rare olivine or orthopyroxene phenocrysts
are present in some samples, usually replaced by green
and brown smectites. The groundmasses are notably
poor in mafic minerals. The basaltic clasts contain
variable quantities of more-calcic plagioclase pheno-
crysts (aphyric to 40%) and clinopyroxene (0-20%),
with rare phenocrysts of olivine (replaced by smectite).

In the last 4 meters of drilling, a resistant basaltic unit
was penetrated. There is no clear evidence to determine
whether the small quantity of basalt recovered from the
bottom of the hole represents a large clast or an igneous
unit, such as a lava flow or a sill. The basalt is extremely
altered to green clays and contains numerous small
pockets of native copper. Circumstantial evidence (see
the site report) suggests that the basalt may represent an
igneous unit marking the beginning of a sequence of in-
terbedded flows and breccias similar to the basement of
Holes 448 and 448A.,

GEOCHEMISTRY, MINERALOGY, AND PETROLOGY OF BASALTS

Geochemical Results

Fifty-three analyses of igneous units and of least-
altered clasts from the interbedded breccias from the
Palau-Kyushu Ridge (Holes 448 and 448A) are pre-
sented in Tables 21 and 22. In general terms, the basalts
and basaltic andesites from the PKR are quartz-norma-
tive tholeiites containing 48% to 56% SiO,, 13% to
17% Al,04, 7.5% to 10.0% CaO, and 10% to 15% iron
as total FeO. When plotted on the AFM diagram (Fig.
23), the PKR basalts are thus significantly more iron-
rich than most MORB (including the basalts from the
West Philippine Basin and Parece Vela Basin) and have
FeO/MgO ratios ranging from 1.5 to 4.0. The ““frac-
tionated”” character of these basalts is emphasized by a
relatively high content of TiO, (1.0-1.8%) and by ex-
tremely low abundances of Ni (0-20 ppm) and Cr (20-50
ppm). Abundances of the low-field-strength (LFS) trace
elements (i.e., with a radius/charge ratio over 2.0
[Saunders et al., in press])—Th (1-2 ppm), Pb (4 ppm),
Ba (30-80 ppm), Sr (150-200 ppm), and Rb—are slight-
ly greater than, for example, in MORB. However,
abundances of the REE and a number of high-field-
strength (HFS) elements (Saunders et al., in press)—
such as Zr and Nb—are remarkably low for basalts with
fractionated major elements and low Cr and Ni con-
tents. Concentrations of La (3-8 ppm), Ce (5-15 ppm),
Zr (35-80 ppm), and Nb (less than 1 ppm) are more
typical of primitive Mg-Ca-rich MORB than these ap-
parently fractionated iron-rich tholeiites. These basalts
are essentially identical to basalts that form the Island-
Arc Tholeiite Series (IATS) of Jakes and Gill (1970) (see
Table 23).

Nine analyses of the least-altered clasts from the tuffs
and breccias from Hole 451 on the West Mariana Ridge
(WMR) are presented in Table 24. The clasts from the
WMR are geochemically different from the basaltic
island-arc tholeiites from the PKR, despite a wide range
of compositional variation on each side. These dif-
ferences are illustrated in various plots of major
elements versus FeO/MgO ratio (Figs. 24-30) and in
plots of selected minor and trace elements versus Zr
(Fig. 31-38).

The basalt and andesite clasts from the WMR are
characterized by low FeO/MgO ratios (1.0-2.0), with a
wide range of SiO, contents (48-58%) (Fig. 24). At
equivalent FeO/MgO ratios, it is clear from Figures 25
to 29 that the WMR rocks are poorer in both FeO and
MgO and richer in Al,O; (18-20%) and CaO (9-13%).
The WMR rocks, similar to those from the PKR, have
very low abundances of Ni (usually less than 25 ppm)
and Cr (usually less than 50 ppm) (Figs. 31 and 32),
coupled with low abundances of HFS ions such as Zr
(30-80 ppm), Nb (less than 1 ppm), and Y (12-15 ppm)
(e.g., Fig. 34). The most important geochemical feature
of the WMR basalts and andesites is the relatively high
abundances of low field strength (LFS) ions such as Th,
Pb, Ba, Sr, and Rb and enrichment of light rare-earth
elements such as La or Ce relative to high field strength
(HFS) ions such as Y or Zr. For example, Ba and Sr
contents of the PKR arc tholeiites are slightly higher
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Table 21. Analyses of basalts from Hole 448.

Core

58

7 9 19 40 43 44 46 48 48 48 48 51 52 53 7 58 59 59 61

Section 1 | 2 1 1 ] 1 1 2 2 3 4 1 2 2 3 4 2 3 3
Imerval 2 116 2 82 119 103 135 77 43 93 2 3B BO 59 120 n 138 61 T4 55
Si0z 29.2 49.4 49.3 459.8 48.5 49.6 49.1 47.9 49.1 47.7 49.8 49.4 49.2 49.2 48.9 49.9 48.0 50.7 50.0 50.2
TiO; 1.54 1.64 1.63 1.52 1.60 1.54 1.57 1.60 1.58 1.55 1.52 1.28 1.21 1.15 0.81 112 1.02 1.09 1.10 112
AlO3 142 13.8 14.0 12.7 13.4 14.0 12.2 14.6 13.9 14.1 14.3 13.4 13.9 14.7 171 14.5 14.2 16.8 16.4 15.0
tFep0y 14.73 15.09 15.26 15.02 16.14 15.56 16.58 16.23 16.52 15.84 15.48 15.98 14.07 13.46 11.63 12.52 11.38 12.01 1164 12.24
MnQ 0.22 0.22 0.22 0.24 0.28 0.23 0.28 0.23 0.28 0.25 0.23 0.22 0.24 0.20 0.22 019 0.17 0.19 0.17 0.15
MgO 4.67 4.64 4.14 4.67 159 4.63 2,98 324 3.02 7 4.48 5.11 4.56 5.19 5.37 4.52 3.88 4.47 4.28 6.30
Cald 10.27 .96 9.60 8.82 8.63 9.54 8.2 9.45 8.08 10.29 9.53 9.29 9.69 10.23 10,56 924 1274 9.80 1027 £.84
NazO 29 2.90 .7 272 2.81 2,95 2.76 END 2.79 3.00 2.85 2.40 2.80 3.33 2.45 139 4.56 298 158 I
K20 0.72 0.7 0.80 1.61 1.31 0.57 1.51 0.86 0.96 0.61 0.68 1.10 1.14 0.47 0.56 1.65 1.20 0.83 119 1.41
P20s 0.24 0.25 0.23 0.14 0.21 0.19 0.10 0.26 0.21 0.76 0.29 0.07 0.14 0.12 0.03 0.08 0.20 0.09 0.12 0.13
Total 98.65 98.62 98.31 97.23 96 .48 98.80 96.35 97.49 96.3% 97.44 99.16 98.30 96.94 98.04 97.55 97.10 97.31 98.96 98.75 98.79
Trace Elements (ppm)

MNi 12 1 10 12 3 2 13 21 14 15 19 5 30 10 10 14 9 19 16 17
Cr 2 29 7 25 1 13 10 12 10 23 26 1 12 i 17 25 18 25 28 25
Zn 113 123 110 110 128 17 125 124 123 124 120 103 99 92 75 92 82 81 a1 83
Ga 20 18 20 17 2 19 21 24 21 24 18 18 19 21 21 19 19 15 19 19
Rb B 6 i 0 15 5 21 10 13 8 8 4 13 4 4 15 12 <\ ] 13

Sr 157 153 154 143 171 160 156 180 174 192 159 166 187 181 186 167 175 170 177 172

Y 30 40 30 45 56 29 40 36 32 40 3l 20 26 23 17 29 29 25 7 29

Zr 46 42 27 43 52 47 53 57 56 48 52 52 65 50 45 68 68 70 72 74
Nb 1 <l | <1 | <1 <1 <1 <l <1 <1 <1 <l <1 <l <1 <1 <1 <1 <1
Ba 27 ” 68 64 78 7 69 78 68 55 32 42 50 i 22 40 48 39 57 63
La & 6 5 7 g [ 7 6 5 7 5 4 L] 4 3 4 5 6 5 6
Ce 14 1o 11 9 13 10 9 13 & 1 11 12 12 I 10 16 13 10 11 4]
Nd 9 9 9 12 11 9 11 11 9 9 6 9 10 9 6 10 10 10 9 9
Pb i 4 2 4 4 4 4 2 4 6 5 6 6 4 4 4 5 3 3 5
Th 2 <l <l 1 3 <l <l <l <1 <1 2 <l <1 <l 1 <l <l <1 1 2
CIPW Norm

