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12. TRACE-ELEMENT GEOCHEMISTRY OF VOLCANIC ROCKS FROM SITE 786:
THE 1ZU-BONIN FOREARC!

Bramley J. Murton,? David W. Peate,? Richard J. Arculus,* Julian A. Pearce,? and Sieger van der Laan®

ABSTRACT

Eocene-Oligocene volcanic rocks drilled at Site 786 in the Izu-Bonin forearc cover a wide range of compositions from
primitive boninites to highly evolved rhyolites. K-Ar dating reveals at least two distinct episodes of magmatism; one at 41 Ma
and a later one at 35 Ma. The early episode produced low-Ca boninites and bronzite andesites that form an oceanic basement of
pillow lavas and composite intrusive sheets, overlain by flows and intrusive sheets of intermediate-Ca boninites and bronzite-an-
desites and a fractionated series of andesites, dacites, and rhyolites. The later episode produced high-Ca boninites and

intermediate-Ca boninites, exclusively as intrusive sheets.

Trace element data indicate that all of the evolved chemical groups
at Site 786 can be related by fractionation and/or accumulation of the
observed mineral phases back to the three boninite groups, which
represent distinct parental magmas. The boninites have very low
abundances of Ti, Y, and HREE relative to MORB, consistent with an
origin from a depleted source, and consideration of Cr-Y-Ti melting
systematics and major element data indicates that the low-Ca
boninites came from a source more depleted than the high-Ca boninite
source. The boninites show enrichment in LIL elements, LREE and
selected HFS (Zr, Hf) relative to Ti, Y, HREE which reflect the
addition of a “subduction” component to the boninite source region.
The distinctive enrichment of Zr is a feature not found in typical
arc-related volcanics, but it has been recognized in several other
boninite suites. The fractionation of Zr from Sm and Ti suggests an
important role for amphibole in any petrogenetic model to explain
the genesis of these boninites. Possibilities include the addition of
a melt derived from subducted amphibolitized ocean crust and the
interaction of an OIB-like melt with amphibole stabilized in the
mantle wedge.

The multiple episodes of boninite magmatism at Site 786 imply a
recurrence of conditions for boninite genesis over an extended period
of time (at least 7 m.y.). This refutes the idea that boninites are
generated solely at the initiation of subduction. However, the
predominance of LREE and Zr, Ta, Nb enrichment in the Eocene
boninite groups does imply a genetic relationship with the onset of
subduction and may be explained by early hydrous melting of am-
phibolitized forearc lithospheric mantle combined with mobilization
of a pre-existing OIB-like component.

INTRODUCTION

The Izu-Bonin region has evolved as a complex system of in-
traoceanic arcs, basins, and trenches since westward subduction of
the Pacific Plate started in the early-middle Eocene (Ben-Avraham
and Uyeda, 1983; Karig, 1975; Ogawa and Naka, 1984), The Pacific
Plate is presently being subducted to the northwest at a rate of 8-10
cm yr! beneath the active Izu-Bonin arc. The plate boundary is
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marked by the north-south striking Izu-Bonin Trench which is
separated from the active volcanic arc by a 150-200 km wide forearc
basin. The forearc basin is filled with volcaniclastic and hemipelagic
sediments that lie to the arcward side of an outerarc high (Honza and
Tamaki, 1985).

During ODP Leg 125, this outerarc high was drilled at Site 786,
situated in the centre of the Izu-Bonin forearc (31°52'N, 141°13.6
E) about 192 km east of Myaojin Sho island in the active arc (Fig. 1).
Four lithologic units were recovered from the two Holes (786A and
786B) drilled at this site. Units I, II, and III are recent to early-middle
Eocene sediments found exclusively in Hole 786A. Unit1V represents
igneous basement found at the base of Hole 786A and throughout
Hole 786B. The drilling of Hole 786B was a major achievement of
Leg 125 because it penetrated over 700 m into the Izu-Bonin forearc
basement. Detailed examination of Unit IV has allowed a division
into 34 subunits on the basis of lithological contrasts (dikes and sills,
breccias, flows, sedimentary and tectonized horizons) and
geochemistry (see van der Laan et al., this volume; Arculus et al., this
volume). Arculus et al. identified eight major compositional groups
within the igneous rocks based on petrological and geochemical
characteristics. The resulting lithostratigraphy for the igneous base-
ment at Site 786 is summarized in Figure 2.

This stratigraphy consists of a basal sequence of low-Ca
boninite intrusive sheets overlain by low-Ca boninite pillow lavas.
These in turn are overlain by intermediate-Ca bronzite-andesites,
low-Ca bronzite-andesites, andesites, dacites, and rhyolites, which
occur as a sequence of volcaniclastic breccias, lava flows, pyroclastic
flows (including welded tuffs), and intrusive sheets. Clastic sedi-
ments, which were deposited in a shallow marine to subaerial environ-
ment (McCoy and LaGabrielle, this volume), are interbedded with
the volcanic extrusives and breccias. Potassium/argon dating gives an
isochron age of 41.3 0.5 Ma age for this sequence (Mitchell et al.,
this volume), which is consistent with the middle Eocene nan-
nofossil assemblages found both in the immediately overlying
sediments and in those sediments intercalated within the lavas (Xu
and Wise, this volume; Milner, this volume). The ca. 41 Ma old
intrusive sheets and overlying pillow lavas that form the base of
the hole have been interpreted as an oceanic forearc basement of
low-Ca boninite and low Ca bronzite-andesite composition (Ar-
culus et al., this volume). Built upon this is a low- and inter-
mediate-Ca boninite to rhyolite volcanic edifice of similar age.
The Eocene forearc basement and edifice is cut by a suite of
intermediate-Ca and high-Ca boninite intrusive sheets which give
a K-Arisochron age of 34.8 +1.0 Ma (Mitchell et al., this volume).
The low sedimentation rate and low volcaniclastic input recorded
in the Oligocene sediments of 35 Ma age overlying the basement
at Site 786 suggest that these late Oligocene dikes probably were
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Figure 1. Location of ODP Leg 125 Site 786. A. Two areas studied by the JOIDES Resolution in the Mariana-Izu-Bonin (Ogasawara) region. B. Detailed setting
of Site 786 within the northern Izu-Bonin forearc terrane. Bathymetric contours are in kilometers below sea level.

not locally derived but emplaced laterally over a considerable
distance from outside the forearc region.

The igneous rocks encountered at Site 786 cover a remarkably
diverse spectrum of compositions, ranging from boninites and bron-
zite andesites to andesites, dacites and rhyolites (see Fig. 3). The eight
major chemical groups recognized by Arculus et al. (this volume)
were distinguished primarily by the abundance levels of the major-
element oxides, Si0,, MgO, and CaO. In order of increasing SiO, and
decreasing MgO contents, the eight lithologic groups are as follows:
(1) low-Ca boninite, (2) intermediate-Ca boninite, (3) high-Ca
boninite, (4) low-Ca bronzite-andesite, (5) intermediate-Ca bronzite-
andesite, (6) andesite, (7) dacite, and (8) rhyolite. The main lithologi-
cal, petrological, and geochemical characteristics of each chemical
group are summarized in Table 1.

In this contribution we examine the trace-element characteristics of
these chemical groups in order, (I) to verify the robustness of this
classification scheme, and (2) to investigate possible relationships be-
tween the groups and the underlying petrogenetic causes. We then use
the trace-element data to place constraints on the nature and composition
of the sub-forearc mantle. Finally we discuss the results in the context of
models for the evolution of the Izu-Bonin forearc basement.

ANALYTICAL TECHNIQUES

Approximately 150 samples were selected from representative
lithologies in the Site 786 cores. Analyses were performed using
X-ray fluorescence (XRF) for major-elements and selected trace-
elements either onboard the JOIDES Resolution or at the Univer-
sity of New England, Australia. Samples prepared onboard ship
were milled in a tungsten carbide barrel whereas those prepared
in New England were ground in agate barrels. Full details of
the XRF technique employed in both laboratories and an inter-
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laboratory comparison of analytical results are given in Ar-
culus et al. (this volume). The XRF major and trace-element
data are presented in Table 2.

A subset of 52 samples were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) at the University of Durham,
U.K. This technique allows data on a wide range of up to 34 trace-
elements to be obtained, including all rare-earth-elements, and Ta, Hf,
Pb, Th, and U. The overlap in several elements (Rb, Sr, Y, Zr, Nb, and
many transition-elements) determined by both XRF and ICP-MS
provide a check on data quality, and Figure 4 shows a comparison of
XRF and ICP-MS data for three elements Zr, Sr, and Y. The greater
sensitivity of the ICP-MS technique is critical for these samples with
inherently low incompatible trace-element abundances. 0.1 £0.001 g
of sample was weighed and digested by an HF/HNO; mixture and
then by HCIO, in PTFE-ware. Samples were spiked by Rh, Re, and
Bi internal standards, and run in a dilute nitric acid matrix ata 0.1 g
50 mlI~! concentration of dissolved solids (i.e., total dilution factor of
500). Samples were run on a VG PQI instrument. A multi-element
skipscan analytical program was chosen that had a dwell time of 320
ms, and a total of 250 scans, for each mass number determined. The
correction procedure included reagent blank and wash subtraction,
drift monitoring, and correction for oxide/hydroxide interferences
and isotopic overlaps. An initial calibration was performed using
synthetic standards and finalized with a set of laboratory and interna-
tional standards. Detection limits for all elements are 0.01-0.02 ppm
(at 3 s of background) except for Zr, Nd, Sm, Gd (0.05 ppm) and Ba,
La, and Pb (0.1-0.2 ppm). Precision typically ranges from 15% at less
than 10x detection limit, to about 3% at 100x detection limit. The
ICP-MS trace element data are given in Table 3.

Asmall group of 21 samples was also analyzed for eight rare-earth
elements (La, Ce, Nd, Sm, Eu, Tb, Yb, Lu) and several other trace-
elements (Th, U, Ta, Hf, Sc, Co, Cs) by instrumental neutron activa-
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Table 1. Summary of lithological occurrences, mineralogical, features, ages, and selected chemical characteristics of the
different groups distinguished at Site 786.

Major element
Name, age, lithogical occurrence Summary of phenocryst assemblage characteristics Ni and Cr abundances
Low-Ca boninite (LCB) 5% euhedral, fresh to altered, ol Si0, 55%-60% Ni  190-310 ppm
~41 Ma 2%-5% euhedral, fresh to altered, opx MgO 10.7%-14.1%  Cr  810-1200 ppm
pillow lavas, breccias trace clinopyroxene, Cr-spinel CaO 3.1%-5.5%
ALO;,  114%-14.5%
Low-Ca bronzite - andesite (LCBA) 0%-5% altered olivine Sio, 61%—65% Ni  160-270 ppm
~41 Ma 0%—20% altered orthopyroxene MgO 8.1%-12.1% Cr 670-1020 ppm
dikes, pillow lavas trace clinopyroxene, Cr-spinel CaO 3.3%6.4%
trace resorbed plagioclase AlLO;  10.7%-12.6%
Intermediate-Ca bronzite (ICB) 196—5% euhedral altered olivine Si0, 53%-58% Ni  150-370 ppm
~ 35 Ma dikes 5%—10% euhedral orthopyroxene MgO 8.5%~13.7%  Cr  470-920 ppm
- 41 Ma flows, breccias 2%-4% euhedral-corroded cpx Ca0 6.9%—8.5%
0%-10% euhedral-corroded plag ALO;  12.4%-14.4%
trace Cr-spinel
Intermediate-Ca bronzite-andesite (ICBA) 0%~1% altered olivine 5i0, 56%—-63% Ni  60-220 ppm
~41 Ma 6%~20% euhedral orthopyroxene MgO 4.8%-9.1% Cr  170-950 ppm
dikes, lavas, breccias 3%-10% euhedral clinopyroxene Ca0 4.6%-8.7%
5%—15% euhedral-resorbed plag ALO;  11.9%-16.2%
trace Cr-spinel
High-Ca boninite (HCB) Euhedral altered olvine Si0, 50%~-56% Ni  170-380 ppm
~35Ma trace euhedral orthopyroxene MgO 6.2%-12.2%  Cr 330-1010 ppm
dikes, sills 1%—3% euhedral-corroded cpx Ca0 9.4%—14.4%
trace plag, dark-red Cr-spinel ALO,  12.0%-155%
glomerocrysts of opx +cpx + tr, plag
Andesite (AND) 0%-trace orthopyroxene S$i0, 56%—-63% Ni 10-50 ppm
~41 Ma 1%-3% clinopyroxene MgO 1.8%-5.7% Cr  (-100 ppm
dikes, breccias 3%~5% euhedral plagioclase CaO 5.4%-8.2%
some phenocryst magnetite ALO,  15.1%-18.5%
Dacite (DAC) 0%-5% euhedral-corroded opx Si0, 65%—67% Ni 0-30 ppm
~ 41 Ma trace-2% euhedral-resorbed cpx MgO 0.6%~3.4% Cr 0-50 ppm
dikes, flows, breccias 3%—10% plagioclase CaD 4.0%-5.8%
phenocryst magnetite AlLO;  14.9%-15.8%
Rhyolite (RHY) 0% —trace euhedral orthopyroxene Si0, TN%-T1% Ni 0-15 ppm
~41 Ma 0%-—trace euhedral-anhedral cpx MgO 0.0%~1.5% Cr 0-30 ppm
dikes, flows trace-3% resorbed plagioclase Ca0 0.5%-3.5%
trace quartz ALO;  122%-14.2%

phenocryst magnetite common

tion analysis (INAA) at the Open University, U.K. Analytical details
can be found in Potts et al. (1985). The INAA data are presented in
Table 4. Three samples analysed by both INAA and ICP-MS have
been plotted for comparison on a chondrite-normalized rare-earth
element diagram (Fig. 5) in order to illustrate the good agreement
between the two techniques.