Q 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 21 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Or 4.3 4.7 4.8 9.8 8.0 34 9.3 5.2 5.9 37 4.0 6.6 6.9 28 34 10.0 7.3 5.0 71 8.4
Ab 25.1 249 273 23.7 24.6 25.3 24.2 27.0 24.5 26.1 24.3 20.7 244 28,7 21.3 295 15.3 25.5 28.8 29.5
An 23.7 2.5 21.9 18.3 208 23,8 20.0 240 23.3 2.7 .5 23.0 2.7 4.2 348 20.0 15.0 30.4 25.6 21.6
Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.2 0.0 1.0 0.0
Di 2.2 21.8 21.1 21,7 18.9 19.5 18.6 19.1 14.4 20.1 18.0 19.7 21.8 2.4 15.6 2.4 40.7 15.2 21.2 18.2
Hy 12.9 15.9 12.9 17.4 18.1 19.9 19.4 9.9 21.5 14.7 21.2 2.5 14.0 6.2 1.3 0.8 0.0 18.1 0.0 1.5
ol 4.3 25 4.2 1.8 1.5 0.9 0.0 6.7 0.0 2.6 0.0 0.6 i6 9.5 2.6 115 2.9 0.4 10.9 15.2
Mt 2.6 27 23 27 29 2.7 30 .9 3.0 2.8 7 2.8 2.5 24 2.1 22 2.0 2.1 2.1 22
IIm 3.0 32 3.1 1.0 .1 .0 11 11 il i0 .9 2.5 24 2.2 1.6 22 2.0 21 2.1 2.2
Ap 0.6 0.6 0.6 0.3 0.5 0.5 0.2 0.6 0.5 1.8 0.7 0.2 0.4 0.3 0.1 0.2 0.5 0.2 0.3 0.3
Unit L6 L& L6 L6 L8 L8 L8 L8 L8 L8 LB L10 L10 L1 L2 Li2 Li12 L2 Li2 L2

than typical MORB, ranging from 30-80 ppm and
150-200 ppm, respectively. Substantially higher abun-
dances of these elements characterize the WMR rocks
that contain 110 to 450 ppm Ba and 450 to 600 ppm Sr
(Figs. 37 and 38). Plots of Ce and La versus Zr (Figs. 35
and 36) show the WMR basalts and andesites to have
higher La/Zr and Ce/Zr ratios than the PKR arc
tholeiites. A plot of Ce versus Y (normalized to chon-
drites [Nakamura, 1974]) suggests that the WMR rocks
would have light REE-enriched REE patterns with
Cen/Yy ratios ~2, in contrast to the flat or slightly
light REE-depleted REE patterns that characterize the
PKR arc tholeiites (Fig. 39).

The basalt and andesite clasts that constitute the
volcanic breccias from the WMR are clearly different in
composition from the typical island-arc tholeiites drilled
on the Palau-Kyushu Ridge. The SiO,-rich, iron-poor
fractionation trend, coupled with relatively high con-
centrations of CaO, Al,03, Th, Pb, Ba, Sr, and Rb and
a light REE-enriched REE pattern, strongly suggests
that the rocks drilled on the WMR have affinities with
the calc-alkalic magma series (see Table 23).

Chemical Variation within Holes 448 and 448A
Arc Tholeiites

The 46 igneous units penetrated on the Palau-Kyushu
Ridge have been divided into three major petrographic
groups according to the occurrence of olivine or ortho-
pyroxene as a phenocryst phase. Basalts containing
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olivine (but not orthopyroxene) phenocrysts are re-
stricted to the youngest pillow lavas and flows forming
Units L6, L8, and L11 and an isolated, relatively oliv-
ine-phyric flow (Unit L22) deeper in the section. Ortho-
pyroxene phenocrysts are found in the relatively plagio-
clase-phyric (with clinopyroxene and rare olivine) ba-
salts that form Units L13 and L14. The remaining ig-
neous units below these distinctive four-phase basalts
contain only clinopyroxene as a mafic phenocryst
phase. For convenience, basalts belonging to these three
major petrographic groups will be referred to as ol-
basalts, opx-basalts, and cpx-basalts, respectively.
Many inter-element plots reveal that the petrographic
groups are chemically distinct, particularly in terms of
degree of iron enrichment and in ratios of “‘less-
compatible’’ to ‘‘more-compatible’’ elements, such as
Ti/Zr, Y/Zr, or Ce/Y. On the Ti/Zr diagram (Fig. 33),
the arc tholeiites from Holes 448 and 448A are widely
scattered with Ti/Zr ratios ranging from less than 100 to
over 200. This is in marked contrast to most MORB,
which usually has a narrow range of Ti/Zr ratios
around 110 (e.g., Sun et al., 1979). The youngest basalts
from the PKR, the o/-basalts, fall into two groups.
Units 6 and 8 have the highest Ti/Zr ratios of all the
PKR arc tholeiites (ranging from 200 to 220). O/-basalts
from Unit 11 have significantly lower Ti/Zr ratios of
~ 125. The relatively olivine-phyric o/-basalt from Unit
L22 has a Ti/Zr ratio similar to the L11 o/-basalts. The
distinctive four-phase opx-basalts are characterized by



low Ti/Zr ratios (~100) and form a relatively tight
group. The cpx-basalts, which dominate the remaining
igneous units found in the lower half of Holes 448 and
448A, have a relatively wide range of Ti/Zr ratios (from
120 to 200). Adjacent units with similar Ti/Zr ratios are
rare. Other plots of elements such as Y/Zr, La/Zr,
Ce/Zr, or Ceyn/Yy (Figs. 34-36 and 39) show similar
relationships between the petrographic groups but with
poorer resolution than is shown in the Ti versus Zr
diagram. The opx-basalts, geochemically ‘‘more dis-
tinct”’ than either the ol-basalts or the cpx-basalts, are
more enriched in Zr, with a similar range of Y, Ce, or
La contents. On the Cey/Yy diagram (Fig. 39), the ma-
jority of PKR arc tholeiites have chondritic to
moderately depleted REE patterns, however, the opx-
basalts are slightly more light REE enriched than the o/-
or cpx-basalts.

Geochemical differences between the petrographic
groups are not only restricted to the incompatible trace
elements. In terms of iron-enrichment, the cpx-basalts
are least evolved, with low FeO/MgQ ratios ranging
from 1.3 to 2.5. The opx-basalts are slightly more
evolved (FeO/MgO ranges from 1.8-2.6) but with lower
contents of FeO and MgO ratios (Figs. 27 and 28). The
ol-basalts display a wide range of FeO/MgO ratios, but
the majority of analyses are considerably more iron-rich
than either the opx- or ¢px-basalts. The ol-basalt from
the isolated Unit L22 is one of the least-differentiated
arc tholeiites from the Palau-Kyushu Ridge, with an
FeO/MgO ratio of 1.4 and relatively high levels of Cr
and Ni (309 and 111 ppm, respectively. The ol-basalts
from Unit L11 are somewhat evolved, with FeO/MgO
ratios similar to the opx-basalts. The upper ol-basalts
from Units L6 and L8, however, are the most evolved
arc tholeiites from the PKR, with FeO/MgO ratios from
2.6 to 4.2.

Plots of other major elements versus the FeO/MgO
ratio show that the distinctive opx-basalts are different
from both the cpx-basalts and the moderately evolved
(e.g., L11) ol-basalts. At equivalent FeO/MgQO ratios,
the opx-basalts are notably richer in Al,O; and poorer
not only in both FeO and MgO but also in TiO, (Figs.
25-28). The opx-basalts contain up to 15% plagioclase
phenocrysts (Table 19), in contrast to the sparsely
phyric o/- and cpx-basalts. It is possible to account for
the chemical differences between the opx- and the cpx-
or ol-basalts in terms of the higher modal abundances of
plagioclase in the opx-basalts.

Discussion

Genesis of Island-Arc Tholeiite Magmas

The geochemical features of the PKR arc tholeiites
and the WMR calc-alkalic basalts are summarized in
Table 23. Petrographic group averages from Holes 448
and 448A and average clast composition from Hole 451
are normalized to a typical N-MORB (Sun et al., 1979)
and compared in Figure 40. Although variable in com-
position, arc tholeiites from young arc systems are
geochemically more evolved than MORB (higher SiO,
mode, high FeO/MgO ratios, low Cr and Ni contents,
etc.), but contents of HFS ions (Ti, Zr, Y, and the heavy
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REE) are often more similar to primitive MORB.
Nevertheless, because arc tholeiites have LFS-element
abundances comparable to those of MORB (see the
following material) and flat or depleted REE patterns,
they are closer in composition to MORB than any other
terrestrial magma type. A fairly similar source or the
possibility of one magma type being derived from the
other is therefore indicated.

Young oceanic island arcs such as the Palau-Kyushu
Ridge, the West Mariana Ridge, or the active Mariana
arc have formed in areas without continental crust, and
their volcanic rocks must be derived from the subducted
lithospheric crust or from the superjacent mantle
wedge. The relative contribution of the subducted slab
or the overlying mantle wedge remains controversial. It
is generally agreed, however, that the introduction of
water into the upper mantle via the subduction of
hydrous mineral phases (i.e., secondary alteration
minerals, amphibolites, serpentinite) plays a vital role in
island-arc magmatism. In a popular model for the
genesis of island-arc tholeiites, water, released by
dehydration reactions in the descending slab, lowers the
solidus of the overlying mantle, resulting in partial
melting and magma formation (Green, 1972; Ewart et
al., 1973; Ringwood, 1977). Experiments performed by
Nichols and Ringwood (1973) and Nichols (1974) show
that the water-saturated partial melting of pyrolite
results in tholeiitic liquids close to silica saturation.
They have proposed extensive fractional crystallization
of olivine to explain depletion of Mg, Cr, and Ni and
unfractionated REE patterns in arc tholeiites. The
relatively high P, expected under wet melting condi-
tions might also inhibit the enrichment of iron during
subsequent fractionation.

More recently, trace-element and isotope data for
island-arc volcanics have suggested that the hydrous
fluids driven off the descending slab transfer the more
mobile LFS elements (Th, Pb, Rb, Ba, and K and radio-
genic Sr) into the overlying mantle wedge (Best, 1975;
Hawkesworth et al., 1977, Saunders et al., in press).
Possible sources for these mobile LFS elements and
radiogenic Sr are the hydrous secondary minerals found
in altered ocean crust or subducted sediments. The role
of subducted sediment (rich in elements such as Pb, Th,
Rb, Ba, and radiogenic Sr) in island-arc magma genesis
remains problematic. Many authors have invoked some
degree of sediment involvement during magma genesis
at a number of island arcs (e.g., Armstrong, 1968; 1971;
Ewart and Stipp, 1968; Tatsumoto, 1969; Armstrong
and Cooper, 1971; Donnelly et al., 1971; Pushkar et al.,
1973; Whitford and Jezek, 1979). At the Mariana arc,
where a thick accretionary sedimentary prism is absent
(Leg 60 Scientific Party, 1979), it is difficult to imagine
that the 0.5 to 1 km of sediment on the descending
Pacific plate can be anything other than subducted.
Nevertheless, recent Pb, Sr, and Nd isotope data for the
Mariana arc (Meijer, 1976; Dixon and Batiza, 1979) and
from Fiji (Gill, 1974) and the Tonga-Kermadek arc
(Oversby and Ewart, 1972) suggest that sediment con-
tamination at these intra-oceanic arcs is minimal
(<2%). Hawkesworth et al. (1979) recognize isotope
features characteristic of altered oceanic crust in silica-
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Table 22. Analyses of basalts from Hole 448A.

Core 12 15 15 16 17 18 20 20 25 26 28 32 36 7 39 41
Section 1 1 3 3 1 1 1 4 1 2 1 1 4 2 2 |
Interval 19 123 143 10 87 bl 118 4 23 60 52 47 130 145 140 17
Sio2 49.1 49.4 50.2 50.0 49.7 50.8 51.2 49.8 49.8 471.7 48.2 51.2 50.6 50.0 49.8 49.7
TiOy 1.49 1.11 1.08 1.09 1.15 1.12 1.08 1.29 1.28 1.22 1.01 1.41 0.95 1.63 1.36 1.25
AlyO3 14.0 15.9 16.4 15.9 15.5 14.5 14.2 14.0 14.1 13.2 12.9 13.4 13.5 12.6 13.2 13.6
tFep03 14.23 12.25 11.89 12.23 12.76 12.72 13.66 12.61 12.61 13.02 13.59 14.07 12.84 14.52 14.25 13.44
MnO 0.23 0.20 0.18 0.19 0.20 0.21 0.21 0.21 0.21 0.37 0.26 0.18 0.26 0.22 0.22 0.21
MgO 4.42 4.68 4.02 4.96 4.11 4.14 4.66 4.41 6.21 6.47 9.22 6.19 8.18 6.43 5.61 6.70
CaO 10.64 10.12 10.16 9.79 9.72 8.93 8.32 B.88 9.32 9.93 6.38 B.29 10.33 9.01 9.21 9.15
Nas0 2.69 347 3.16 3.17 3.00 3.14 2.9 3.04 3.52 3.48 2,58 3.10 2.62 2.76 4.55 2.64
K20 0.69 0.94 1.39 1.05 1.33 1.82 2.14 1.66 0.63 1.63 2.03 1.47 0.16 1.16 1.11 1.28
P05 0.12 0.13 0.21 0.12 0.26 0.11 0.07 0.16 0.29 0.32 0.33 0.10 0.08 0.12 0.16 0.17
Total 97.63 98.21 98.68 98.57 97.70 97.43 98.45 96.04 97.87 97.34 96.48 99.45 99.53 98.43 99.37 98.11
Trace Elements (ppm)

Ni 11 18 16 19 16 14 17 15 12 15 16 5 111 25 6 10
Cr 2 25 kx} .l 38 18 13 20 46 29 41 17 309 36 19 23
Zn 106 90 89 89 93 95 98 122 134 87 88 111 89 118 100 99
Ga 20 19 22 21 19 19 18 19 21 21 19 19 21 20 20 20
Rb 6 8 12 6 12 21 21 20 2 13 16 19 <l 14 10 11

Sr 146 178 179 175 181 167 144 169 198 167 137 155 173 157 212 157

Y 29 29 32 28 36 36 30 6 64 32 25 27 19 27 29 25
Zr 47 71 73 68 69 70 68 78 72 46 s 49 40 52 62 39
Nb <1 <1 <1 <l <l <1 <1 <1 <l <l <1 <l <1 <1 <l <l
Ba 33 34 70 34 9 48 54 kh] 3 60 35 62 23 38 46 29
La 7 5 5 5 6 6 5 7 8 5 5 4 5 6 6 6
Ce 10 12 11 12 15 11 13 13 21 9 9 B 8 9 12 11
Nd 8 10 8 9 11 12 11 11 15 7 6 8 6 8 9 7
Pb 3 4 6 5 3 5 1 3 k| 4 4 k| 5 4 2 4
Th 1 <l <1 <] 1 2 <l 1 <l <1 2 <l <l <1 1 <]
CIPW Norm

Q 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Or 4.2 5.6 8.3 6.3 8.0 11.0 12.8 19.2 38 9.9 12.4 8.7 1.0 7.0 6.6 7.7
Ab 23.1 299 27.1 27.2 26.0 27.3 25.7 26.8 30.4 20.7 22.6 26.4 22.3 217 219 228
An 249 25.5 26.8 26.5 25.4 20.5 19.2 20.3 21.1 16.0 18.2 18.5 4.8 18.8 12.3 219
Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.2 0.0 0.0 0.0 0.0 5.8 0.0
Di 23.9 20.7 19.2 18.3 18.7 20.3, 18.7 20.5 20.0 27.0 10.2 18.4 21.5 21.4 273 19.3
Hy 16.9 0.1 5.6 8.4 10.9 10.3 11.7 11.9 8.4 0.0 12.3 15.1 21.8 17.5 0.0 15.4
ol 0.0 12.5 7.3 7 4.7 4.6 6.0 19 9.7 14.7 17.8 6.2 3.3 4.2 13.3 6.6
Mt 2.5 2.2 2.1 22 23 23 24 2.3 2.2 23 2.4 2.5 2.2 2.6 2.5 2.4
n 2.9 2.1 2.1 2.1 22 2.2 2.1 2.6 2.5 24 2.0 2.7 1.8 3.1 2.6 2.4
Ap 0.3 0.3 0.5 0.3 0.6 0.3 0.2 0.4 0.7 0.8 0.8 0.2 0.2 0.3 0.4 0.4
Unit L12 L12 L13 L13 Li4 Li4 Li4 L15 L16 L18 L20 L22 L23 L24 L26

undersaturated volcanics from the Lesser Antilles.
Because these rocks are highly unlikely to have been de-
rived by actual melting of the subducted oceanic crust,
enrichment of Sr87 and LFS elements is most likely to
have been caused by the release of these components
during dehydration of the subducted lithosphere.
Saunders et al. (in press) believe that transportation of
LFS ions from the descending slab into the overlying
mantle wedge results in the high LFS/HFS element
ratios characteristic of orogenic magmas.