CHARACTERISTICS OF THE CHEMICAL GROUPS

The XRF trace-element data are presented as Si0, variation
diagrams in Figure 6. It can be seen from these plots that the chemical
groups proposed on major-element and petrological grounds can also
be resolved as distinct groups on the abundances of many trace-ele-
ments, notably Ni and Cr (see also Table 1) and Zr and Sr. However,
the range in P,Os and Y contents of most groups overlap and are quite
variable, with several samples exhibiting a marked enrichment in both
elements which exceeds that attributable to primary magmatic varia-
tions. Although P and Y are usually considered to behave as immobile
elements during alteration processes, it seems that they can be mobi-
lized during the alteration of boninite glass (cf. Tayloretal., in press).
This is discussed in more detail in the alteration section below. The
following sections summarize the stratigraphic, major and trace-ele-
ment, and petrological characteristics of the eight chemical groups.

Boninites and Bronzite-Andesites
Low-Ca Boninites

Low-Ca boninites (LCB) of ca. 41 Ma age occur as dikes at the
base of Hole 786B, and as pillow lavas in Cores 57R to 63R, where
they are interbedded with low-Ca bronzite-andesites. They form a
distinct group together with the low-Ca bronzite andesites on most
element variation diagrams (Fig. 6). They have similar Ni contents
(150-300 ppm) to the other boninite groups but are displaced to
higher SiO, (55.4-57.7 wt%). Cr contents for the LCB's range from
625 to 1200 ppm (average 986 ppm), which is higher than both other
boninite types. They have the lowest TiO, of all the boninite groups
(average of 0.21 wt%). Rb (and K,0) are quite variable in the LCB
group. Magnesium numbers (Mg#; expressed as molar Mg/[Mg +
Fe’]; note: Fe" as total Fe) for the LCB group are primitive (72.6—
74.8), and are in equilibrium with mantle olivine of composition
Fogg oo (Roeder and Emslie, 1970). They contain 2-5 modal percent
of phenocrysts of olivine (composition Fogg gy, With chromium-spinel
inclusions), and enstatite and/or clinoenstatite.

Low-Ca-Bronzite-Andesites

Low-Ca bronzite-andesites (LCBA) of 41 Ma age occur with
LCB’s as dikes at the base of Hole 786B (Cores 68R-72R) and
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Figure 2. Simplified summary of lithostratigraphy recovered at Site 786.
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Figure 3. MgO vs. SiO, co-variation diagram for the eight main lithological
groups recovered from Site 786. LCB = low-Ca boninite, LCBA = low-Ca
bronzite-andesite, ICB = intermediate-Ca boninite, ICBA = intermediate-Ca
bronzite-andesite, AND = andesite, DAC = dacite, RHY = rhyolite, HCB =
high-Ca boninite. Square symbols represent late-stage dikes.

interbedded pillow lavas in cores 57R—63R. Compared to the LCB’s,
they have lower MgO (8.1-12.2 wt%), Mg# (67.5-74.0 wt%), and
Ca0 (3.3-6.4 wt%), and higher Si0O, (62.4-64.1 wt%). They are less
primitive than any of the boninites, with lower Ni contents (103-269
ppm), but have similar Cr contents (676—1017 ppm; average 8053).
Although they have similar TiO, (0.18-0.24; average 0.22 wt%) to
the LCB’s, Vis lower in the LCBA’s. Abundances of Zr (31-61 ppm),
Y (5-10 ppm), and P,05 (0.6-1.3 wt%) in the LCBA's increase with
increasing wt% SiO,, and are also greater than those in the LCB
group. Rb contents are the lowest of all the groups (< 6 ppm), but are
variable like Ba, probably as a result of alteration. The LCB’s and
LCBA’s show a trend of gradually increasing Sr as SiO, increases that
is displaced to lower Sr contents (100-150 ppm) relative to the other
boninite and bronzite-andesite groups. The LCBA's are crystal rich
with 20-35 modal percent phenocrysts of: olivine (0%—1%: composi-
tion Foggg ¢4, With chromium-spinel inclusions and orthopyroxene
jackets), orthopyroxene (2%—20%), augite (0%—10%), and plagioclase
(09%—3%).

TRACE-ELEMENT GEOCHEMISTRY: SITE 786

Intermediate-Ca Boninites

Some intermediate-Ca boninites (ICB) occur as Oligocene-age
dikes of 35 Ma, and breccias of indeterminate origin and/or age
interbedded with intermediate-Ca-bronzite-andesites, and are treated
together with the HCB dikes. The rest of the ICB group is part of the
Eocene edifice and is considered here. Compared with the LCB’s, the
ICB’s form a distinct group with a lower range in MgO (from 6.8 to
13.3 wt%), low SiO, (53.7-59.3 wt%), low Mg# (from 60.7 to 71.5),
and high CaO (from 3.06 to 8.2 wt%). They are slightly less primitive
than the LCB’s, with lower Ni contents (150-220 ppm), lower Cr
contents (393-921 ppm; average 653), and correspondingly higher
TiO, (average of 0.25 wt%). They also have higher Zr and Sr contents
than the other boninite groups (Zr 3040 ppm, Sr 140-190 ppm).
They commonly contain 5-17 modal percent phenocrysts of enstatite,
augite and olivine (composition Fog, g7 ;, with chromium-spinel in-
clusions and enstatite jackets).

Intermediate-Ca Bronzite-Andesites

Intermediate-Ca bronzite-andesites (ICBA) of ca. 41 Ma age
occur as flows (Cores 1R-5R and 27R-32R) and as interbedded
breccia with ICB and dacite (Cores 10R-14R and 45R-51R). Com-
pared to the LCBA’s, they have lower MgO (4.8-9.6 wt%), SiO,
(59.0-62.8 wt%) and Mg# (52.9-62.0), and higher CaO (4.5-10.3
wt%). They are less primitive than the LCBA’s with low Ni contents
(61-144 ppm), low Cr contents (165-564 ppm, average 398) and high
TiO, (0.12-0.41 wt%). Like the ICB’s, the ICBA’s have elevated Zr
and Sr contents (28-48 ppm and 130-190 ppm respectively) but are
displaced to higher Si0,. Crystal contents vary from 0 to 13 modal
percent of: orthopyroxene (0%-3%), augite (0%—3%), and
plagioclase (1%-10%). Magnetite and rare amphibole are present in
the groundmass.

Late High-Ca and Intermediate-Ca Boninite Dikes

The late-stage intermediate-Ca and high-Ca boninites (ICB’s and
HCB’s) of ca. 35 Ma age occur exclusively as dikes throughout the
basement sequence. Compared with the Eocene intermediate-Ca
boninites, they form a distinct group with a lower range in MgO (6.3-
12.2 wt%), relatively low SiO, (50.8-56.4 wt%), and low Mg#
(55.9-70.8). They are best distinguished from the other two boninite
groups by their higher CaO (9.4-14.4 wt%), and correspondingly
high TiO, (average of 0.3 wt%). They are as primitive as the Eocene
ICB’s, having only slightly lower Ni contents (179-321 ppm) but
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Figure 4. Comparison of XRF and ICP-MS techniques for three elements (Sr, Zr, Y) for samples from Site 786.
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Table 2. Major- and trace-el XRF analyses (see Arculus et al., this volume for details). Major element data normalized to 100% on a volatile-free basis and with total Fe as Fe,0,.
Interval  Depth Lith,  Magma  Chemical

Hole  Core (em)  (mbs Lab unit series group . TiD. ALO, Fe0, Mn0 MO €0 Na® KO PO, S LOI N O 0V Zn Cu S¢ Gs Rb S Y Zr Ba
T86B 5R-2 T0-72 20080 odp 2 late dykes HCB 5232 037 15.00 B.90 an 1% 11 2% 130 ol 000 340 170 333 37 63 63 @ 147 13 M 18
7868 6R-2 128-130 21088 odp 2z late dykes HCB 5282 0.36 14.50 x79 017 1n2 9,57 237 026 005 000 190 223 501 232 68 o9 3 136 11 33 9
6B 6R-3 17-22 201137 une 2 lmedykes  HCB 5401 033 1484 BSE 007 1021 942 219 021 0 000 38 202 S 229 67 0S4 32 1 3 129 w0 3N
T86B 21R-2 72-76 35520  odp 9 late dykes HCB 54.61 024 1273 878 s 624 1438 231 042 008 000 575 188 B89 185 50 40 ] 150 5 ¥ 2
TR6B 21R-2 103-107 35546 une 9 late dykes HCH 55.40 0.22 12.81 843 16 10.74 937 256 026 004 000 602 I7F 104 165 T 61 A 10 5 133 7T H B
TREE 29R-1 6366 430.73 une 14 late dykes HCB 5284 021 1202 817 0.20 1088 1313 217 019 020 000 T08 245 956 160 76 M 36 & 5 138 5 3 5
TE6B JR-2 136-139 44263 une 15 late dykes HCB 3351 .40 14,95 B65 w7 1026 936 2% 026 006 001 4.65 188 352 1 65 5z 33 B 4 130 [ L 3
TR6B HR-3 4547 48125 odp 19 late dykes HCB 55.12 0.22 1228 7.88 013 952 1168 252 061 003 000 544 217 768 160 55 6l 13 141 7 B 11
7868 HR4 14-20 48284 une 19 late dykes HCB 56.15 021 1215 329 mi3 959 1020 265 062 002 000 647 46 930 145 48 47 35 7 15 128 6 26 38
7868 40R-2 54-57 53814 odp 23 late dykes HCH 50.65 0.30 1293 863 0.15 1222 1276 203 022 004 000 546 374 650 193 57 7 6 136 s 14
T86B -2 $3-90 53841 une 23 late dykes HCB 5204 .29 13.30 874 0ie 1020 12 213 032 002 000 800 M9 961 187 5% M 3 10 7 131 5 3 B
TB6A  16X-CC 25-28 14519 odp 1 latedykes ICB 5357 022 1535 B2 000 1201 846 165 03 000 000 241 190 506 26 68 37 3 M7 9 3 6
T86A 19%-1 0-30 164,17 odp 1 late dykes ice RER 0.22 15.34 827 ol .67 855 142 054 000 000 4.66

TB6B 20R-1 A6 14373 une 7 late dykes ice 54,82 023 1278 B49 019 1243 852 26 037 00l 00l 5.08

TE6B 20R-1 72-74 402 une 7 late dykes IcB 55.53 23 1115 B.66 019 1.25 846 206 036 000 00 577