There is a strong argument that island-arc tholeiites
may be generated by the partial melting of ‘‘wet’” man-
tle peridotite. Melting would be triggered by the lower-
ing of the solidus accompanying the influx of fluids
driven off the descending slab. These fluids would
enrich the overlying peridotite source with LFS elements
and radiogenic Sr derived mainly by the breakdown of
hydrous secondary minerals in altered oceanic crust.
Subsequent fractional crystallization initially of olivine
and, later, plagioclase, clinopyroxene, and amphibole
would generate a spectrum of radiogenic and LFS-
element-enriched basalts and andesites with depleted or
flat REE patterns.
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However, there remain a number of problems with a
“‘mantle-source’” model for island-arc tholeiites. The
evolved nature of IATSs (i.e., higher FeO/MgO, and low
Cr and Ni contents) is compatible with derivation from
an upper mantle source only if considerable low-
pressure fractionation has occurred. Extensive crystal
fractionation, however, is not supported by the ex-
tremely low abundances of HFS elements such as Zr, Y,
Nb, and the REE that characterize arc tholeiites. Fur-
thermore, Cr and Ni contents of arc tholeiites are
substantially lower than mantle-derived ferrobasalts,
which are similar in composition to IATs in terms of
FeO/MgO, CaO, and Al,O; contents. To illustrate this,
a MOR ferrobasalt from the East Pacific Rise (Mattey
and Muir, in press) with a similar FeO/MgO ratio to the
ol-basalts from the PKR is plotted on Figure 40.
Although the PKR arc tholeiites are similar to the MOR
ferrobasalt in terms of the elements Ca to Mg on Figure
40, abundances of Cr, Ni, and the HFS elements Ti to P
are all signficantly lower in the arc tholeiites. The ex-
tremely low Cr and Ni contents of IATSs could be at least
in part a function of the high FeO/MgO ratios. Yet
compared to other basalt magmas, initially formed as
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41 41 44 45 46 47 47 50 51 52 52 54 57 58 59 62 65
2 4 2 2 2 1 2 2 2 1 2 3 1 3 2 1 1
58 4 55 22 82 108 106 35 134 77 46 115 96 50 85 84 81
49.9 50.5 54.5 52.1 54.7 48.3 55.0 53.3 54.8 51.1 53.8 54.1 55.2 48.3 51.5 50.6 52.2
1.14 1.43 1.49 1.36 1.21 1.55 1.23 1.45 1.27 1.48 1.55 1.25 1.28 1.66 1.68 1.00 1.17
12.6 13.1 13.0 13.9 13.5 13.9 13.5 12.8 12.8 12.9 13.2 13.6 12.9 11,9 13.5 15.9 13.3
1435 1416 1292 1251 13.19 1591 1377 13.87  13.63 1435 13.56  13.00 13.46 1594  13.28  11.07  13.39
0.20 0.22 0.22 0.19 0.18 0.25 0.18 0.24 0.20 0.22 0.25 0.21 0.18 0.19 0.21 0.15 0.22
7.46 7.26 5.85 6.16 5.71 3.84 5.59 5.44 5.97 6.48 4.66 5.78 6.01 7.39 5.80 5.76 5.91
9.02 8.94 7.55 9,48 7.75 9.52 7.74 8.33 7.69 8.76 8.43 8.58 1.76 8.91 9.54  10.71 9.04
2.79 3.02 2.94 2.46 2.81 2.92 2.84 2.55 2.58 2.48 2.69 2.61 2.63 2.53 2.92 2.29 2.63
0.81 0.50 0.36 0.20 0.34 0.79 0.32 0.30 0.25 0.10 0.34 0.31 0.37 0.20 0.28 0.20 0.19
0.10 0.12 0.12 0.09 0.10 0.41 0.10 0.11 0.09 0.11 0.12 0.09 0.10 0.18 0.12 0.08 0.08
98.34  99.27 99.00 98.49 9948  97.35 100.25 98.38 9922 9790 98.65 99.54 99.85 97.19 98.99 97,78  98.06
16 9 6 12 2 11 3 10 1 13 9 11 2 13 16 16 16
69 17 18 k)| 13 14 13 25 12 34 31 21 11 110 40 31 34
99 113 110 95 93 128 91 105 119 96 113 113 104 112 122 75 9
18 18 17 19 21 19 20 20 20 18 19 19 19 20 19 20 2
10 3 2 1 3 9 1 <1 2 <1 1 2 2 <l 2 <1 <1
169 207 212 163 154 177 152 152 153 153 152 165 161 164 172 225 169
22 28 24 23 26 47 27 30 30 28 32 25 29 13 31 20 24
42 60 73 43 53 56 53 47 50 4 54 51 58 58 57 56 44
<1 <1 <1 <l <1 <1 <l <1 <1 <1 <] <1 <l <l <1 1 <1
41 38 79 49 57 52 60 57 60 50 61 58 70 3l 72 55 51
5 6 8 5 7 8 8 6 6 4 4 6 7 7 6 4 3
6 13 11 7 9 11 9 1 8 8 10 6 8 9 6 9 8
6 11 9 5 8 11 7 10 8 9 10 7 8 10 8 6 7
5 5 2 3 3 3 4 3 6 1 3 4 4 4 3 4 5
1 1 <1 4 <1 <1 1 <1 <1 1 | 2 <1 2 <1 <l <l
0.0 0.0 7.9 5.3 8.1 0.0 8.0 8.0 9.4 4.4 8.8 7.5 9.0 0.0 2.4 3.3 5.1
4.8 3.0 2.2 1.2 2.0 4.8 1.9 1.8 1.5 0.6 2.0 1.9 2.2 1.2 2.3 1.2 1.1
24.0 25.7 25.1 21.1 23.9 25.4 24.0 21.9 22.0 21.4 23.1 222 22.3 22,0 25.0 19.8 2.7
19.8 20.9 215 26.8 23.3 23.0 23.0 229 22.7 24.2 23.4 24.7 22.3 21.2 22.9 33.4 4.3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20.7 19.1 13.0 16.9 12.3 19.3 12.2 15.3 12.6 16.2 15.3 14.6 13.0 19.7 20.0 16.9 17.4
17.5 20.4 23.9 22.5 24.5 16.8 24.7 23.2 25.6 26.2 20.6 23.2 25,0 25.8 20.4 20.3 23.3
6.9 42 0.0 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0
2.5 2.5 23 2.2 2.3 2.8 24 2.5 2.4 2.6 2.4 2.3 2.3 29 2.3 2.0 2.4
2.2 27 29 2.6 2.3 3.0 2.3 2.8 2.4 2.9 3.0 2.4 2.4 3.2 3.2 1.9 2.3
0.2 0.3 0.3 0.2 0.2 1.0 0.2 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.2
L27 L27 L3l L31 L3l L33 L33 L35 L37 L39 L39 L41 L43 L45 L47 L49 L51

partial melts of an upper mantle source that have
undergone extensive fractional crystallization, Cr and
Ni contents of arc tholeiites appear to be anomalously
low.

Another feature of the PKR island-arc tholeiites
(which is not entirely compatible with extensive frac-
tional crystallization required to generate high FeO/
MgO ratios and low Cr and Ni contents) is the wide
range of Ti/Zr, Y/Zr, and Ce/YDb ratios (Figs. 33, 34,
and 39) that characterize these rocks. Unless Ti-, Zr-, or
Y-bearing phases were involved during fractional
crystallization the wide range of these inter-element
ratios implies that the main petrochemical groups
recognized in Holes 448 and 448A cannot be co-
magmatic. Relatively few igneous units drilled on the
PKR can be related by fractional crystallization.

If the PKR arc tholeiites are derived from a mantle
source, then either the peridotite source must have been
previously depleted in HFS elements (particularly Nb,
Ta, and Zr) or these elements were retained in a minor
phase during melting. The possibility of residual minor
phases during partial melting of eclogite to form
calc-alkalic andesite was discussed by Gill (1974).

Phases such as apatite, rutile, sphene, zircon, perov-
skite, titanoclinohumite, or pyrrhotite-pentlandite solid
solution may exist at upper-mantle pressures and
temperatures. Hellman and Green (1979) have suggested
that rutile and sphene may be stabilized during hydrous
melting at mantle pressures and may explain the low
abundances of Ti, Zr, Hf, Nb, and the REE in arc
tholeiites. Refractory zircon would likewise affect Zr,
Hf, P, and REE contents. The pyrrhotite-pentlandite
solid-solution group of sulphides can remain stable
above the basalt solidus (e.g., MacLean, 1969). If this
phase were present and stable during melting, it could
possibly provide an interesting explanation for low Ni
(and Cr?) abundances in arc tholeiites.

In many ways, the gross geochemical characteristics
of the subducted oceanic lithosphere provides a more
acceptable source material for arc-tholeiite magmas.
Low abundances of HFS elements and typically flat or
light (L)REE depleted REE patterns typical of MORB
could be directly transferred by partial melting. Studies
of ophiolite complexes (e.g., Bonatti et al., 1976;
Spooner et al., 1974) and direct observation at oceanic
spreading centers (e.g., Hoffert et al., 1978; Natland et
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Figure 23. AFM (Na,O + K,0 — FeO*/MgO) plot for representa-
tive data from Site 448 (open symbols) and from Site 451 (closed
symbol). (Open triangles = Ol-basalts; open circles = Opx-
basalts; open squares = Cpx-basalts; closed circles = all Site 451
basalts. Site 447 [West Philippine Basin] basalts plot in the dotted
field; the solid line represents the Skaergaard fractionation trend;
dashed lines represent the Cascades fractionation trend.)

al., 1979) have provided strong evidence for large
hydrothermal convection cells at ridge crests. These
result in the relatively uniform alteration of Oceanic
Layer 2 and Layer 3 to greenschist or amphibolite facies
and enrichment of rock in radiogenic (seawater) Sr
(Dasch et al., 1973; Hart et al., 1974). Sr-isotope ratios
for altered ocean-floor basalts overlap those of island-
arc tholeiites; direct remelting of hydrous altered basalt
or gabbro would also account for the more radiogenic
nature of IATs and the overall enrichment of LFS
elements. Additional LFS-element input may also be
derived from a small quantity of trapped sediment in the
descending slab. High degrees of melting of ocean-floor
basalt would also result in relatively iron-rich melts con-
taining low abundances of Cr and Ni.

Fitton (1971) has suggested that subducted oceanic
crust (amphibolite) could be a source for arc-tholeiite
magmas. He argues that reactions involving the de-
hydration and breakdown of amphibole might persist
to depths approaching 120 km below island arcs.
Geochemical and isotopic studies of the Banda arc
(Magaritz et al., 1978; Whitford and Jezek, 1979) have
indicated that subducted sediments have melted during
magma genesis at Benioff zone depths of ~150 km.
This implies that the temperature at the top of the sub-
ducted slab at this depth is probably at least 750°C. This
is close to the wet solidus of amphibolite at such
pressures, and temperatures are probably high enough
to melt basaltic crust at the top surface of the slab at
depths ~150 km. Anderson et al. (1978) has suggested
that frictional heating may occur in the subduction zone
at young island arcs, particularly during the early stages
of subduction. Attainment of high degrees of partial
melting might be assisted by the stripping-off of
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rheologically weak Layer 2 (and Layer 3?) and intimate
mixing of relatively small blocks of ocean crust (on a
10-100 m scale?) with hot mantle peridotite. Many am-
phiboles contain Ti, and because Zr**, Nb**, (and
Ta*+*) would follow Ti*+, perhaps amphiboles contain
significant quantities of these elements. Partition coeffi-
cients quoted in the literature for these highly charged
ions vary from 0.5 to ~1 (e.g., Pearce and Norry, 1979)
and would probably be even higher under hydrous con-
ditions (Saunders et al., in press). Thus residual am-
phibole, during partial melting, is a posssible explana-
tion for low abundances of HFS elements in IATs.
Other minor phases likely to be present in amphiboli-
tized oceanic crust include rutile, sphene, and possibly
zircon. Hellman and Green (1979) have demonstrated
that rutile and sphene are stable during hydrous melting
and would thus retain Ti, Nb, Ta, and Zr(?) in the
source. Residual zircons found in many granites and
ortho-gneisses (e.g., Buma et al., 1971; McCarthy and
Kable, 1978; Watson, 1979) testify to the stability of this
phase (which may retain Nb and Ta as well as Zr) during
partial melting.