TR6H ITR-3 13-15 51045 une 21 late dykes ICB 56,88 0.26 14.59 820 009 BAS 825 282 040 004 005 441 193 74 196 6% 21 3 1204 153 9 30 33
T86B 44R-1 3845 57498 une 25 late dykes ICB RXRE] 031 1344 9.20 0.20 12.16 B16 242 036 003 000 615 315 B4 190 62 44 28 1 7 n? 8 % 2
TH6B 4R-1 -1 57562 une 25 late dykes B 5348 0.30 13.03 9.1 .22 1307 B0l 2530 035 002 0 7.30 367 915 193 67 157 26 9 8 107 7 2 3
TREE 56R-2 51-56 6211 une 27 LCB series LCR 3.1 022 1213 810 012 13.14 502 28 128 000 000 1L00 197 949 144 55 B[ OIw o 15 119 4 30 &
7868 5TR-4 69-T7 704,70 une 27 LCB series LCB 57.14 0.20 11.95 Bl (INE] 1338 m T 05y o0l 000 1050 281 1200 138 61 1 29 9 9 106 4 30 27
TR6B 58R-1 16-120 71056 une 27  LCB series LCB 58.37 025 1136 821 0.13 12.46 5.54 355 008 004 Qo2 712 B 1065 186 56 % 26 12 1 9 78 B
TE6B 59R-3 401 71792 une 27 LCB series LCB 56.62 0.20 133 B.46 014 1409 535 3mn o0 003 000 746 29 1128 144 6] 29 28 9 0 9 6 2% 30
T86B HIR-3 40-42 THM60  odp 27T LCB series LCB 5551 015 12.52 877 014 13.55 548 A 07 003 000 431 306 1032 166 63 60 7 1o B M 46
7868 TOR-4 H-17 81132 une 33 LCB series Lce 60,08 027 14.47 813 1o 1073 i 265 042 003 173 Bi2 212 BIl 205 BS 30 29 1 3 104 6 M M
TROE 55R-3 4449 H84.00 une 27 LCB series LCB 59,35 032 1.91 197 018 1270 491 218 043 005 0 Wwee 27 949 158 57 5 30 9 8 96 6 30 13
T86H 57R-2 124-128 70246 une 17 LCB series LCB 54.03 0.24 11.85 1015 0.21 1495 4.53 e 05 006 00 1241 1 o4 135 2 1w 27 1" 12 107 T8 14
868 5ER-3 62-69 T1283 une 27 LCBseries LCBA 62.08 018 10.81 699 01z 1086 502 I8 01 003 000 7.25 M7 1017 192 50 S50 27 8 3 B3 6 25 20
7868 60R-3 102-108 72277 une 27 LCBseries LCBA 61.12 ol 1073 T8 [INE] 11.53 s iB 015 002 000 835 M 999 203 53 43 215 1 2 B0 5 2% 2
TR6B 6IR-1 14-120 73954 une 27 LCBseries LCBA 62.00 019 10,75 7.20 0.07 1214 186 332 0 002 0 958 269 977 121 58 145 27 9 1] B8 7 & 55
T86H GIR-1 65-67 79795 odp 33  LCBseries LCBA LERS] 022 12.05 6.96 0.08 946 4.08 30 006 004 000 431 212 748 156 75 TT 0 143 E H4 W
7868 69R-1 6877 79798 une 33 LCBseries LCBA 65.06 023 12.55 609 0.08 835 133 413 04 0o 0Tl 189 159 676 121 10 &5 20 1] 2 123 8 46 58
T86B G9R-4 105-113  802.36 une 33 LCBseries LCBA 63,01 0.23 1250 6.49 ms B.56 498 1% 010 oM o7 8.9 177 728 123 60 68 20 1 2 126 7 43 4
TREH 69R-5 H-64 803.07 une 33 LCHseries LCBA .65 02 1154 a2 0o 837 i 34 0om 003 L3R 790 216 78T 124 TO 199 27 9 1 130 7 4 55
TE6B GIR-7 342 805 68 une 33 LCBseries LCBA 62.37 022 12.40 X LINE LAl 441 424 006 003 001 981 195 765 123 B} 90 28 10 I 14 1T a5
TR6B TOR-1 68-73 807.58 odp 33 LCHsenes LCBA 63,58 0.23 1243 668 014 B0S 539 37 o 005 0o 466 202 764 148 77 Tu 2 147 9 4 =
T86B TOR-1 92-96 B07.82 une 33 LCHseries LCBA 6246 0.26 1178 683 019 B 605 34 0 006 013 I1s 196 761 11 B8 1B 1 122 F a2 M
TRA6H TOR-2 5-11 BOBAS e 33 LCBseries LCBA 62.38 022 12,17 6.73 07 8.21 6.4l 342 026 003 006 93 M TEe 122 65 6h 24 9 3 133 7 4 4
TE6B 1R-1 103-108  257.33 une 4 ICB series ICB 51.59 0.20 14.12 194 014 994 709 158 039 001 001 472 149 S80 153 71 4 31 12 5 174 5 ¥ s
TR6B 1R-1 122-126 25752 odp 4 ICH series ICB 51.59 0.20 14,12 1.4 04 994 108 258 03 001 00 4.7 149 580 153 71 4 32 12 -] 174 5 ¥® 5
TAGB 11IR-1 122-126 25751  odp 4 1CH series. [lw:} 56,52 022 1358 .03 nis 11.46 ha5 173 044 001 DO 180 159 4 1ma T 40 6 170 6 ¥ 17
Te6B 12R-2 14-16 267.57 odp 4 ICH series ICH 55.07 0.16 13.90 840 015 1. 128 2% 032 000 000 216 164 485 153 76 38 4 185 6 41 25
7868 SIR-) 49-56 64269  une 26 ICB senies -] 56,99 020 1291 8.25 015 10.98 766 232 038 a6 003 181 196 821 A2 67 44 31 1 5 151 17 33 356
T86B 5IR-1 51-55 64271 odp 26 ICB series ICB 54.18 0.25 1297 364 017 12.58 792 I 026 025 000 am 195 659 228 T0 41 4 166 I w7 2
7868 5IR-2 59 643,75 une 6 ICH senes icB 55.10 0,30 1325 376 07 1164 T.HR 243 028 019 003 477 197 BT 211 6 56 33 1 3 152 15 34 35
7868 S4R-1 50-54 671.70 une 26 ICH series Ice 5815 0.28 1242 791 0nle 1042 783 237 044 003 000 885 7 767 IS0 56 53 29 10 & 153 5 1 59
7868 54R-2 488 673.54 une 26 ICH series ICB 57.88 027 12.89 B.60 0.16 1010 708 23 061 M 0m 4.85 IRS B4D 179 62 46 33 1 9141 8 M 4
TR6R 67R-1 63-65 78733 odp 32 ICB series ICB 5531 0.2 13.00 187 0nis 13.65 6.99 156 022 M 000 156 196 626 202 58 56 3 137 7T M M
TR6E 52R-1 Iz-ns6 65302 une k- ICH series  ICBIAT 5821 0.27 13.25 893 w7 10.44 555 13 0T 002 oM 13 172 687 92 BT 92 27 1 14 108 2 B3 &
TEOB 53IR-1 66-T2 662.26 une 26 ICB series  ICB/A? 58.17 027 12.38 B.63 0.33 9.03 813 248 0 0 001 892 2182 697 146 57 2 2 12 12 131 6 3l 59
TEGH 54R-2 26-30 672.96 une 26 ICB series  ICB/A? 59.35 0.26 1232 B.00 0.15 10.20 628 240 050 04 002 915 163 7160 58 5 30 m 8 123 6 33 4
TREH S4R-2 144-147 67414 une 26 ICB series  ICHB/A? 59.70 027 12.99 7.89 0.14 97 hdd 236 D46 04 00 773 151 Bag 19 60 55 9 9 7 125 4 1 k)
TEOE S4R-3 60-65 67480 une 26 ICB series  ICB/A? 59.67 0.29 1295 801 015 0,08 628 204 049 M 000 7.35 160 821 1m0 62 58 26 1 9 127 6 M WM
TROB 54R-4 75-19 676.45 une 26 ICB series  ICB/A? 39.60 0.28 13.19 T.81 0.4 9.86 633 227 048 04 001 .81 154 667 176 59 47 3 [[+] 9 137 6 36 N
TROB S4R-5 B-15 676.98 ue 26 ICB series ICB/A? 549.74 0.29 12.96 B.05 0.14 965 6.45 223 045 04 0O 681 163 722 158 60 114 26 n [[1] 134 6 34 43
TREB IR-1 25-28 16275 une 1 ICBseries  ICBA 6003 024 1366 72X 043 807 684 297 061 017 001 .01

7868 IR-1 bl-64 163.11 odp 1 ICB series ICBA 61,82 0.21 12,74 1.2 o 802 626 305 052 002 000 219 9 3|4 177 55 67 6 174 7 4 W7
7868 IR-1 75-79 163.25 une 1 ICH senes icBA 61.72 0.20 12.80 730 012 3.06 616 297 065 003 00 281

TR6H IR-1 8993 16339 une I ICB series ICBA. 62.51 0.2l 13.00 697 0.1 7.26 6.22 317 052 08 004 335 9% 471 153 58 62 M4 v 3 167 7 4 s
868 IR-1 58-61 170.08 odp 1 ICB series ICBA 62.72 022 12.74 7.00 o1l 71.26 6.25 308 057 oM 000 2.05 85 345 185 53 72 7 178 1 45 39
7868 2R-1 T2-T6 170.22 une I ICH series ICBA 6258 0.20 1290 T4 0.1 7.2 623 3 050 a0 oo LAl a 471 152 S8 68 27 & 7 165 6 42 48
TRGB 3R-1 344 170.35 une I ICB series ICBA 6244 023 12.88 7.08 ol 7.49 6.21 igs 048 003 000 295 91 456 150 59 65 M0 9 B 168 6 41 63
TR6H 4R-1 10e-111 179.54 une | ICB series ICBA 6.9 022 1311 685 o1l 6.5 6.4 13 057 03 000 1.93 BS 405 163 60 T4 25 1 7 170 6 M &
TREH 3R-1 94-97 180,14 odp I ICB series ICBA 60.00 0.23 1385 7.81 012 .04 562 248 085 001 000 178 103 335 a6l 84 23 153 5 47 2
Te6B SR-1 2325 19009 une 1 ICE senies ICBA 60,00 0.26 15.38 .09 on 5.95 T4 33 07 oo oo 4.40

TEOB SR-2 1-6 200,33 une i ICB series 1ICBA 6158 024 1492 676 012 6.13 653 32 049 003 000 168 6l 3157 64 5 22 1 7 198 9 49 58
TROB 12R-2 120-124  268.63  odp 4 ICB series. ICBA 61.39 0.2 1324 7.37 012 B68 656 162 046 003 000 153 16 425 187 53 74 L] 166 7% 1
TRGE 12R-2 124-126  268.67 e 4 ICH series ICBA 59.28 0.19 13.72 1.75 013 #.82 109 256 044 002 00 N A 564 184 65 58 40 9 L] 157 6 35 42
T86E 13R-2 134-138 27847 ume 4 ICH series ICBA h1.05 0.20 1384 6,87 0.1 7.63 684 293 051 003 000 237 16 473 169 57 65 26 9 7 178 6 31 45
TR6HE 28R-1 15-18 420.55 une 13 ICB series ICBA 59.59 0.7 1319 7.3 013 B97 157 270 04 002 000 262 134 491 153 58 62 3 & 6 192 5 33 %
TREB 30R-1 7-9 439.77 une 13 ICB series ICBA 59.02 0.24 13.87 6.79 0.11 81 215 308 057 008 00 339 13 524 166 65 ¥ 1 9 W7 5 1B 56
TREE 30R-1 20-31 43999  odp 13 ICB series ICBA 5889 0.15 1282 7.34 o9 685 1033 255 091 006 000 423 126 Moz sl 9 23 195 6 31 43
TREE 30R-1 1ne-121 44089 odp 13 ICB series ICHA 61.89 015 13.69 676 0.09 595 853 219 074 000 000 EX XN o 443 142 S 13 6 178 8 42 45
TRGE 30R-2 39-45 44159 une 13 1CB series ICBA 6070 0.21 1407 6,72 w12 5.05 B.68 356 085 004 000 452 92 513 141 4R 13 3 ] 15 129 5 ¥ M
T86B 3IR-2 Bd-80 45024 odp 13 ICB series ICBA 59.51 s 13.49 6.67 .10 827 B.36 187 053 04 000 167 131 31 184 63 20 o2 6 M R0
TREB 3IR-1 102106 45042 une 13 1CB series ICBA 61.45 0.22 14.22 6.40 0.08 621 727 348 062 004 000 in m 585 160 57 9 26 1l 1] 174 7 a2 8’
TB6B FTR-1 95-98 50835 odp 21 ICH series ICBA 58.58 0.26 1534 7.50 0.08 677 B.06 286 D49 006 000 229 149 393 18S 68 20 13 186 9 3B M
TE6B 4IR-2 15-21 558.25 une 24 ICB series. ICBA 5R97 0.24 14.59 7.87 0.07 644 6.99 353 084 006 003 450 B8 3® M 52 W 17 14 9 191 B 42 66
TRO6R 42R-4 46-54 560.51 une 24 1CB series ICBA 61.60 022 1438 6.52 0.08 6.45 6.6% 342 061 004 Qo2 4.30 L 356 166 32 44 25 ] 3 179 6 40 o4
TRE6B 43R-2 I00-105  562.30 une M ICH serics 1CRA 60.59 023 1448 6.68 .10 637 129 345 077 004 0 532 94 382 161 55 0 30 1 7 183 74 55
THOB 43R-2 43-52 566.73 une 24 1CB seriey. ICBA 59.94 0.22 1461 643 010 6,00 BA40 inl 066 003 000 61l 68 7 36 0 I8 9 7 140 6 3 A6
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‘Table 2 (continued).

TH6B
7868
TREB
7868
TH6B
TE6R
7868
7368
T86H
7868
7868

7868
TR6E
7868
7868
7868
7868
7868

7868
71868
7868
7868
7868
7868
7868
7868

o
i

RERARRARE

e lbiLl

53R-1

13X-CC

Interval Depth Lith, Magma  Chemical
(em)  (mbsf)  Labh  umit  series group S0,  TO, ALO, Fe0, Mn0 Mg0 a0 NaO KO PO, § LOI N C V Zn Cu S Ga Rb St Y Zr Ba
41-49 584.71 une M4 ICB series ICBA 61.58 033 14.90 738 o 4.82 6,73 345 067 004 000 252 56 193 228 62 100 24 13w Im 9 45 o8
3943 594.29 une 24 ICB series ICBA 59.84 041 15.32 152 014 549 6,97 348 077 006 001 452 61 178 264 62 M, 27 13 9 177 13 46 46
19-125 59509 une 24 ICB series. ICBA 60,36 0.41 1522 751 i3 51 695 L0 089 000 001 291 60 i85 242 6l 8 23 13 10 78 10 47 52
54-58 595.94 une 24 ICB series ICBA 59.71 0.38 15.43 1.66 014 6.26 6.69 i 060 004 001 6.70 65 183 236 66 73 2 13 9 170 10 45 24
18- 603,68 une 24 ICB series ICBA 59.12 0.33 15.37 172 .16 604 7.48 i 0e4 004 001 4.30 0 247 215 65 6B 26 14 & 173 8 41 65
HN2-116 662 une 24 ICB series ICBA 56,74 .34 1616 B40 0.16 128 fR6 ié 098 002 002 1020 72 230 B 680 93 29 13 15 156 5 4 7
Sa-103 624.95 une 24 ICB series. ICBA 57.36 0.41 15.73 B4l 0.19 1.9 6.61 320 095 006 002 10.00 90 189 195 &4 88 23 13 15 188 3 42 4
137-141 63387 une 4 ICB series. ICBA 59.76 032 14.50 T7.98 014 1.26 6.44 297 058 004 002 676 108 3 1M 60 2 23 12 9 150 7 40
45-48 635,86 une 24 ICB series ICBA 59.83 032 1317 7.51 0.15 9.06 6.43 297 052 005 00 3.74 184 T3 168 60 0 TO 25 n 9 155 6 38 62
#2-85 66242 une 26 ICB series. ICBA 5897 0.28 13.02 767 024 880 197 247 0352 006 001 435 163 99 86 60 57T 32 13 3 146 T M 38
87-91 68167 une 26 ICB series ICBA 5949 0.34 12.81 8.32 0.7 798 769 244 062 005 002 53 173 694 B0 B T4 3] 1 11 148 6 34 1M
=16 68231 une 26 ICB series ICBA 60.21 0.29 1315 T7.86 016 825 7.10 238 057 004 001 692 6l 674 179 59 47 25 1} 1] 144 5 36 35
141-148  812.33 une 33 ICB series ICBA 6144 0.24 14.52 7.36 0.7 713 5.76 33 009 003 166 6.97 180 535 1% 1001 34 3210 i) 162 5 38 25
T-12 B19.99 une 33 ICB series ICBA 63.16 0.26 15.63 fdd a.07 6.37 4.57 304 043 003 059 6.15 120 510 186 107 61 27 13 3 136 7 40 58
74-80 820.66 wne 33 ICB series ICBA 62.03 0.24 14,94 641 0.06 1.28 549 341 001 D03 078 6.97 19 506 193 13 T2 26 i 1 64 7 3 26
3-7 823.63 une M ICB series ICBA 6242 033 15.63 T.28 0.06 847 1.53 328 095 006 264 743 183 BOS 182 39 2 3R 10 B 142 7T 3 66
4344 228.03 une 3 ADR scries AND 56.83 0.30 18.46 7.76 0.12 4.4 795 359 063 003 001 501
4547 22805 odp 3 ADR series AND 5671 0.33 18.23 B9 iz 4.15 8.02 361 068 005 000 271 41 B 23 73 68 9 17 16 51 1”7
10-15 23720 odp 3 ADR series AND 59.09 0.25 17.98 783 012 4,03 7892 218 060 000 000 .57 40 B 2% 12 o 7 w10 5 40
15-17 231.25 une 3 ADR series AND 5644 0.30 1853 793 0z 4.61 817 3 048 003 001 4.56 +
-8 296.53 une 5 ADR series AND 61.21 032 17.14 7.66 on im 6.21 352 T 004 006 699 17 B 208 7 75 W0 16 T U7 12 56 42
12-17 306.22 une 5  ADR series AND 6170 032 16.84 1.66 012 288 6.07 363 076 003 001 484 17 15 208 80 B0 28 i4 9 7 9 51 ¥
67-68 3497 une 5 ADR series AND 60.28 0.33 17.72 183 0.0% .04 6.56 447 0351 047 002 288 13 w 29 W 6 23 17 6 4B 35 61 T
10-17 333.70 une 6 ADR series AND 5880 0.29 17.35 1.70 013 431 7.57 317 065 003 001 4.35 38 67 202 T 82 27 13 6 20 11 49 0
91-94 33451 odp 6 ADR series AND 60.07 0.30 16.80 774 012 369 738 313 073 004 000 M 3 35 26 T2 78 8 214 9 45 3
124-128 34454 une 6 ADR series AND 6187 0.30 17.05 113 on 5 641 3% 050 007 008 476 b 12 197 . 83 ¥ 1n 6 217 21 57 61
26-29 35326 odp 6 ADR scrics AND 59.82 0.35 1784 810 010 1.95 6.90 389 089 014 000 29 18 5 210 BS 62 1 236 21 58 1)
26-30 35326 une 6 ADR series AND 60.59 0.32 17.75 121 007 175 672 431 087 033 002 52 16 17 190 59 78 21 16 13 233 B 56 54
45-49 S510.81 odp 22 ADR series AND 6222 0.2 1590 8.67 011 286 5.44 288 156 007 000 539 14 0 224 6l 94 29 293 9 44 108
68 51716 odp 22 ADR series AND 62.12 0.30 16.78 738 0.0 220 T.04 29 L9 004 000 .94 12 0 259 6 66 4 229 9 49 54
T6-83 51786 une 22 ADR series AND 6139 0.26 16.40 B4 ol e 5.65 349 L6 002 035 874 53 1 1% 58 B4 16 1321 261 6 43 58
47-53 sz une 22 ADR series AND 62.00 0.24 1716 6355 007 244 1 i85 044 009 000 287 4 1o 238 112 1 » 14 5 16 11 47 5B
119-123 52949 une 22 ADR series AND 6275 0.35 15.14 8.01 o 273 647 358 081 004 002 151 15 1 zm 67 108 26 13 16 173 11 48 54
32-37 62322 odp 24  ADR series AND 61.13 035 15.75 744 014 im 7.64 295 077 004 000 289 ] 93 245 58 B9 10 185 11 45 46
21-25 T67.61 une 30 ADR series AND 1.0 042 18.05 1.56 0.09 372 6.78 3M 05 005 000 495 21 18 241 I 67 29 15 5 160 10 44 56
135-138  305.95 une 5 ADR series DAC 64.68 0.30 15.76 6.78 010 203 577 386 069 004 000 343
137-141 30597 odp 5  ADR series DAC 64.89 0.34 15.67 707 0.0% 1.69 576 J6E 076 004 000 248 9 6 219 6 9 T U7 1w 57 3B
9-12 381.99 wdp 11 ADR series DAC 67.85 035 153 in 007 0.9 4.57 474 084 01 000 0.44 7 8 185 45 54 7 W8 14 70 B4
41-45 38331 une 11 ADR senes DAC 67.85 0.32 15.04 315 0.08 1.9 4.36 474 098 001 000 L 7 4 183 ¥ 49 19 15 1319 15 71 80
9 383.45 une 11 ADR series DAC 67.38 0.30 15.17 538 0.08 1.53 4.58 444 105 006 000 2.62 8 15 183 55 97 13 9 0 189 10 67 &
6472 392.14 une 11 ADR series DAC 66.93 032 15.51 513 0.08 1.9 4.58 488 109 D20 000 0.95 6 7 163 48 0 13 14 12 207 12 72 &8
68-T0 401.88 odp 11 ADR series DAC 63.89 033 15.17 493 0.06 0.57 3.96 480  L19 009 000 031 2 o e 4« 22 16 195 i1z 75 T
31-35 410.11 une 11 ADR series DAC 63.37 0.31 14.87 5.1 0.07 148 4.16 459 098 006 000 545
7376 488.73 odp 20 ADR series DAC 6488 0.28 15.43 5.96 0.04 Ry 5.70 372 054 008 000 1.72 26 50 152 48 34 8 213 0 5% 59
-7 489.51 une 20 ADR series DAC 65.79 0.29 15.31 5.53 0.05 186 5.01 437 052 o006 000 4.09 19 43 12 64 58 16 12 8 201 10 62 80
122-126 49072 odp 20 ADR series DAC 66,69 028 15.15 555 0.04 243 515 393 071 008 000 1.23 24 47 1M 48 3 1" 201 10 59 53
129-131 354.29 odp 8 ADR series RHY 7293 0.29 13.76 381 0.08 0.3 251 399 223 007 000 6.50 6 0 4 4 68 kL] 148 12 76 52
28-32 30 une 8 ADR serics RHY 7112 0.26 1423 392 0.09 092 276 419 246 007 000 159 13 3 19 5 61 15 10 W 128 12 19 68
61-64 300 odp 8 ADR series RHY 7335 0.29 1346 365 0.07 012 217 415 264 010 000 78 I 1] 54 5 26 41 162 14 76 58
86-88 46136 odp 16 ADRsenes RHY 7335 0.24 13.27 398 0.0z 0.00 297 466 L3 011 000 1.15 2 0 % B 20 43 o1 o Mom
52-59 49822 une 20 ADR seres RHY 71.29 0.28 13.59 403 0.03 1.54 ki) 47 106 09 001 2.60 5 14 56 51 21 12 12 171 13 70 80
96-102 73396 une 28 ADR series RHY TO.88 03z 1338 463 0.07 0.56 sz 484 172 008 000 293 4 8 3 5 32 12 13 B 123 15 81 175
56-58 73506 odp 28 ADR series RHY 73.59 033 1332 331 .05 0.00 253 564 L1300 000 1.84 3 a 3 45 56 8 121 4 7T 9%
Bl-84 73531 odp 28 ADR series RHY 73N 0.20 1307 349 0.04 0.00 1.64 6.57 116 011 000 1.43 6 0 41 52 18 15 122 14 82 9
T2-T4 75022 odp 29  ADR series RHY 75.02 027 12.53 194 0.01 0.00 0.45 466 503 008 000 0.7 1 o 2 4 63 51 47 13 78 585
B&-91 750,36 une 29 ADR series RHY 7639 0.23 12.20 249 .04 0 141 333 357 005 007 0.93 4 14 271 8 Mol T 12 93 10 71 6™
93-105 760.03 une 29 ADR series RHY 7309 023 1260 381 0.05 098 1.72 13 4@ 005 001 1.68 " 22 33 67 3 13 9 37 A R S
5-12 T6RG5 une 2% ADR series RHY T1R8 0.24 1321 iz 0.05 1.28 L2 367 377 006 004 1.48 7 18 31 63 7% 10 10 M4 9 1 75 673
26-33 T71.36 une 29 ADR series RHY T1.96 025 13.48 398 0.07 1.7 223 37 297 008 007 251 5 15 3 N 54 16 11 28 08 10 75 35
BB-90 77150 odp 29 ADR series RHY 71.38 0.26 13.88 422 0.06 08s 134 i 323 008 000 236 9 i3 31 % 50 34 {11} i 74 332
18-24 TE0.23 une 29 ADR series RHY 7349 0.24 13,05 3z 0.06 0.96 0.85 324 47 008 002 134 4 17 n n 5313 10 44 76 9 73 708
3341 T8T.03 une 29 ADR series RHY 76.03 0.23 1251 2160 0.03 040 119 425 L7 005 000 0.69 3 i 22108 3B 14 8 24 102 12 77 40
140-142 107,10 odp 1 misc, 54.24 .41 1821 879 X 32 B.65 282 146 002 Q00 29 83 320 ke 9N 40 14 165 6 46 36
24-27 108,94 odp 1 misc. 54.07 0.85 1668 1265 021 4.24 .88 L07 035 000 000 0.84 18 23 428 113 166 & 181 24 40 77
46 154.04 odp I misc, 5231 0.14 1228 992 0.20 1545 7.07 187 075 000 000 6.16 25 471 1™ T3 160 10 9% 1 n 8
17-20 164,19 odp ] misc. 5024 0.28 11.31 949 017 1992 609 205 043 002 000 5.21 522 133 195 T 23 7 64 L | 1}
27-29 11557 odp 1 misc, 5575 024 1291 341 0.01 13.58 385 23 038 002 000 570 268 613 143 63 52 13 100 6 21 1
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Table 3. ICP-MS trace element data. Samples crushed in tungsten carbide are indicated by the letters WC in the Ta column.