To conclude, two alternative models for the genesis
of IATs have been discussed. The more orthodox model
requires IATs to be produced as hydrous partial melts
of the superjacent mantle wedge, accompanied by an in-
flux of LFS elements and radiogenic Sr during dehydra-
tion of the descending lithospheric slab. Extensive frac-
tional crystallization is required to generate dominantly
Fe-rich, Cr- and Ni-poor IATs. Relatively few of the 46
igneous units drilled on the PKR are comagmatic,
however, which implies that partial melting is the domi-
nant process in the genesis of these basalts. Anomalous
concentrations of many HFS elements and low abun-
dances of REEs can only be explained if the superjacent
mantle was previously depleted in these elements or if
unusual residual minor phases were present and stabi-
lized (rutile, sphene, titanoclinohumite, zircon, apatite,
etc.). Furthermore, abundances of Cr and Ni appear to
be anomalously low compared to other fractionated
mantle-derived basalts with similar major-element
chemistry (FeO/MgO ratio etc.).

Alternatively, many geochemical and isotopic prop-
erties of island-arc tholeiites would perhaps be better
explained if they had been generated by the direct
remelting of descending lithospheric slab material.
Moderate to high degrees of melting of basaltic crust
might produce relatively iron-rich magmas with low
abundances of Cr and Ni. Involvement of hydrother-
mally altered crust could result in slightly higher abun-
dances of LFS elements and radiogenic Sr, whereas
abundances of the REEs and other minor and trace
elements would be similar to those of MORB. Minor
phases such as rutile, sphene, and zircon may be
residual during melting and would explain the anoma-
lously low abundances of Zr, Nb in IATs (and Ta, see
Wood et al., this volume). This model relieves the
necessity of extensive fractional crystallization and ex-
plations many of the geochemical properties of IATSs
without resorting to special mantle source compositions
or mineralogies.
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Table 23. Representative analyses of basalts from the Philippine Sea active and remnant island arcs.

Palau-Kyushu

Ridge WMR Mariana Arc Japan Jakes§ and Gill
Samples 12 2b 3¢ 4d Gu-1¢ 9-1Af 132 Tholh  caAl IATSI  CASI
Si0p 49.0 50.0 51.7 49.9 50.9 48.7 50.9 50.0 53.8 45-70 53-70
TiOy 1.57 1.11 1.34 0.71 0.76 .49 0.80 0.84 0.95 0.5-1.5 0.5-1.2
Al2O3 14.1 15.3 13.2 18.2 19.4 20.0 16.6 15.71 17.79 14-19 16-19
tFeO 13,93 11.09 12.80 8.71 9.57 8.47 11.02 11.46 8.80 — —
MnO 0.24 0.19 0.22 0.25 0.16 0.16 0.22 0.27 0.19 — —
MgO 4.16 4.54 6.57 5.75 4.67 6.19 5.10 7.37 5.87 — —
CaO 9.57 9.73 8.58 10.88 11.42 13.32 10.46 11.95 8.79 —_ —
Naz0 2.94 3.55 2.86 2.44 2.37 1.57 2.57 1.47 2.76 — —
K70 0.88 1.38 0.70 0.73 0.40 0.37 0.73 0.24 0.62 — —_
P205 0.23 0.14 0.15 0.14 0.13 0.12 0.17 0.09 -
FeO/MgO 3.34 2.44 1.97 1.51 1.95 1.37 2.16 1.55 1.50
Ni 13 16 10 8 — 26 13 — — 0-30 18
Cr 2 25 26 33 30 28 14 — — 0-50 56
Rb 10 13 7 9 6 B 14 5 14 3-10 30
Sr 163 171 167 478 — 305 342 200 550 100-200 380
Y 37 31 28 19 — — - 12 15 —_ —_
Zr 48 71 57 45 — 45 51 22 40 —_— —
Nb 1 1 1 3 — — - 0.7 1.4 — —
Ba 53 47 59 184 134 86 142 110 300 50-150 270
La 6 5 6 8 2.7 — —_ 1.3 10 1-6 12
Ce 11 13 9 15 4.8 — — 3.7 23 _ —_
Nd 9 10 8 10 — — — 3.4 13 — —
Pb 4 4 4 5 - — — 1.9 6 2-4 3-7
Th 1.3 | 2 2 — — — 0.3 1 0.5 2
Ti/Zr 196 93 141 95 - 65 94 228 142 — _
Ba/Zr 1.1 0.7 1.0 4.1 — 1.9 2.8 5.0 1.5 — —_
3 | = average ol-basalt from Units L6, L8, Hole 448.
by average opx-basalt from Units L12, L13, L14, Holes 448 and 448A.
€3 = average cpx-basalt, Hole 448A.
dg - average WMR (West Mariana Ridge) basalt, Hole 451.
€ GU-1 = primitive recent lava, Gugan, N. Marianas (Dixon and Batiza, 1979).

9-1A = primitive recent lava, Agrigan, N. Marianas (Stern, 1979).
£ 1-3 = recent basalt lava, Agrigan, N. Marianas (Stern, 1979).
B Thol. = average of five aphyric tholeiitic (pigeonitic series) basalts from Japan (Aramaki and Ui, in press).
! CA = average of eight aphyric calc-alkalic (hypersthenic series) basalts (Aramaki and Ui, in press).
JIATS and CAS = tholeiite series and the calc-alkalic series (Jakes and Gill, 1970).

The “‘slab-source’ model is perhaps geochemically
more realistic, but its main weakness lies in the thermal
feasibility of generating large partial melts of Layer 2 or
upper Layer 3 crust. Temperatures at the portion of the
Benioff zone directly beneath the volcanic line are prob-
ably high enough for at least some partial melting of the
descending slab, especially during the early stages of the
subduction—when the cooler lithosphere has not chilled
the hotter overlying peridotite. Additional thermal in-
put might also be obtained at this stage by frictional
heating. High degrees of partial melting might be aided
by mixing of relatively small blocks of basaltic crust
with hot peridotite.

Chemical Evolution of Island-Arc Volcanism
in the Philippine Sea

A detailed synthesis of the tectonic and petrologic
history of the South Philippine Sea will not be at-
tempted in this chapter (see Kroenke, Scott et al., this
volume). However, it is pertinent to comment on the
geochemical differences between the volcanic sections

drilled on the Palau-Kyushu and West Mariana ridges
and recent lavas from the active Mariana arc.

Clear chemical differences have been demonstrated
between the volcanic units from the PKR and WMR (see
Table 23 and Figure 41). The older Palau-Kyushu Ridge
is found to be a complex structure consisting of pillow
lavas and massive lavas, interbedded with thick volcanic
breccia. Sills and dikes become common deeper in the
section. The sparsely phyric basalts and rare basaltic
andesites belong to the Island-Arc Tholeiite Series of
Jakes and Gill (1970) and develop a strong trend of iron
enrichment. Rare-earth element contents of these ba-
salts are similar to those of MORB, with flat or slightly
LREE depleted patterns. LFS trace and minor elements
are enriched (relative to N-MORB) as a result of either
remelting altered oceanic crust (in the ‘‘slab-source’
model) or by enrichment of the overlying mantle wedge
by fluid transfer from the slab during dehydration (in
the ‘‘mantle-source’’ model). HFS trace and minor
elements are depleted in IATs, possibly being retained in
the source in minor phases. LFS elements are thus
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Table 24. Analyses of basalts from Hole 451.