Interval  Chemical
Core (cm) group Sc Ti v Mn Co Ni Cu Rb Sr Y Zr Nb Cs Ba La
05R-2 70-72 HCB late dykes 25 37 143 47 6.7 141 11.1 343 0.58 0.56 16.7 2.00
05R-2 69-71 HCB late dykes 35 0.37 208 0.13 41 179 36 5.5 157 11.0 322 0.39 0.19 17.3 209
06R-2 128-130 HCB late dykes 3.9 127 102 328 0.75 92 162
06R-3 17-22 HCB late dykes 26 213 154 45 93 110 97 275 060 1.6 1.53
21R-2 72-76 HCB late dykes 23 36 11.6 138 89 26.0 0.78 20.0 1.82
21R-2 103-107 HCB late dykes 29 020 143 015 44 258 86 58 139 68 274 025 020 167 145
34R-3 45-47 HCB late dykes 149 138 65 361 060 165 214
34R-4 14-20 HCB late dykes 33 0.23 152 0.13 43 273 30 17.6 140 6.3 284 0.30 1.23 16.3 1.29
40R-2 83-90 HCB late dykes 30 029 197 016 47 321 27 96 143 81 242 042 034 173 134
20R-1 72-74 ICB late dykes 33 0.24 173 0.19 76 258 40 7.4 136 52 308 0.27 0.17 11.2 0.94
44R-1 38-45 ICB late dykes 28 0.29 192 0.20 52 395 48 120 132 8.2 26.0 0.33 0.25 169 1.34
57R-2 122-125 LCB? LCB series 30 022 181 0.17 41 276 13 21.8 144 95 328 0.66 0.27 23.1 2.44
57R-4 7-13 LCB LCB series 32 0.23 0.14 22 58 124 T4 355 0.70 0.03 18.2 1.75
58R-1 121-126 LCB LCB series 28 0.20 159 0.13 43 299 21 4.1 122 T4 aL5 0.66 0.05 127 2.06
62R-3 40-42 LCB LCB series 29  0.20 0.13 67 9.3 105 70 343 065 001 461 173
69R-4 105-113 LCBA LCB series 23 0.22 164 0.12 32 213 95 1.6 134 78 41.9 0.82 0.01 36.6 2.23
69R-T 34-42 LCBA LCB series 22 0.23 129 0.11 33 218 81 26 122 71 398 0.63 0.02 44.8 1.85
TOR-1 68-73 LCBA LCB series 20 30 163 70 2.0 146 8.2 442 0.77 524 2,62
TOR-2 5-11 LCBA LCB series 17 104 170 51 7.3 103 6.3 289 0.48 58.6 275
11R-1 122-126 ICB ICB series 25 37147 30 7.2 159 51 400 080 029 208 131
11R-1 121-123 ICB ICB series 35 027 168 0.10 39 209 14 14.5 161 10.9 30.1 0.32 0.82 18.5 1.66
51R-1 7579 ICB 1CB series 29 0.21 0.14 51 8.2 154 8.5 347 0.62 0.13 26.5 2.25
51R-1 51-55 ICB ICB series 26 43 182 30 36 164 166 372 075 0.4 192 547
67R-1 63-65 ICB 1CB series 28 42 253 63 3.8 135 6.1 257 0.43 0.11 237 1.16
67R-1 56-59 ICB 1CB series 34 0.28 011 39 6.5 147 9.0 340 0.44 0.07 7.6 1.69
01R-1 61-64 ICBA ICB series 6.3 174 6.2 444 36.0 1.83
01R-1 75-79 ICBA 1CB series 25 0.21 171 0.11 29 101 53 13.0 165 5.6 38.6 (.59 0.16 38.6 1.69
02R-1 72-76 ICBA ICB series 25 049 146 012 29 100 63 8.6 191 70 413 058 018 436 201
04R-1 109-111 ICBA ICB series 23 020 159 012 27 92 65 107 186 66 421 069 020 501 217
05R-1 23-25 ICBA ICB series 21 151 61 68 125 173 61 440 072 224 170
12R-2 124-126 ICBA ICB series 30 0.19 171 0.14 35 144 63 9.3 188 33 349 0.62 0.12 34.8 1.82
13R-2 134-138 ICBA ICB series 24 (.19 139 012 28 123 61 76 200 56 380 060 016 400 377
30R-1 30-32 ICBA ICB series 31 0.16 146 0.11 32 134 23 10.4 212 4.8 29.0 045 0.35 44.7 1.70
30R-1 29-31 ICBA ICB series 20.0 192 50 337 0.84 46.4 2.46
37R-1 95-98 ICBA ICB series 12.3 185 8.7 40.3 0.78 278 2.01
42R-4 46-54 ICBA ICB series 24 0.24 167 0.08 94 37 12.8 227 6.8 43.6 073 0.18 514 246
43R-2 43-52 ICBA ICB series 19 183 119 10 125 166 71 362 061 353 1.87
45R-1 41-47 ICBA ICB series 25 0.34 258 012 25 66 99 17.8 193 98 447 0.80 0.23 57.1 2.39
TIR-4 141-148 ICBA ICB series 27 026 203 008 27 113 90 6.8 178 76 343 066 006 270 204
TIR-4 7-12 ICBA ICB series 25 024 182 009 28 121 78 59 150 76 364 076 006 437 236
T2R-1 3-7 ICBA? ICB series 22 0.25 174 0.05 22 103 81 14.7 141 50 220 0.69 0.33 86.7 1.74
08R-1 45-47 AND  ADRseries 25 031 012 65 10.1 218 131 487 082 o011 223 302
09R-1 15-17 AND ADR series 25 0.32 207 0.12 28 55 90 7.9 234 9.6 49.0 071 0.22 21.1 2.34
15R-2 3-8 AND  ADRseres 22 033 214 012 19 20 77 132 257 97 580 099 016 449 321
19R-1 91-94 AND ADR series 21 34 35 69 1.7 215 8.0 499 1.26 0.32 350 259
21R-1 20-28 AND ADR series 22 0.31 182 0.08 12 17 82 15.8 245 233 574 0.89 0.22 49.5 732
2IR-1 26-29 AND ADR series 10.8 244 18.8 59.3 1.36 354 6.33
38R-1 76-83 AND ADR series 19 0.26 194 0.10 24 28 65 20.9 281 15 428 0.63 0.74 82.1 234
49R-4 32-37 AND ADR series 25 31 50 87 109 186 98 486 117 018 600 386
16R-1 137-141 DAC ADR series 14.1 208 85 559 394 269
25R-1 64-72 DAC ADR series 16 0.39 342 0.08 11 7 37 37.6 207 1.8 7L5 1.13 0.16 772 378
35R-1 75-78 DAC ADR series 20 0.29 140 0.06 14 26 32 105 232 100 623 103 016 664 313
35R-2 122-126 DAC ADR series 11.7 187 9.0 60.3 1.25 42.7 251
2IR-1 129-131 RHY ADR series 8 12 7 52 28.8 134 11.0 83.7 1.34 2,13 56.5 336
2IR-2 28-32 RHY ADR series 11 027 63 009 8 12 94 390 154 124 815 107 070 816 394
61R-4 96-102 RHY ADR series 14 0.38 103 0.10 8 7 40 36.7 164 14.8 95.1 1.39 036 189 4.53
63R-2 T2-74 RHY ADR series 37.0 42 11.1 711 1.30 486 3.63
66R-1 88-90 RHY ADR series 321 9% 103 758 130 023 324 444
67R-1 3341 RHY ADR series 8 64 6 35 210 94 10.3 61.7 0.85 286 3.06
12X-1 133-138 misc. T86A 33 0.41 271 0.10 30 88 42 20.8 165 55 449 0.67 0.28 184  0.70
06X-5 24-27 misc. T86A 41 082 0.18 147 7.6 170 193 379 083 074 666 1.24
16X-CC 24-29 misc. T86A 3l 024 201 014 41 277 74 9.7 140 63 275 041 006 250 106
17X-CC 4-12 misc. T86A 29 022 179 012 45 1275 37 249 50 38 247 042 032 308 052
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TRACE-ELEMENT GEOCHEMISTRY: SITE 786

Table 3 (continued).

Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu Hf Ta Pb Th U

415 070 387 096 031 .14 019 144 031 09 015 103 017 098 WC 069 014 0.16
415 074 402 103 037 155 027 171 038 109 017 117 017 098 002 127 018 018
353 045 352 091 038 123 023 165 033 122 019 117 017 LI5S WC 117 007

377 046 296 1.09 032 106 021 154 024 08 018 09 017 098 WC 081 0.4

254 047 219 066 023 101 017 120 027 077 012 097 o011 122 WC 080 013 013
286 045 217 049 021 089 017 098 027 071 014 083 012 083 001 077 019 016
330 049 219 050 021 073 016 092 o020 072 011 074 011 097 WC

281 046 201 056 021 064 010 099 019 064 013 070 011 086 002 100 018 0.10
298 056 276 068 029 1.6 017 130 030 084 016 088 014 072 002 087 014 012
232 034 166 045 018 074 012 093 019 058 010 059 009 09 002 102 022 010
317 053 284 070 028 109 022 123 027 075 015 082 013 078 002 07 012 024

450 069 365 078 033 130 019 130 031 08 014 09 014 099 005 18 029 024
387 064 300 083 026 105 013 1.09 024 070 009 073 012 095 005 147 028 0.13
39 062 312 082 022 107 019 108 025 071 012 072 013 089 005 222 026 0.6
370 061 28 073 026 104 042 102 023 066 009 080 015 099 WC 153 02 020
521 078 347 094 031 121 020 118 023 080 012 097 013 132 006 343 031 031
420 064 312 079 025 103 018 114 023 067 012 078 013 128 006 336 039 031
552 080 365 097 034 120 021 121 027 077 014 092 015 125 WC 426 033 027
513 077 378 105 026 1.04 024 137 020 077 0I5 076 008 106 003 166 030

337 049 232 061 024 078 014 084 017 057 010 070 011 127 WC 255 033 014
319 048 258 065 027 099 018 149 029 098 014 105 017 08 004 205 0.15 028
518 074 346 100 037 132 019 127 026 083 011 08 014 103 004 200 034 015
12.6 142 598 122 043 171 030 184 044 138 025 140 025 113 WC 199 029 015
257 037 197 061 022 081 015 1.00 020 072 014 075 011 08 WC 097 009 0.1l
366 059 307 091 036 131 020 149 031 089 012 093 016 1.00 004 095 022 0.8
380 046 259 071 021 085 014 097 020 067 011 067 013 WC 153 032 015
394 055 280 064 024 097 014 094 020 058 011 069 010 116 004 1.87 042 020
418 062 300 073 028 099 017 102 023 063 012 065 011 116 004 202 032 022
456 068 326 072 023 107 017 105 027 064 011 075 013 128 005 315 039 024
452 067 369 09 037 L11 O0l6e 105 017 057 006 059 010 155 009 190 028
359 055 266 073 022 090 015 08! 021 053 008 058 011 100 008 18 035 0.16
372 056 258 060 022 079 013 084 020 061 010 060 009 116 006 18 036 021
334 045 227 059 021 078 012 077 0I5 047 008 052 008 08 005 176 033 024
335 050 219 064 021 079 045 080 018 048 008 054 010 107 WC 176 020 030
383 056 271 077 027 105 020 125 030 089 015 091 016 129 WC
491 068 331 069 032 109 015 101 022 066 009 079 013 112 006 408 043 023
381 060 293 082 020 095 013 098 018 066 017 073 011 092 003 141 026
525 080 397 106 036 146 025 158 037 099 015 112 015 135 007 267 035 024
458 069 353 082 030 099 017 125 025 077 013 078 o011 101 008 1.82 028 045
543 080 387 095 029 129 020 120 026 077 013 079 012 104 008 3.00 027 050
392 052 265 066 023 061 010 083 046 050 006 050 007 058 005 043 015 008
698 148 705 224 076 252 038 252 053 (135 o021 130 021 137 WC 213 044 0.2
471 109 474 128 042 155 027 167 038 106 017 106 014 155 003 237 046 0.09
735 102 550 127 044 175 030 162 037 107 015 109 017 165 006 259 069 025
583 084 455 113 039 139 024 161 029 098 014 106 021 154 WC 180 046 O0.18
15.8 181 791 151 053 184 035 246 057 190 033 215 032 165 006 244 062 036
11.7 135 709 165 047 219 039 223 052 167 028 L71 028 199 WC 152 039 018
537 075 374 102 034 115 020 120 027 072 o016 081 013 119 004 621 048 027
525 082 403 130 041 130 025 154 037 103 018 154 014 162 WC 232 035 027
563 058 420 099 032 112 024 130 028 085 012 093 014 192 WC 272
804 118 574 126 041 128 032 178 040 117 022 122 023 220 006 372 066 029
672 0% 479 116 037 159 025 149 032 103 018 102 013 176 WC 223 056 028
546 056 335 097 030 118 022 128 023 086 013 097 016 192 WC 220
713 109 510 131 037 157 030 171 036 116 020 122 022 274 WC 28l 072 037
944 129 612 147 043 195 032 190 043 125 020 135 023 237 007 347 076 040
10.9 142 734 188 063 243 037 250 055 142 024 143 023 290 012 235 083 043
741 081 465 184 049 182 027 157 033 101 016 106 015 243 WC 243 071 050
828 108 541 155 041 195 033 168 035 121 018 127 023 232 WC 319 067 037
6.16 081 472 135 051 142 019 153 029 092 048 LI6 013 222 006 246 052

380 033 174 056 028 080 015 099 020 058 010 061 008 128 009 480 027 021
423 080 454 163 063 231 041 294 063 19 028 203 038 114 WC 316 007 007
245 039 193 051 018 068 014 107 023 062 011 072 015 082 003 08 013 020
143 021 11 040 015 052 009 069 015 041 009 056 007 075 005 068 012 026
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Figure 5. Chondrite-normalized REE patterns (normalizing values from
Boynton, 1984) showing comparison between INAA (filled symbols) and
ICP-MS (open symbols) data for three Site 786 samples. A = 786B-21R-1,
20-28 cm; B = 786B-67R-1, 56-59 cm; C = 786A-17X-CC, 4-12 cm.

slightly higher Cr contents (333-1004 ppm; average 755). They also
have the lowest Zr (22-33 ppm) and Th (< 0.22 ppm) contents of all
the groups, although Y tends to be slightly higher than for the other
boninite types, and Sr contents (100-150 ppm) lie between those of
the ICB’s and LCB'’s. They contain 3—13 modal percent phenocrysts
of: bronzite (0%—8%), augite (0%-3%), olivine (3%—-5%). and traces
of euhedral chromium-spinel.

Andesite-Dacite-Rhyolite Sequence

The Andesite-Dacite-Rhyolite sequence (ADR) is clearly distin-
guished from the more primitive boninite and bronzite andesite
groups by their low Cr and Ni contents (< 100 ppm and < 50 ppm
respectively). Zr contents increase between the groups as do P,0s,
Ba, Y, and Rb, although these latter elements show less distinct
behavior because of alteration effects. Both TiO, and V show a
progressive decrease from andesite through dacite to rhyolite. The
three members of the ADR series are described in detail below.

Andesites

Andesites (A) of ca. 41 Ma age occur as flows (Cores 20R-21R
and 37R—40R), breccias interbedded with ICBA’s and dacites (Cores
TR-10R, 14R-17R and 48R-51R), and as a dike (Cores 64R—65R):
Compared with the ICBA’s, they form a group that has distinctively
low MgO (1.7-5.7 wt%), lower Mg# (30.8-55.7), similar SiO, (56.5—
62.4 wt%) and CaO (5.4-7.9 wt%), and distinctly higher TiO, (0.24-
0.45 wt%; average 0.32). They are less primitive than the LCBA’s,
with low Ni contents (13-41 ppm) and low Cr contents (7.6-67 ppm;
average 21). Zr generally increases from 40 to 60 ppm. Both Sr and
Ba increase with increasing SiO, (160-290 ppm and 18-80 ppm,
respectively), although Rb is very variable. Crystal contents range
from 2 to 12 modal percent of orthopyroxene (trace amounts), augite
(0%—-5%), and plagioclase (4%-10%). Magnetite and rare quartz
and/or amphibole are present in the groundmass.

Dacites

Dacites (D) of ca. 41 Ma age occur as flows (Cores 17R-20R and
23R-27R and 34R-37R), breccias interbedded with andesites (Cores
7TR—-10R), and as a dike (Cores 64R—65R). In addition to higher SiO,
(64.9-68.9 wt%), they have distinctly low MgO (0.57-3.4 wt%), Mg#
(16.5-49.3) and CaO (3.9-5.7 wt%), and similar TiO, (0.29-0.34;
average 0.32 wt%) compared to the andesite group. They are less
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primitive than the andesites, with lower Ni contents (6.8-26 ppm;
average 12), and lower Cr contents (6.8-26; average 19 ppm). Zr and
Y increase with SiO, (3571 ppm and 5.5-15 ppm, respectively). Sr
decreases with increasing SiO, (220-190 ppm), but Rb and Ba both
increase (8-14 and 23-84 ppm, respectively). Crystal contents range
from 3 to 20 modal percent of: orthopyroxene and augite (trace
amounts), and plagioclase (4%—20%). Pigeonite, augite, magnetite,
and rare quartz and/or amphibole are present in the groundmass.