Core 38 38 45 45 46 53 54 59 102
Section I 2 1 1 1 2 1 1 cC
Interval 137 27 29 70 24 3 22 54 1
Si0y 50.3 49.7 481 48.3 50.6 48.2 48.4 57.2 48.6
TiOz 0.70 0.63 0.59 0.60 0.77 0.76 0.78 0.65 0.94
Al203 19.0 19.0 19.8 19.8 15.8 19.4 18.4 17.7 15.3
tFe 03 10.31 10.58 9.99 10.07 1113 8.7 8.90 7.18 10.69
MnO 0.18 0.19 0.18 0.18 0.17 0.11 0.13 0.1% 0.28
MgO 4.31 441 4.86 5.50 6.70 7.02 7.76 3.03 5.58
Ca0 10.83 11.16 12.60 12.46 9.58 11.76 10.99 B.60 9.97
NazO 2.16 2.42 2.37 2.13 2.52 2.26 2.40 3.27 2.49
K20 72 .46 0.26 0.22 0.62 0.93 0.85 213 0.38
P20s 0.06 0.11 0.10 011 0.23 0.25 0.11 0.14 0.17
Taotal 98.57  98.65 98.89 9891 9818 9891 98.73 10012 97.33
Trace Elements (ppm}

Ni 3 <l k] <l 5 7 13 2 7
Cr 12 10 11 7 23 20 26 11 174
Zn ! B4 68 71 66 61 8y 68 65
Ga 20 19 21 20 20 23 21 21 19
Rb 1 [} 2 2 3 4 5 43 4
Sr 493 484 495 400 539 621 500 520 455

Y 16 18 13 13 22 46 14 25 25
Zr I8 37 3 3 66 39 34 &3 42
Nb | <1 <l <l | <l <l 1 <l
Ba 176 162 114 130 186 182 161 446 9
La [ [ 4 3 12 13 5 12 11
Ce 1 12 1" 10 23 20 10 21 20
Nd 9 9 6 8 15 14 5 13 1
Pb 5 6 3 1 7 6 4 ] 3
Th 1 2 <l 1 4 I I <l <1
CIPW Norm

Q 2.5 0.7 0.0 0.0 0.7 0.0 0.0 6.5 0.0
Or 4.3 2.8 1.6 =) 3.7 5.6 5.1 12.9 23
Ab 18.5 20.8 20.3 18.2 21.7 19.3 20.6 7.6 216
An 40.6 40.1 431 44.1 0.7 40.4 3n.s 203 0.2
Ne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Di 11.4 12.9 16.2 14.6 13.5 14.0 13.9 12.2 16.0
Hy 18.85 18.5 2.0 14.5 4.7 4.3 5.2 10.4 16.3
ol 0.0 0.0 6.8 31 0.0 12.2 13.7 0.0 B.5
Mt 1.8 1.9 1.8 1.8 2.0 1.5 1.6 1.2 1.9
n 1.3 1.2 1.1 1.1 1.5 1.5 1.5 1.2 1.8
Ap 0.l 0.3 0.2 0.3 0.6 0.6 0.3 0.3 0.4
60, T T T T T T T

58‘- 5!'02 4
56 4
54 4
52 .
50F 4
481 .
46|~ =

i L 1 1 1 I 1
0.5 1.0 15 2.0 25 3.0 35 4.0 4.5
FeO*® MgO

Figure 24. Plot of SiO, (%) versus FeO*/MgO for basalts from Site
448 on the Palau-Kyushu Ridge (open symbols) and from the West
Mariana Ridge (Site 451) (closed symbol). (Open triangles [2
groups] = Ol-basalts from Units L6 and L8 [highest FeO*/MgO
ratios] and from Unit L10 [lower FeO*/MgO ratios]; open circles
= Opx-basalts [Units L12-L14]; open squares = Cpx-basalts;
upside-down triangle-O/-basalt from Unit L22. Closed circles
[enclosed by solid line] = “‘calc-alkalic’’ basalts from Hole 451
(West Mariana Ridge). Site 447 (West Philippine Basin) basalts
plots in dotted field. FeO* = total Fe as FeO.)
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Figure 25. Plot of TiO, (%) versus FeO*/MgO for basalts from Sites
448 and 451. (Symbols are the same as those in Fig. 24.)
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Figure 26. Plot of Al,03 (%) FeO*/MgO for basalts from Sites 448
and 451 (same symbols as in Fig. 24).

““decoupled’ from HFS elements in the PKR island-arc
tholeiites.

The drilled section of the younger West Mariana
Ridge revealed a monotonous succession of volcanic
tuffs and breccias. Although no igneous units were
presented, many clasts from the volcanic breccias were
fresh and large enough for analysis. The majority of
these clasts were highly porphyritic and contained
phenocrysts of magnetite in addition to plagioclase,
clinopyroxene, orthopyroxene, and rare olivine. Chem-
ically, these basalts and andesites develop less extensive
iron enrichment and are notably richer in aluminum and
calcium (Table 23). With light rare-earth-element
enriched patterns (Ceyn/Yby ~ 2), these rocks show
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Figure 27. Plot of FeO* (%) versus FeO*/MgO for basalts from Sites
448 and 451 (same symbols as in Fig. 24).
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Figure 28. Plot of MgO (%) versus FeO*/MgO for basalts from Sites
448 and 451 (same symbols as in Fig. 24).

even more pronounced ‘‘decoupling’’ of LFS from HFS
elements. The abundances of HFS elements in these
rocks are similar to those in the KPR arc tholeiites.
However, the LFS elements (notably Ba and Sr, Figs. 37
and 38) are strongly enriched relative to the PKR arc
tholeiites. These clasts from the WMR are therefore not
typical island-arc tholeiites but have affinities with the
calc-alkaline magma series.

Recent lavas from the active Mariana arc (MA) are
dominantly basalts and basaltic andesites, petrograph-
ically similar to those from the WMR (Dixon and
Batiza, 1979). Characterized by only moderate iron-
enrichment and relatively Al,O3;- and CaO-rich, these
magmas are similar to (but not typical of) continental
calc-alkaline magma series such as Japan or the Cas-
cades. Isotope data suggest a mantle origin for these
high-alumina basalts with negligible input from the sub-

GEOCHEMISTRY, MINERALOGY, AND PETROLOGY OF BASALTS

14 T T T T T T T

L 1 i Il Il 1 I

0.5 1.0 1.8 2.0 2.5 3.0 3.5 4.0 4.5
FeO*/MgO

Figure 29, Plot of CaO (%) versus FeO*/MgO for basalts from Sites
448 and 451 (same symbols as in Fig. 24).
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Figure 30. Plot of Na,O (%) versus FeO*/MgO for basalts from Sites
448 and 451 (same symbols as in Fig. 24).

ducted slab. Low abundances of HFS elements (similar
to the WMR and PKR basalts) again characterize the re-
cent Mariana lavas. LFS elements vary widely but are,
on the average, considerably more enriched than the
WMR basalts.

The abundances of a typical HFS element (Zr) and an
LFS element (Ba) along with the silica mode for
available analyses of igneous rocks from the PKR,
WMR, and Mariana arc (MA) are compared in Figure
41. The silica mode for all three island arcs is basaltic,
slightly higher in the Mariana arc (52%) than the WMR
(48%) or KPR (49%). Andesites are more abundant in
the MA, with SiO; contents up to 60%. A slight dif-
ference in the range of Zr contents is observed at each
arc. The PKR arc tholeiites have a Zr mode of 40 to 60
ppm. The ‘‘LFS-enriched” island-arc volcanics from
the WMR have slightly low Zr contents, with a mode
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Figure 31. Plot of Ni (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).
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Figure 33. Plot of Ti (ppm) versus Zr for basalts from Sites 448 and
451. (Symbols are the same as those in Fig. 24. Most N-MORB
have Ti/Zr ratios ~ 110.)
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Figure 32. Plot of Cr (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).

around 35 ppm. Mariana arc volcanics have a relatively
wide range of Zr contents (40-110 ppm) with a slightly
higher mode ~ 80 ppm, probably the result of a greater
proportion of evolved rocks (andesites). The range in Ba
contents of the volcanics at each arc, however, varies
considerably. Whereas all the PKR arc tholeiites fall in
the range 20 to 80 ppm Ba, the WMR ‘‘calc-alkalic’’
volcanics contain 90 to 180 ppm Ba. The Mariana arc
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ppm Zr

Figure 34. Plot of Y (ppm) versus Zr for basalts from Sites 448 and
451. (Symbols are the same as those in Fig. 24. Most N-MORB
have Y/Zr ratios ~ 0.5.)

lavas are characterized by Ba contents that range widely
from 80 to over 600 ppm. However, the majority of
basalts fall in the range 150 to 350 ppm Ba. The Ba
range (and that of other LFS elements such as Th, Pb,
Sr, and Rb) is clearly greater in the recent volcanics, and
the volcanic products of the active MA in general are
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Figure 35, Plot of Ce (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).
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Figure 36. Plot of La (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).

characterized by higher LFS/HFS ratios than those
from the remnant WMR. Thus remnant arcs preserved
in the Philippine Sea were rifted from the active arc by
two phases of marginal-basin spreading (which formed
the Parece Vela Basin and the Mariana Trough, respec-
tively). Presumably rifting occurs close to the volcanic
line where the crust would be hotter and weaker,
although it is not clear what proportion of the original
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Figure 37. Plot of Ba (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).
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Figure 38. Plot of Sr (ppm) versus Zr for basalts from Sites 448 and
451 (same symbols as in Fig. 24).

arcs, if any, remains coupled to the trench. Sampling
the PKR and WMR could be regarded as monitoring the
evolution of essentially one single arc, which would
have grown in place of the active Mariana arc if
marginal basin spreading had not taken place. The
amount of geochemical ‘‘evolution” recorded in the
volcanic pile at each arc, however, would depend on
where the arc rifted. As an extreme example, if the en-
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3

Figure 39. Plot of Cey versus Yy, for basalts from Sites 448 and 451.
(Symbols are the same as those in Fig. 24. Normalizing values for
chondrites are taken from Nakamura [1974].)

tire arc were removed from the subduction zone during
marginal-basin spreading, then the range of magmas
found in a complete section of the new frontal arc
would be more limited than, say, if rifting had taken
place along the volcanic line. In the latter case an early
formed ‘‘root zone’’ might be expected, overlain by
later, more calc-alkaline magmas. Boynton et al. (1979)
suggest that such an island-arc tholeiite ‘‘root zone’’ ex-
ists beneath the calc-alkalic province of the Lesser An-
tilles arc.