Rhyolites

Rhyolite (R) of ca. 41 Ma age occurs as hyaloclastite bearing flows
(Cores 32R-34R, Sections 21R-121R-2), massive flows interbedded
with ICBA, D, and LCB (63R-68R), and as a dike (Sections 61R-4—
61R-6). In addition to higher SiO, (70.9-76.3 wi%), they have
distinctively lower MgO (0.01-1.5 wt%), Mg# (0.9-39.6) and CaO
(0.45-3.5 wt%), and low TiO, (0.23-0.27 wt%; average 0.24) com-
pared to the dacites. They are the most evolved lithologies in Hole
786B with the lowest Ni contents (1.1-11 ppm), and lowest Cr
contents (3-33 ppm; average 15). Sr decreases rapidly with increasing
Si0,, although Rb and Ba form a somewhat scattered, but greatly
increasing, trend. Zr remains virtually constant, and Y shows slightly
decreasing abundances with increasing SiO, due to alteration in Unit
29, The rhyolites also have distinctly low V contents (< 50 ppm).
Crystal contents are low with 1-2 modal percent of plagioclase, and
only trace amounts of hypersthene and augite.

ALTERATION EFFECTS

The igneous lithologies encountered at Site 786 exhibit a wide
variety in the degree of alteration (up to greenschist-facies albite-
chlorite-epidote-quartz assemblages) largely resulting from the ef-
fects of hydrothermal alteration during cooling of the
edifice/basement complex and during intrusion of the late dikes and
sills. Despite this, Arculus et al. (this volume) conclude that the major
elements used to classify the groups are robust with respect to this
alteration, in the sense that alteration-induced variations are small
relative to primary magmatic variations. However, it is apparent from
the diagrams of Figure 6 that these alteration processes have disturbed
the distribution of certain trace-elements. It is important to understand
and take account of the effects of alteration on the trace-element
composition of samples before reading any petrogenetic significance
into the observed variations. A number of distinct styles of trace-ele-
ment behavior can be recognized.

As noted earlier, about 12 samples show a clear anomalous enrich-
ment of P,Os and Y (Fig. 6). These samples are not restricted to any
particular chemical group although they tend to be found only within
the breccia horizons. This enrichment reaches its most extreme
development in the ICBA Sample 48R-1, 48-53 cm, which contains
1.59 wt% P,0s and 95 ppm Y (omitted from diagrams in Fig. 6). A
similar style of enrichment has also been documented from lavas at
Site 793 in the Izu-Bonin forearc basin drilled during ODP Leg 126
(Tayloretal., in press). Taylor et al. attributed the anomalous behavior
of P, Y, and rare earth elements (REE) relative to high field strength
elements (HFSE) to post-eruption fluid-rock interaction and trace-
element release associated with the breakdown of glass to smectite
within the basement units.

By comparing the compositions of two samples from the same
lithological subunit, one with “normal” magmatic values for P,O5 and
Y and one with “elevated” P,Os and Y, we can ascertain which other
trace elements are affected by this enrichment process. Figure 7 shows
this comparison for an andesite (21R-1, 20-28 cm, and 19R-1,91-94
cm) and an intermediate-Ca boninite (51R-1, 5-55 ¢m, and 51R-1,
75-79 cm) composition. The pattern of trace-element enrichment is
remarkably similar in the two examples illustrated, despite their
belonging to different chemical groups. In both cases, the elevated P
and Y contents are accompanied by higher REE abundances, but there



Table 4, INAA trace element data on selected samples.

TRACE-ELEMENT GEOCHEMISTRY: SITE 786

Interval Chemical

Hole Core (cm) group Sc Co Cs La Ce Nd Sm Eu ThY Yb Lu Hf Ta Th u

T8OHA 12X-1 133-138 misc. 304 26 0.9 3T & 059 029 014 061 009 116 004 039 023
786A  16X-CC 24-29 misc. 294 40 1.1 2.4 065 025 015 077 012 086 004 0.10
786A  17X-CC 4-12 misc, 248 41 025 06 1.5 036 0.4 008 053 008 068 002 0.31
786B 05R-2 69-71 HCB 336 40 0.31 2.0 41 35 1.08 042 027 107 017 087 002 0.31
786B 21R-2 85-94 HCB 287 45 1.5 3.0 22 060 023 015 068 011 075 003 038 020
786B 40R-2 83-90 HCB 298 45 0.41 1.4 33 27 080 033 021 086 012 067 002 030 014
7868 1IR-1 121-123 ICB 309 36 0.82 1.7 3.0 22 075 029 022 1.01 015 074 003 0.32
7868 51R-1 75-79 ICB 28.3 37 23 53 .35 1.04 036 023 087 014 097 004 047 017
786B 67R-1 56-59 ICB 336 39 1.6 37 26 092 035 023 09 015 098 004 036 018
7868 5TR-4 7-13 LCB 309 42 1.6 40 30 079 029 017 073 011 098 004 034 015
7868 62R-3 40-42 LCB 253 19 2.7 52 39 113 037 022 096 015 129 004 043 027
7868 01R-1 75-19 ICBA 25.6 29 020 20 46 29 084 030 018 072 01 122 005 0.22
T86B 30R-1 30-32 ICBA a3l 0.29 1.6 31 066 024 016 057 009 086 004 0.19
786B TOR-1 92-97 LCBA 216 32 1.6 34 24 075 034 018 075 012 100 004 030 028
7868 08R-1 50-55 AND 25.3 24 2.6 58 58 1.74 060 036 116 019 142 005 048 016
7868 19R-1 91-94 AND 290 45 1.9 37 3l 083 026 018 079 013 0% 003 020 030
786B 21R-1 20-28 AND 22.6 11 76 157 18 1.82 060 039 213 035 159 007 055 042
7868 49R-4 32-37 AND 250 22 032 26 47 39 1.1s 038 024 107 016 120 005 036 032
T86B 35R-1 75-78 DAC 20.4 14 29 6.2 45 124 341 023 106 016 157 006 050 023
786B 21R-2 28-32 RHY 11.4 8 082 40 89 59 1.65 047 031 138 021 219 008 075 048
786B 66R-1 26-33 RHY 11.8 ] 025 36 81 59 139 046 026 117 019 210 008 070 040

is preferential enrichment of both the LREE and HREE over the
middle REE. This leads to higher La/Sm, La/Yb, and lower Sm/Yb
ratios with alteration. Immobile elements during this alteration
process include the HFSE (Zr, Hf, Ti, Nb) as well as Sr and Pb. The
large-ion-lithophile (LIL) elements (such as K and Rb) show no
consistent behavior.

Because Zr is one of the most immobile and easily analyzed elements,
it can be used as an alteration-independent index of geochemical varia-
tion. The behavior of certain other trace-elements can then be assessed
by plotting the element in question against Zr. Figure 8 shows plots of Sr,
Th, Pb, and Rb against Zr. The intermediate-Ca boninites and bronzite
andesites and the late-dikes plot on a trend of increasing Srwith increasing
Zr (Fig. 8A), consistent with fractional crystallization of mafic phases.
The trend continues into the andesites, dacites, and rhyolites where the
appearance of plagioclase as a significant crystallizing phase leads to
decreasing Sr abundances. The rhyolites show a wide range of Sr contents
(50-0 ppm) for a restricted range of Zr contents (70-0 ppm), but the low
values are only found in the strongly altered subunit 29 in which Sr may
have been mobile. The alteration of this unit is discussed in more detail
below. Although the scatter within these trends exceeds analytical error,
many of the samples are highly porphyritic (some plagioclase-phyric)
which will enhance primary scatter. The effects of plagioclase accumula-
tion are noticeable in some andesite and intermediate-Ca bronzite-an-
desite samples displaced to high Sr contents for a given Zr content. The
low-Ca boninites and bronzite-andesites form a trend subparallel to the
other boninite/bronzite-andesite groups but displaced to lower Sr. Al-
though the low-Ca boninite units are more altered, the fact that the
dispersion of analyses is parallel to the expected crystallization vector for
olivine + orthopyroxene fractionation, suggests that the low Sr is a
primary, rather than alteration-induced, feature. Figure 7 has already
shown that Sr was not mobilized during the process that lead to the
enrichments in P, Y, and REE. This behavior of Sr is in contrast with its
theoretically expected highly mobile nature in aqueous fluids. Taylor et
al. (in press) encountered the same features in boninite samples from ODP
Leg 126, and they argued that, because Sr is located mostly within
plagioclase, it may be less mobile than many of the normally more
immobile incompatible elements that reside within the much more
reactive boninite glass. Thus, with the exception of the rhyolite unit at the
base of Hole 786B, the primary magmatic variations of Sr appear to have
remained relatively robust to the effects of alteration. All of the Site 7868
samples show a significant positive correlation between Th and Zr (Fig.
8B). The magnitude of the scatter is consistent with pyroxene accumula-
tion and analytical error suggesting that Th, like Zr, behaved as an

immobile element. The Pb data on Figure 8C show a larger scatter,
well in excess of analytical error. For example, Pb contents in the low
Ca boninites and bronzite-andesites vary between 1.5 and 4 ppm over
a range in Zr of just 30-45 ppm, which suggests that Pb has been
mobilized by alteration.

The mobility of LIL elements during hydrothermal alteration
processes is well documented, and the more scattered Rb values on
Figure 8 and Ba values on Figure 6 reflect this. If the variation within
a particular chemical group is attributed principally to the action of
crystal fractionation or accumulation, then the observed range in Rb
and K,O contents in most groups far exceeds that predicted from the
variation in a less mobile incompatible element such as Zr. For
example, within the HCB group, K,O varies by a factor of 7 (0.19-1.3
wt%) and Rb by a factor of 5 (315 ppm) whereas Zr is enriched by
a factor of only 1.5 (23-34 ppm). However, the mobility of the alkali
elements is best displayed within the rhyolite units which, despite a
relatively restricted range in Zr contents (70-82 ppm), show very
large enrichments in K,O, Rb, and Ba (1.0-5.0 wt%, 15-51 ppm,
52-756 ppm, respectively). The most intensely altered of the rhyolite
units is subunit 29, from near the base of Hole 786B, which contains
greenschist mineral assemblages. It is rhyolites from this unit that
show the greatest K, Rb, and Ba enrichments. Figure 9 shows the
average composition for this unit, normalized against an average of
samples taken from the less intensely altered rhyolite subunits. This
figure illustrates that the enrichment in K, Rb, and Ba is accompanied
by aloss of Ca, Na, P, Sr,and Y.

SHALLOW-LEVEL PROCESSES

From the major and trace-element variations illustrated in Figures
3 and 6, it can be seen that the operation of fractional crystallization
processes alone is unable to account for all of the compositional
variability observed. However, the chemical groups can be grouped
together into a number of cogenetic series, with the samples in each
series related to a distinct parental magma through the action of crystal
fractionation or accumulation. The Site 786 chemical groups are
divided into four series and which are discussed in turn:

1. LCB series (low-Ca boninites and bronzite-andesites).

2. ICB series (Intermediate-Ca boninite and bronzite-andesites of
the 41 Ma edifice).

3. ADR series (andesites, dacites, and rhyolites).

4. Late dike series (high-Ca boninites and intermediate-Ca
boninites).
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Figure 7. Trace element concentrations of “altered” sample normalized to
“fresh” sample. Enrichment of P and Y is accompanied by enrichment of LREE
and HREE during alteration, with HFS elements (Zr, Hf, Ti, Nb, Ta) and Sr
remaining immobile. Solid diamonds = intermediate-Ca boninite (51R-1,
51-55 cm vs. 51R-1, 75-79 c¢m), open diamonds = andesite (21R-1, 20-28
cm, vs. 19R-1, 91-94 cm).

L.CB Series

Low-Ca boninites have a close spatial association with low-Ca
bronzite-andesites and are found locally interspersed with low-Ca
bronzite-andesite pillow lavas. On the MgO vs. SiO, diagram (Fig.
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3), the low-Ca bronzite-andesites appear to lie on an olivine- and
orthopyroxene-controlled liquid line of descent from the low-Ca
boninites, which would be in keeping with the olivine-orthopyroxene
dominated petrography of these two groups. However, Arculus et al.
(this volume) found that these two groups are not related by simple
fractionation vectors on Pearce-type plots of (Mg + Fe)/(Ti or K) vs.
Si/(Ti or K) (see Pearce, 1968); instead they form two subparallel
trends. In detail, the low-Ca bronzite-andesites are found in two
lithological subunits, 27 and 33 (Fig. 2). The Unit 27 samples have
similar Cr (980-1020 ppm) and Zr (25-28 ppm) to the low-Ca
boninites (which are only found in Unit 27), but are displaced to
higher SiO, (61-62 wt%). However, the bronzite-andesites of unit 27
might actually be low-Ca boninites that have experienced silicifica-
tion (60R-3, 102-108 cm, contains small quartz veins) as their
elevated SiO, content is the only major compositional feature that
distinguishes them from low-Ca boninites. Samples from Unit 33, on
the other hand, are more evolved than those from the low-Ca boninite
group, having higher SiO, (63-65 wt%) and Zr (40-46 ppm) and
lower Cr (670790 ppm), cf. low-Ca boninites (55— 60 wt%, 29-41
ppm, 810-1200 ppm, respectively). However, they are also charac-
terized by low K,O contents (< 0.3 wt%) and, since the majority of
the low-Ca bronzite-andesites show strong alteration, they may have
suffered variable potassium loss.