Returning to the chemical differences between the
two remnant arcs in the Philippine Sea, it is possible
that the PKR and the WMR reached similar stages of
““maturity’’ (i.e., an LFS-enriched ‘‘calc-alkaline’’
stage), but erosion of the older PKR has removed
material to expose an early island arc-tholeiite ‘‘root
zone.”” This explanation seems unsatisfactory, as the
dikes and sills found deep in the section from the PKR
are island-arc tholeiites with no calc-alkaline affinities.
Alternatively, arc sundering and marginal-basin spread-
ing might have been initiated earlier in the Parece Vela
Basin (after the formation of PKR), characterized by
typical island-arc tholeiite magmas; volcanism at the
remnant WMR, and, to an even greater extent, on the
active MA might have shifted toward magmas with in-
creasingly marked calc-alkaline affinities (i.e., becom-
ing richer in Al,O, and CaO, with a less pronounced
trend toward iron enrichment and increased LFS/HFS
ratios).

Transverse chemical variation across mature island
arcs, such as Japan (e.g., Kuno, 1968), or at continental
margins is well documented. Time-dependent chemical
variation, as apparently seen in the South Philippine
Sea, however, is less well understood. Comparing the
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older (Eocene) calc-alkaline Lesser Antilles arc with the
younger (8 m.y.) tholeiitic South Sandwich arc, Baker
(1968) suggested that after early arc building, magmas
change in composition from tholeiitic to calc-alkaline as
the arc matures. Jakes and Gill (1970) and Jake$ and
White (1972) incorporated these observations and
developed a generalized model of island-arc evolution,
combining both temporal and spatial variations in
magma composition. The potentially large number of
variables involved in island-arc magma genesis prompted
Arculus and Johnson (1978) to criticize ‘‘generaliza-
tion” at island arcs and to advocate the ‘““uniqueness’”
of each subduction system. In particular, they revoke
evidence for temporal variation at several island-arc
systems, including the Lesser Antilles, Fiji, and New
Guinea arcs. Nevertheless, chemical variation in the
South Philippine remnant- and active-arc systems ap-
pear to be time-dependent, provided that Karig’s (1972)
model for arc sundering and marginal-basin spreading
remains valid (i.e., that at some stage during the growth
of the island arc, the arc was rifted by a phase of
marginal-basin spreading, thus preventing the Palau-
Kyushu Ridge from evolving beyond a tholeiitic phase).

Modern opinions on calc-alkaline magma genesis
hold that these magmas fractionate from a parental
LFS-enriched high-alumina basalt melted from a mantle
metasomatized by LFS-rich fluid driven off the slab
(e.g., Hawkesworth et al., 1977; Saunders et al., in
press). The genesis of island-arc tholeiitic magmas re-
mains controversial (see the proceeding section) but
could be derived from a mantle source that is con-
siderably less metasomatized than is the source for
calc-alkaline magmas or possibly by direct remelting
of the downgoing slab. However, the WMR ‘‘calc-
alkalic’’ basalts appear to be similar to recent Mariana
arc lavas except for generally lower LFS/HFS ratios.
Although there are many possible reasons for this dif-
ference in LFS content, during magma generation it is
thought that both HFS and LFS elements are extracted
from the overlying mantle wedge. Subsequent meta-
somatism by LFS-rich fluids increases the LFS/HFS ele-
ment ratio of the now more-refractory mantle wedge.
Further magma extraction from this source might result
in liquids with higher LFS/HFS element ratios. And the
change in LFS/HFS ratios might be further enhanced
by the greater fluid input (hence greater LFS replenish-
ment) required to lower the peridotite solidus suffi-
ciently to melt the now more-refractory mantle wedge.
If the overlying mantle wedge remains coupled with the
subduction zone for both the WMR and active MA
phases of arc volcanism, then the difference in LFS con-
tent might be explained by the continued replenishment
of these elements derived from the subducted slab.

A Speculation on the Genesis
of the Philippine Sea

Uyeda and Kanamori (1979) have defined two end
members characterizing subduction boundaries found
at plate margins. ‘‘Chilean subduction’’ is characterized
by a shallow trench, a shallow dipping Benioff zone, an
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Figure 40. Representative basalt analyses from Holes 448, 448A, and 451 normalized to N-MORB.
(Average compositions of the three major petrochemical groups from the Palau-Kyushu Ridge and of
the basalts from the West Mariana Ridge are taken from Table 3. An average calc-alkalic basalt from
Japan [Aramaki and Ui, in press] and a ferrobasalt from the East Pacific Rise [EPR, Mattey and
Muir, in press] are plotted for comparison. The normalizing values [taken from Sun et al., 1979 and
Wood et al., 1979a] are for a typical Mid-Atlantic Ridge N-MORB and are given at the bottom of the
figure. The elements Th to Ti are arranged in an approximately increasing order of distribution coeffi-
cients for a mantle-melt system having a liquid in equilibrium with olivine + orthopyroxene +

clinopyroxene.)

15 1
10 Mariana Arc
i LM“L‘_M
15
N 10 West Mariana Ridge
5 1
L . L. T
15 L Palau-Kyushu Ridge
10
5
50 60 60100140160 100 200 300 400 500 600
% 5i05 ppm Zr ppm Ba

Figure 41. Histograms of silica content and the abundances of Zr (an
HFS element) and Ba (an LFS element) in rocks from the Palau-
Kyushu (island-arc tholeiites) and West Mariana ridges
(calc-alkalic basalts) compared with available data from the active
Mariana arc (Dixon and Batiza, 1979; Stern, 1979; P. Freyer, per-
sonal communication, 1980).

accretionary sedimentary prism, uplift and compression
of the continental margin, and a high degree of coupling
between the upper and lower plates. ‘‘Mariana-type
subduction’” is characterized by a deep trench, a steep
or vertical Benioff zone, a barren trench wall, marginal-

basin formation, and a low degree of coupling between
the two plates. Chilean subduction is interpreted as for-
ward continental motion overriding the oceanic litho-
sphere, whereas the oceanic lithosphere is thought to
sink spontaneously into the mantle at a Mariana-type
boundary. The Mariana-type boundary is essentially a
tensional feature.

Kanamori (1971, 1977) had initially linked the two
modes of subduction in a single ‘‘evolutionary’’ pro-
cess. In this process, subduction begins as low-angle
thrusting (e.g., the Alaska Trench), and as the dense
lithospheric slab penetrates the mantle, increased in-
traplate tension within the downgoing slab reduces
coupling between the two plates (e.g., in the Kurile and
Japan arcs). It is possible that extreme decoupling may
eventually result in the oceanic plate beginning to sink
before it reaches the trench. Kanamori (1977) suggested
that the formation of marginal basins was a result of the
trench “‘retreating” from the landward plate.

An alternative to this ‘‘evolutionary’’ model was pro-
posed in 1979 by Uyeda and Kanamori: at the Mariana-
type boundary, the downgoing slab is anchored to the
mantle. Thus the position of the trench, relative to the
mantle, is fixed, because it would be difficult for the
slab to move perpendicularly to the strike of the trench.
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The motion of the landward plate (i.e., the Eurasian
plate in the Philippine Sea area) then controls the open-
ing of marginal basins, and tensional tectonics in the
back-arc region are not a direct result of subduction.

Various attempts to determine the ‘‘absolute’” mo-
tions of plates relative to the mantle (e.g., Fitch, 1972;
Minister et al., 1974) indicate westward motion of the
Philippine Sea plate and of other landward plates at
subduction boundaries. It is therefore more likely that
marginal basins will develop behind anchored ‘‘Mari-
ana-type subduction’’ boundaries with steep westward-
dipping Benioff zones (as is clearly the case in the
Mariana, Tonga-Kermadec, or the South Sandwich
arcs).

In the light of Leg 59 results, the ‘“‘anchored-slab”’
model has several attractions over the evolutionary,
or ‘‘retreating-trench,’”” model. In the anchored-slab
model, the same mantle wedge would remain essentially
coupled with the Benioff zone for the two phases of
marginal-basin spreading observed in the Philippine
Sea. (For the trench to retreat during marginal-basin
spreading, as in the evolutionary model, it would be
necessary for mantle material to flow back around the
descending slab as it sinks obliquely through the
mantle.) The superjacent mantle wedge, enriched in
LFS elements during the first phase of arc building,
would probably be replenished with material from
elsewhere that is poor in LFS-elements.