A further complication is the crystal-rich nature of the low-Ca
bronzite andesites which contain 20%—30% phenocrysts (dominantly
orthopyroxene + olivine + chromium-spinel). Thus geochemical
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Figure 8. Trace element co-variation diagrams to highlight the effects of alteration on Sr, Rb, Th, Pb relative to Zr (immobile).
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analyses of these samples are unlikely to represent liquid composi-
tions since their highly phyric nature effectively acts to dilute the
content of incompatible trace elements and to elevate the contents of
elements compatible with the cumulate phase(s). The low-Ca bronz-
ite-andesites have similar HREE contents to the low-Ca boninites but
with higher LREE contents (Ce/Yb: LCB 4.5-5.5, LCBA 5.5-7.0).
On most trace-element variation diagrams (Figs. 6 and 8) both groups
tend to form a coherent group. Furthermore, ratios of immobile
incompatible elements such as Th/Zr that are unaffected by crystal-
lization, are the same in both groups. The fact that the Sr/Zr ratio is
also constant indicates that Sr is behaving incompatibly, and therefore
that there is no significant role for plagioclase in the crystallizing
assemblage. This is consistent with the general absence of plagioclase
phenocrysts in the low-Ca boninites and bronzite-andesites. How-
ever, a negative Eu anomaly is present in some LCB samples (Fig.
10) which would be at odds with the petrographical evidence for
fractionation of mafic phases only. This may be explained either by
experimental error or, more probably, by the differential mobility of
divalent and trivalent REE’s during alteration. Thus the trace element
data further support major element and isotopic evidence (Pearce et
al., this volume) that the low-Ca boninites and bronzite-andesites
form a cogenetic series linked by a complex combination of fractiona-
tion and accumulation dominated by orthopyroxene, olivine, and
chromium-spinel.

ICB Series

The intermediate-Ca boninites and bronzite-andesites of the
Eocene-age edifice form the dominant lithologies of Hole 786B.
Samples from both groups are invariably crystal rich, with the
boninites having 15%-25% phenocrysts and the bronzite-andesite
having at least 15%, but in general 20%-35%, of phenocrysts.
Phenocrysts in both groups include orthopyroxene (2%-20%),
clinopyroxene (3%—10%), plagioclase (0%—15%), olivine (0%—-5%),
plus traces of chromium spinel. Arculus et al. (this volume) used
Pearce-type major element diagrams to investigate the relationships
within and between these two groups. They show that the trend of the
intermediate-Ca boninite data leading to the field of intermediate-Ca
bronzite-andesite analyses is controlled largely by crystallization
and/or accumulation of olivine and pyroxene, whereas the variation
within the bronzite-andesite samples is the result of crystallization/ac-
cumulation of plagioclase and pyroxene. Plagioclase involvement in
the bronzite-andesite is reflected in the wide variation in St/Zr ratio
(3 to 6). Four samples, all from subunit 13, are noticeably displaced
to high Sr and low Zr on Figure 8A consistent with petrographic
evidence for plagioclase accumulation. The bronzite-andesites show
a wide compositional range for many trace-elements (e.g.. Fig. 6). In
the case of HFS elements such as Zr, this encompasses the range
displayed by the intermediate-Ca boninites; for example, the
boninites contain 28-41 ppm Zr (average 35 ppm) and the bronzite-
andesites contain 29-49 ppm Zr (average 40 ppm). Because the
bronzite-andesites are more evolved, they might be expected to have
higher Zr contents. This can be illustrated further with the REE data
(Fig. 10). The intermediate-Ca bronzite-andesites are more LREE
enriched than the boninites (Ce/Yb: ICBA 4-8, ICB 3-5) but tend to
have lower Yb contents (0.5-0.8 ppm vs. 0.7-1.1 ppm). Thus the
apparent dilution of incompatible element abundances in the por-
phyritic bronzite andesites emphasizes the importance of crystal
accumulation processes in their evolution. From petrographic obser-
vations and mineral composition data, van der Laan et al. (this
volume) suggest that a range of melt compositions had been involved
in the evolution of the ICB group and that the presence of a magma
chamber was required to allow repeated replenishment by more
primitive magmas during the crystallization process. The wide
variability in the trace element abundances of the ICB series support
their model.



ADR Series

The andesite, dacite, and rhyolite groups lie on a pyroxene and
plagioclase control line on the MgO-Si0O, diagram (Fig. 3), and the
trace-element variations observed between these groups are consis-
tent with such a fractionation scheme. Zr contents show an increase
between the groups from andesites (40-60 ppm) through dacites
(55-75 ppm) to rhyolites (70-80 ppm). The involvement of
plagioclase in the crystallizing mineral assemblage is confirmed by
the progressive decrease in Sr contents from andesite to dacite to
rhyolite, and by the presence of pronounced negative Eu-anomalies
in the dacite and rhyolite units (Fig. 10). The andesites and dacites
generally contain abundant (3%-20%) plagioclase phenocrysts, and
several of the less evolved andesite samples (e.g., 37R-3, 4549 ¢m,
and 38R-1, 76-83 cm) have high Sr contents (> 250 ppm) at low Zr
contents (< 45 ppm) as a result of plagioclase accumulation (see Fig.
8A). Magnetite phenocrysts are found in all three groups, and the
effects of magnetite fractionation can be seen in the progressive
decrease in V content from andesite (190-270 ppm) through dacite
(120-220 ppm) to rhyolite (< 50 ppm) and in the decrease in TiO,
contents between the dacite and rhyolite groups (Fig. 6). The
similarity of chondrite-normalized REE patterns between these three
evolved groups also supports a simple cogenetic relationship (Fig.
10). There is a large variation in REE abundances within each group
although this is primarily an alteration feature. The significantly
greater HREE abundances for the rhyolite group, compared with the
andesite and dacile groups, is consistent with the rhyolite group being
the most evolved of all the lithologic groups.

The differentiated nature of the ADR series is illustrated by their
higher HREE abundances relative to the bronzite-andesite or boninite
groups. Although the andesites potentially could have been derived
from a high-Ca boninite precursor via fractional crystallization of an
olivine + pyroxene assemblage (see Fig. 3), several factors preclude
such a relationship; (1) the age difference between the groups: the
ADR sequence forms part of the 41 Ma Eocene edifice whereas the
high-Ca boninites occur exclusively as late-stage 35 Ma intrusives,
(2) the significant trace-element (e.g.. Th/Zr, Nb/Zr) and isotopic
differences (Pearce et al., this volume) between the ADR series and
the high-Ca boninites. Instead, it is more likely that they are related
to the intermediate-Ca bronzite andesites with which they share many
trace-element and isotopic characteristics, and that the SiO,-poor
andesite samples have undergone crystal accumulation. The major
element Pearce-type plots used in Arculus et al. (this volume) il-
lustrate the plausibility of a simple crystal fractionation relationship
between the intermediate-Ca bronzite-andesites and the andesites.
van der Laan et al. (this volume) envisage a scheme where the erupted
andesites, dacites, and rhyolites represent filter-pressed extracts from
the intermediate-Ca bronzite-andesites.

Late Dike Series

The younger igneous episode(s) produced only primitive boninitic
magmas of high-Ca and intermediate-Ca affinities. These form a
geochemically distinct group and, notwithstanding the age differen-
ces, do not appear to be cogenetic with any of the chemical groups of
the main 41 Ma edifice-building volcanism. Pearce et al. (this volume)
emphasize the distinctive isotopic composition of these late dikes, and
important trace-element differences also exist between them and the
Eocene-age magmatism. The late dikes have the lowest contents of
Th, and of Nb and Ta, of all the Site 786 chemical groups and they
are also characterized by the lowest Ta/Zr ratios, The late dikes are
displaced to higher Y and HREE contents relative to the other boninite
groups and are characterized by low Zr/Y (3—4) relative to the ICB
and LCB series (Zr/Y 4-8). In spite of the documented susceptibility
of Y and the HREE to mobility during alteration in these rocks and
the fact that one or two samples (e.g.. 29R-1, 63—-66 cm) have clearly
experienced the “P-Y enrichment” style of alteration, most of the
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late-dike samples do not show the LREE enrichment which is also
characteristic of the ICB series of the main edifice. This indicates not
only that the parent magma(s) to the late dikes was compositionally
distinct from the Eocene ICB parental magma, but that it is also
probable that the elevated levels of Y and the HREE are a primary
feature of the late-stage intrusive magmas. van der Laan et al. (this
volume) note that the mineral assemblages of these boninites are
unique to each dike or sill. This suggests that the magmas did not
experience magma chamber processes but were produced as in-
dividual melt batches and directly emplaced as primitive intrusives.

ORIGIN OF PARENTAL MAGMAS
Mantle Source Depletion and Degree of Melting

From the previous section, it appears that all of the evolved
chemical groups at Site 786 can be related by fractionation or ac-
cumulation of the observed mineral phases back to the three boninite
groups, which represent distinct parental magmas. A similar con-
clusion is reached by Arculus et al. (this volume) from the major
element data. The different contents of MgO, CaO, TiO,, Ni, and Cr
between the three boninite groups, at a given SiO, content, cannot be
explained by crystal fractionation processes and instead are a conse-
quence of variations in the composition and/or degree of partial
melting of their source(s). This view is also confirmed by the isotopic
differences highlighted by Pearce et al. (this volume). The underlying
petrogenetic causes that gave rise to the three distinct parent magmas
in the Site 786 region of the Izu-Bonin forearc must now be addressed,
i.e., whether they can be derived either by variable degrees of melting
of a single mantle source or from several compositionally distinct
source regions, and also what inferences can be made about the nature
of the source mantle and the melting regime.

The nature and degree of depletion of the mantle source(s) in-
volved in the boninite generation can be investigated by plotting a
compatible element (e.g., Cr) against an incompatible element (e.g.,
Ti or Y) that is not added to the source in the ‘subduction’ component.
Figures 11A and B show the variation of Cr with TiO, and Y for the
two boninite/bronzite-andesite series and the late boninite dikes.
Vectors indicating the effects of 20% crystallization of olivine, or-
thopyroxene, clinopyroxene, plagioclase, and 0.1% crystallization of
Cr-spinel are also shown. The ICB series and late-dike group both
show a typical fractionation trend of rapidly decreasing Cr as Y and
TiO, contents increase, consistent with crystallization of olivine +
pyroxene £chromium-spinel. The trends are subparallel but with the
late dikes displaced to higher Y and TiO, relative to the ICB series.
The effects of orthopyroxene-spinel +olivine accumulation in the
crystal-rich low-Ca bronzite-andesites are clearly demonstrated in
Figure 11, the LCB series forming arelatively shallow trend with only
minor decreases in Cr with increasing Y and TiO, contents. The
low-Ca boninites have similar TiO, contents to the lower-TiO, group
of late dikes but lower TiO, than the more primitive ICB series
magmas. The wide range in Y contents in the low-Ca boninites is
partly an analytical artifact of the XRF technique at these low abun-
dances: ICP-MS analyses of these samples give a narrow range of 7.0
to 7.4 ppm Y (cf. 4-8 ppm Y by XRF) which is similar to the Y content
of the late-dike parental magma.

The low Y and TiO, contents of the Site 786 boninites (< 10
ppm and < 0.4 wt%) relative to arc-related volcanics (> 10 ppm
and > 0.5 wt%) and MORB (> 20 ppm and > 0.9 wt%) are apparent
from Figure 11. Because fractional crystallization vectors are
subvertical on these projections, this difference must be attributed
to a number of possible source related features: (1) greater extent
of source depletion, (2) larger degrees of melting, and (3) presence
of residual Y- and Ti-bearing phases during partial melting
(Pearce, 1982). However, the very low Ti/Sc (35-70) and Ti/V
(5-12) ratios of the Site 786 boninites relative to MORB (Ti/Sc >
100; Ti/V > 18) argue against the presence of residual
clinopyroxene, garnet and amphibole (the most likely Y- and
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Ti-bearing mantle phases) during melting of aMORB source mantle
to explain the low Y and Ti contents of the boninites because Sc and
V are retained preferentially with respect to Ti by these minerals
(Hickey and Frey, 1982). Moreover, the high overall degree of melting
involved and the mineralogy of the forearc peridotites similarly
indicate that no residual Y- and Ti-bearing phases were present.

Melting trends for a MORB mantle source (Cr = 2600 ppm, TiO,
=0.18 wt%, Y = 4 ppm) are superimposed on this figure using the
equations, distribution coefficients, and parameters summarized in
Parkinson et al. (this volume). The equilibrium melting trend clearly
fails to explain the depletion and Y observed in the boninites as total
melting would be required to reduce Y and Ti to the abundances
observed in the most depleted samples. As Parkinson et al. (this
volume) demonstrate using peridotite data, fractional melting (or
incremental melting with very small increments) best approximates
the melting process. On these diagrams, the fractional melting trend
has been plotted together with the composition of pooled melts
derived from 10% melting from mantle that has undergone varying
degrees of depletion. On this basis, both diagrams indicate a degree
of source depletion in the order of 15%—-20%. This value, however,
is dependent on the distribution coefficients chosen and also on the
degree of melting: smaller degrees of melting require less depleted
sources. Nonetheless, significant variations in these two parameters
are needed to affect greatly the extent of source depletion,

Differences in the CaO content (for similar wt% MgQ) in primitive
rocks can give an indication of the fertility or clinopyroxene content
of the mantle source since it reflects the ratio of clinopyroxene to
olivine + orthopyroxene entering the liquid during partial melting of
a lherzolitic source. The low CaO content of the boninites therefore
lends support to a depleted mantle source. Moreover, the presence of
very Cr-rich spinels in the boninites (Cr# 65-84, van der Laan et al.,
this volume; cf. MORB Cr# < 60) is further evidence of an origin
from a source more refractory than that for MORB. This conclusion
agrees with the consensus view (see papers in Crawford, 1989) that
boninites are generated from a peridotite source that has already
experienced one or more episodes of partial melting, Pearce et al. (this
volume) use major element data and arguments based on experimental
petrology in an attempt to place further constraints on the degrees of
melting involved in boninite genesis at Site 786 and, together with
the above results on source depletion, conclude that: (1) the low-Ca
boninites were probably derived froma low (<10%) degree of melting
of the most depleted (cpx-poor lherzolite) mantle source (15%—-20%
depletion of a MORB source), (2) intermediate-Ca boninites were
probably derived from higher degrees of melting of a comparable or
less depleted source, and (3) the high-Ca boninites were probably
produced by higher degrees of melting of the least depleted source
(10%-15% depletion of a MORB source). Note that the trace element
data are in broad agreement with these conclusions.