The spatial geochemistry of the Philippine Sea island
arcs may be interpreted in terms of the anchored-slab
model; Figure 42, a cartoon illustrating a possible
history of the Philippine Sea, is based on these prin-
ciples. The Palau-Kyushu Ridge, built by island-arc
tholeiite volcanism, would be associated with a trench-
subduction zone system in essentially the same position
(relative to the upper mantle) as the present day
Mariana Trench (Stage A, Fig. 42). The Parece Vela
Basin would be formed by rifting along the PKR
volcanic line as a response to westerly movement of the
West Philippine Basin (Stage B, Fig. 42). During
marginal-basin formation, the mantle wedge above the
descending Pacific plate may be partly replenished by
mantle material from the low-velocity zone. However,
the bulk of the mantle wedge remains coupled with the
subduction zone and is likely to be replenished with LFS
elements derived from the dehydration of the Pacific
plate. Renewed arc building on the edge of the Parece
Vela Basin would be derived from a relatively LFS-
enriched (or HFS-depleted) source compared to the
PKR volcanics (Stage C, Fig. 42). The West Mariana
arc, built by more calc-alkalic volcanism, then sunders
(in a similar fashion to the PKR during Stage B) to form
the Mariana Trough (Stage D, Fig. 42). Meanwhile, the
mantle source for the present-day Mariana arc is now
likely to be highly variable but is probably characterized
by relatively high LFS/HFS element ratios, owing to the
continued replenishment of LFS elements from the
descending slab and depletion of HFS elements during
the continuous extraction of magma. Thus modern
Mariana arc calc-alkaline volcanics display a very wide
range of LFS/HFS element ratios (see Table 23) that are
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Figure 42. Cartoon illustrating a possible history of the Philippine
Sea. (See text for full explanation. The position of the Mariana
Trench [MT] is fixed, relative to the mantle, and the superjacent
mantle wedge remains coupled to the descending slab from the
time of formation of the Palau-Kyushu Ridge [PKR] to the present
day. The stippled area indicates the region affected by the removal
of HFS elements during magma extraction and replenishment of
LFS elements by LFS-rich fluids driven off the descending slab.
RT—Ryukyu Trench; WPB—West Philippine Basin; P-VB—
Parece-Vela Basin; WMR—West Mariana Ridge; MT [small capital
letters in Stage D]—Mariana Trough: MA—Mariana Arc;
PP—Pacific plate; EAP—Eurasian plate.)

generally higher than those of the WMR ridge volcanics.
The initial spreading of the marginal basins might also
be expected to sample LFS-enriched mantle material. It
is interesting to note that marginal-basin basalts with
calc-alkaline affinities have been drilled in the Mariana
Trough during Leg 60 (Tarney et al., in press) and
dredged from the Scotia Sea (Saunders et al., in press).

CONCLUSIONS

1) The basalts drilled in the West Philippine (Site
447) and Parece Vela (Sites 449 and 450) marginal
basins are similar to typical N-MORB.

2) Site 447 basalts have undergone a complex mag-
matic history. At least two separate magma chambers
and feeder systems, tapping two chemically distinct
primary magma sources, must have existed simultane-
ously to account for the observed chemical variations in
Hole 447A. Each magma chamber was also periodically
replenished with a porphyritic primitive magma follow-
ed by mixing and a phase of fractional crystallization
prior to eruption.

3) The holes drilled on the Palau-Kyushu Ridge (at
Site 448) reveal a complex sequence of pillow lavas,
flows, sills, and dikes interbedded with volcanic breccia
and tuffs. The basalts and basaltic andesites from this
section are typical island-arc tholeiites characterized by



high FeO/MgO ratios, low abundances of Cr, Ni, and
HFS elements such as Zr, Nb, or Y, and enriched
(relative to N-MORB) in LFS elements such as Th, Pb,
Rb, Sr, and Ba. Cey/ Yy ratios of these rocks are similar
to MORB.

4) Many geochemical features of the Site 448 island-
arc tholeiites are not wholly compatible with derivation
from a mantle source followed by extensive fractional
crystallization. An alternative model, in which these arc
tholeiites are generated as remelts of subducted oceanic
(basaltic) crust, might be geochemically, if not ther-
modynamically, more realistic.

5) Igneous clasts from the breccias drilled on the
West Mariana Ridge (Site 451), which have affinities
with the calc-alkaline magma series, are petrographic-
ally and geochemically different from the Site 448
(PKR) island-arc tholeiites. The WMR basalts and rare
andesites from this site are characterized by higher con-
tents of Al,Oj, higher Ceyn/Yy ratios (~2), and are
more enriched in LFS elements relative to HFS
elements.
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Plate 1. Photomicrographs of olivine and plagioclase phenocrysts
and xenocrysts and an anorthosite xenolith, Hole 447A.

Figure 1. Typical unzoned euhedral olivine phenocrysts in glassy
margin from Unit Lée (C5), Sample 447A-35-2, 145 cm. Note
octahedra of magnesiochromite (Cr/Cr + Al ~ 0.53) adhering to
surfaces of the olivine phenocrysts. Olivine composition Fogg; par-
tially crossed polarizers; width of photograph 1 mm.

Figure 2. Glomerophyric group of euhedral, oscillatory-zoned
plagioclase phenocrysts, with rare olivine (the sample is the same
as in Fig. 1); plagioclase composition Angg g,, partly crossed
polarizers; width of photograph 2.5 mm.

Figure 3. Anhedral resorbed xenocrysts(?) of olivine (Fogs, Table 8,
Anal. 3) in glassy margin from Unit L3a (C2), Sample 447A-17-1,
146 cm; plane polarized light; width of photograph 2 mm.
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Figure 4, Skeletal, quench-textured olivine (Fog;) from the same sam-
ple as Figure 3; partly crossed polarizers; width of photograph
1 mm.

Figure 5. Calcic plagioclase xenocryst (Angs, Table 7, Anal. 3) from
Unit L3a (C2), Sample 447A-16-2, 45 cm; unzoned core with thin
oscillatory-zoned overgrowth of more sodic plagioclase (~ Ang).
Note smooth subhedral outline, and strongly resorbed endiopsidic
augite, containing glass inclusions, in lower right-hand corner of
photograph. Partly crossed polarizers; width of photograph

3.5 mm.

Figure 6. Less-calcic plagioclase xenocryst (Angs, Table 7, Anal. 6)
from Unit L6f (C5), Sample 447A-36-3, 40 cm. Note more ragged
outline. Crossed polarizers; width of photograph 5 mm.

Figure 7. Anorthosite xenolith from Unit L6f (C5); plagioclase com-
position Ang, gg; crossed polarizers; width of photograph 5 mm.
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Plate 2. Photomicrographs of spinel phenocrysts and xenocrysts from
Hole 447A.

Figure 1. Euhedral octahedral magnesiochromites embedded or ad-
hering to olivine microphenocryst (Fog;) from Unit L6f (C5), Sam-
ple 447A-36-4, 77 cm; partly crossed polarizers width of photo-
graph 0.5 mm.

Figure 2. Euhedral magnesiochromite adhering to plagioclase pheno-
cryst from Unit Lée (C5), Sample 447A-31-4, 35 cm; partly crossed
polarizers; width of photograph 1 mm.

Figure 3. Etched translucent chromian-spinel, free floating in Unit
L6f (C5), Sample 447A-36-1, 95 cm; plane polarized light; width
of photograph 0.5 mm.

Figure 4. Smectite pseudomorph after olivine phenocryst containing
resorbed anhedral chromian-spinel from Unit L6f (C5), same sam-

ple as Plate 1, Figure 6. Spinel adhering to phenocryst is unre-
sorbed, Cr-rich magnesiochromite. Plane polarized light; width of
photograph 1 mm.

Figure 5. Anhedral resorbed chromian-spinel, almost completely re-
digested, from Unit L6f (C5), same sample as Figure 3; plane
polarized light; width of photograph 0.5 mm.

Figure 6. Large subhedral chromian-spinels in margin of *‘less-
calcic’’ plagioclase xenocryst from Unit Léf (C5), same sample as
Figures 3 and 5; crossed polarizers; width of photograph 3.5 mm.

Figure 7, Very small, round, resorbed spinels in plagioclase pheno-
cryst from Unit L3a (C2), Sample 447A-16-2, 45 cm (enlargement
of Plate 3, Figure 2); partly crossed polarizers; width of photo-

graph | mm.
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Plate 3. Photomicrographs of clinopyroxene xenocrysts and of a
glomerocryst from Hole 447A.

Figure 1. Resorbed Cr-rich endiopside (top left) surrounded by
plagioclase phenocrysts (Angg) and resorbed crystal of less Cr-rich
endiopside containing glass inclusions (lower right) from Unit L3a
(C2), Sample 447A-17-1, 148 cm; partly crossed polarizers; width
of photograph 2.5 mm.

Figure 2. Embayed crystal of Cr-rich endiopside from Unit L3a (C2),
Sample 447A-16-2, 45 cm same sample as Plate 1, Figure 5). Note
oscillatory-zoned plagioclase phenocrysts containing small round
chromian-spinels (Plate 2, Fig. 7). Width of photograph 2.5 cm.
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Figure 3. Resorbed Cr-rich endiopside from Unit L3a (C2), Sample
447A-18-1, 40 cm. Note rounded outline with fresh glass inclu-
sions. The photograph also shows a skeletal olivine micropheno-
cryst. Partly crossed polarizers; width of photograph 1.5 mm.

Figure 4. Glomerophyric intergrowth of Cr-poor, Ti-rich endiopsidic
augite with euhedral and skeletal plagioclase phenocrysts (Sample
447A-18-1, 40 cm). Note the irregular grain boundaries and patchy
extinction of the pyroxene crystals. Partly crossed polarizers;
width of photograph 2.5 mm (same sample as Plate 3, Fig. 3).

Figure 5. Almost completely redigested Cr-rich endiopsidic augite
from Unit L3d (C3), Sample 447A-22-1, 20 cm.