Mantle Source Enrichments

The general trace element characteristics of the Site 786 volcanics
can be illustrated by plotting their compositions normalized to an
N-MORB-type composition (Fig. 12). Elements are arranged from
right to left on this diagram in order of increasing incompatibility, but
with elements mobile in aqueous fluids (Sr, K, Rb, Ba) on the left
hand side (Pearce, 1983). The Site 786 boninites contain very low
abundances of TiO,, Y, and HREE, compared to N-type MORB,
which reflects their origin from a mantle source already depleted by
at least one episode of basaltic melt extraction (as discussed above).
However, the boninites are variably enriched, relative to these ele-
ments, in LIL elements (Sr, Rb, Ba, and Th), LREE’s (La and Ce) and
selected HFS elements (Zr and Hf), and these enrichments are inter-
preted as one or more components added to the depleted mantle source
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prior to or during boninite genesis. We now need to investigate the
nature and origin of these enriched components.

The most striking feature of the trace-element patterns in Figure
12 is the strong enrichment of LIL elements relative to the REE and
HFS elements that affects all of the Site 786 chemical groups. All the
volcanics have absolute abundances of the LIL elements which are
generally greater than in MORB. The degree of LIL element enrich-
ment can be seen using the Th/Tb vs. Ta/Yb diagram of Pearce (1982)
(Fig. 13A). The normalizing factor used (Yb) is effective in largely
eliminating variations due to partial melting and fractional crystal-
lization while having minimal participation in the various enrichment
processes. Th is used as a representative LIL element because of its
relatively immobile behaviour during the alteration of the Site 786
volcanics compared to the other LIL elements. Any melt-related
enrichment processes will affect Th and Ta equally because of their
similar Kd’s during mantle melting, and thus will lie within the
“within-plate” trend on Fig. 13A. However, the Site 786 volcanics are
all displaced above this “within-plate” trend to higher Th/Yb. Th/Yb
is higher in the LCB (0.3-0.4) compared to the HCB and ICB
(0.15-0.4). This enrichment of LIL elements has long been recog-
nized as an important feature of subduction-related magmatism (e.g.,
Gill, 1981; Pearce, 1982). Experimental studies (Tatsumi et al., 1986)
have demonstrated the enhanced mobility of LIL elements in hydrous
fluids compared with REE and HFS elements, and thus the LIL
enrichment is generally attributed to the presence of a fluid com-
ponent, derived from dehydration of the descending slab, that
metasomatized the source (e.g., Gill, 1981; Arculus and Powell,
1986).

The three boninite groups have broadly dish-shaped chondrite-
normalized REE patterns (Fig. 10), with decreasing abundances from
the HREE’s to the MREE’s (from Lu to Sm), and progressively
increasing abundances of the LREE from the MREE'’s (from Sm to
La). These patterns are incompatible with either calculated variations
in crystal fractionation or degrees of partial melting from a simple
spinel lherzolite or harzburgite source. Because the bulk Kd’s of the
REE’s in a spinel Iherzolite decrease from Lu to La, increased degrees
of mantle melting or melting of an increasingly more refractory
mantle source will result in a lower La/Lu ratio in the derived melts.
The REE patterns for Hole 786B, however, show the reverse of this:
the high-Ca boninites have La/Yb < 2 and the LCB have La/Yb > 2.
This may be the result of either magma mixing, for which no enriched
end-member has been found at Site 786, or enrichment in the mantle
source prior to or at the onset of melting. Although LREE enrichment
in primitive arc-tholeiites has been ascribed to the recycling of pelagic
sediment in to the mantle-wedge from the down-going slab (e.g., Hole
et al., 1984), Pearce et al. (this volume) reject the involvement of
pelagic sediment in the genesis of the Site 786 boninites on the basis
of their Sr and Pb isotope ratios.

A notable trace element feature of all three boninite groups at Site
786 is their elevated Zr and Hf contents relative to Ti, Y, and M-HREE
(Sm to Yb). The boninites have lower Sm/Zr and Ti/Zr ratios than
MORB. In general, this enrichment is most marked in the LCB group
(average Zr/Y = 4.7, average Ti/Zr = 41, average Zr/Sm = 43) and
least apparent in the late-dike series HCB group (average Z1r/Y = 3.5,
average Ti/Zr = 57, average Zr/Sm = 40). There is a weak, positive
correlation between Zr/Yb and Ta/YDb for the three boninite groups
(Fig. 13B), which suggests that Ta (and Nb) are also carried with the
Zr- and Hf-rich component. Note, however, that Zr/Yb and Ta/Yb are
highly variable in the late dike suite. This may reflect the mobility of
Yb during alteration of these rocks and errors in the determination of
Ta at these low abundances (0.01-0.05 ppm), rather than being a
primary magmatic feature. Ta/Yb in the boninites is similar to, or less
than, N-type MORB, and increases progressively from the late dikes
(0.015-0.04), through the intermediate-Ca boninites (0.035-0.05) to
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Figure 12. N-type MORB normalized, multi-element patterns (after Pearce, 1983) showing ubiquitous large-ion-lithophile element, light rare-earth element, and

Zr and Hf enrichment, and low abundance of Ti, Y, HREE relative to MORB.

the low-Ca boninites (0.055-0.075), despite the major and trace
element evidence outlined earlier which suggested that the low-Ca
boninite source was more depleted than that of the high-Ca boninites.
Thus the origin of the differences in Ta/Yb between the three boninite
groups may be a complex combination of variable source depletion,
differences in the degree of melting, and the addition of a Ta- and
Zr-rich component.

Figure 13B shows a plot of Ta/Yb vs. Ce/Yb, on which the Site
786 data trend toward higher Ta/Yb with increasing Ce/Yb. Such a
projection has been used by Pearce (1982) to discriminate between
hydrous subduction zone components (only affecting Ce/Yb) and
silicate melt “within-plate” components, such as ocean island basalts
(affecting both Ta/Yb and Ce/Yb). The data on Figure 13B clearly
have a “within-plate” trend although they are displaced toward higher
Ce/Yb ratios compared with the mantle array. The relationship be-
tween LREE enrichment and Zr, Hf enrichment in the Site 786
boninites can be further assessed using a diagram of Zr/Sm vs, La/Sm
(Fig. 14). The weak, but positive, correlation between Zr/Sm and
La/Sm for the boninites suggests that the enriched component respon-
sible contains both Zr, Hf, and LREE. The Zr/Sm ratio in MORB and
OIB is 25-28 (Sun and McDonough, 1989) but in the Site 786
boninites, the Zr/Sm ratio is 32-70.

This selective enrichment in Zr and Hf has been recognized in
many boninite volcanic suites and ophiolitic peridotites (Menzies,
1984; Frey et al., 1985; Frey, 1984; Hickey and Frey, 1982; Coish et
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al., 1982; Sun and Nesbitt, 1978; Reagan and Meijer, 1984; Cameron,
1985; Hickey-Vargas, 1989; Murton, 1989; Rogers et al., 1989).
However, it is not a feature of arc volcanics in general (Pearce, 1983;
White and Patchett, 1984). The three main possibilities to develop a
LREE-, Zr-rich signature in the Site 786 volcanics, given their forearc
setting, are: (1) partial melting processes in the mantle wedge, (2) a
subduction component, (3) an asthenospheric component. Although
many of the above authors generally attribute the LREE and Zr
enrichments to metasomatism of the lithosphere by the introduction
of a LREE, Zr, Hf enriched melt, they do not address the important
fractionation of Zr from Sm. This fractionation is significant since
both elements usually exhibit similar petrogenetic behavior (hence
their adjacent positions on multi-element patterns: e.g., Pearce, 1983;
Sun and McDonough, 1989).

If Sm/Zr and Ti/Zr are to be fractionated during partial melting,
then a mineral phase capable of retaining Ti and Sm relative to Zr
must be residual throughout the melting episode. The most promising
candidate for this phase is amphibole, as minor phases such as zircon
and REE-phases are soluble in basic melts at mantle temperatures
(Watson and Harrison, 1984). However this would not be consistent
with the scarcity of amphibole in the residual peridotites recovered
from the Izu-Bonin forearc during Leg 125 (Ishii et al., this volume).

Unlike the LIL-elements, which are mobile in both hydrous fluids
and silicate melts, the HFS-elements are only mobilized by fluorine-
rich fluids (for which there is no evidence at Site 786) and silicate
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Figure 14. Zr/Sm vs. La/Sm showing the positive relationship between selec-
tive high field strength element enrichment (which is melt controlled) and the
light rare earth element enrichment (which can be either melt or volatile fluid
controlled). Dashed lines denote chondrite ratios (Sun and McDonough, 1989).

melts (Schneider and Eggler, 1986). Therefore, if the LREE and Zr
enrichment is attributed to a subduction component, then this must be
in the form of a silicate melt. However, a total melt from the downgo-
ing oceanic lithospheric slab is precluded as a possible source for the
enrichment because ocean floor basalts have near chondritic values
for Zr/Sm and Hf/Sm (White and Patchett, 1984). Moreover, small
degrees of melting of a lherzolitic source are unable to fractionate
substantially Zr or Hf from Sm. Instead, melting of hydrated ocean
crust in amphibolite facies, in which amphibole remains in the
residue, would release a suitable melt component with elevated Zr/Sm
and Hf/Sm into the overlying mantle wedge. This model is dealt with
in more detail in Pearce et al., (this volume). However, Pearce et al.,
(this volume) show that there is a positive correlation between Sm/Zr
(or Ti/Zr) and eNd. The HCB and ICB late dikes have higher Ti/Zr,
Sm/Zr and eNd (+7.8 to +7.9) than LCB and ICB of the ca. 41 Ma
edifice (eNd +6.2 to +6.8), which indicates that the Zr-rich component
has lower eNd (< +6) than typical MORB. Therefore, instead of
melting normal ocean crust, fusion of volcanogenic sediment (derived
from OIB-like lavas) or of transitional oceanic crust is required.

A third option for the origin of this enrichment style is by
metasomatism of depleted mantle by very small melt fractions from
an OIB-like source (Sun and Nesbitt, 1978; Jenner, 1981; Hickey and
Frey, 1982; Cameron et al., 1983; Nelson et al., 1984; Murton, 1989;
Rogers et al., 1989; Kostopoulos and Murton, in press). Explanations
for such a component include: (1) melting of pre-existing mantle
heterogeneities (i.e., the plum pudding model of Morris and Hart,
1983); and (2) migration of small-degree melt fractions from the
asthenosphere (Frey and Green, 1974; Zindler et al., 1984). Although
small degree melt fractions of an OIB-like source would have the
requisite isotope characteristics, viz. low eNd, and as well as elevated
Zr/Yb and Ta/Yb, they cannot simply explain the unusual Zr/Sm
fractionation required in the enriched component. One possible solu-
tion might come from the interaction between an asthenospheric melt
and a mantle wedge containing amphibole-bearing peridotite. The
chromatographic effect described by Navon and Stolper (1987), and
recently applied to the genesis of boninites by Rogers et al. (1989)
and Stern et al. (1991), might allow equilibration of the percolating
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Figure 15. MORB-normalized trace element patterns for samples from other
parts of the Western Pacific Eocene boninite province showing the comparison
with Site 786 volcanics.

melt with amphibole such that it acquires the high Zr/Sm and Zr/Ti
characteristics. Alternatively, a pre-existing OIB-like enrichment may
exist in the mantle wedge. Amphibole is stabilized within the mantle
wedge as a result of hydration by fluids released from the subducting
slab. Melting of this material, in the presence of residual amphibole,
will release the OIB-like component and fractionate Zr from Sm.
These melts could migrate to shallower lithospheric levels and be
added to the boninite source region. What is clear from this discus-
sion, therefore, is the problematic nature of the HFS-element enriched
component. Only further, detailed studies of boninites will reveal its
true nature and provide tighter constraints on its origin.

and Evans, 1987).

The compositional variability of these lavas (Stern et al., 1991;
Pearce et al., this volume) demonstrates that there were considerable
differences throughout the Western Pacific region both in the extent
of source depletion and in the degree of partial melting involved in
boninite generation. Representative trace element analyses for some
of these boninite suites are plotted on a MORB-normalized diagram
in Figure 15. Like the Site 786 boninites, all of the Western Pacific
boninite suites display strong LIL-enrichments that have been inter-
preted as metasomatism of the sub-forearc mantle by hydrous fluids
derived from the subducting Pacific Plate (Wood et al,, 1981;
Bougaultet al., 1981; Sheraskin, 1981; Hickey and Frey, 1981). These
boninites have also been variably affected by Zr, Hf enrichment, and
some of the regional differences in trace element enrichment are
summarized on a Zr/Sm vs. La/Sm diagram (Fig. 16). Also included
on Figure 16 is a field for the active Mariana arc basalts and
shoshonites (Lin et al., 1989; Woodhead, 1989). These have
chondritic or lower Zr/Sm ratios and a wide range of LREE enrich-
ment (La/Yb 1.5-6.5). Samples from Chichijima (Bonin Islands), the
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Figure 16. Variations in Zr/Sm vs. La/Sm for the Western Pacific Eocene boninite suites compared to the Site 786 boninites.
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Mariana Trench dredges and, to a lesser extent, Guam, show a similar
enrichment pattern to the Site 786 samples, with LREE-enriched
patterns (La/Sm > 2) and positive Zr anomalies (Zr/Sm > 30).
Boninites and bronzite-andesites from Site 458 are distinctive, rela-
tive to the other Western Pacific boninites, in having elevated Zr/Sm
(40 to 50) but with LREE depleted patterns (La/Sm 1.3-1.4). In
contrast, the Site 458 tholeiitic andesites are similar to boninites from
Saipan and Palau in having values of Zr/Sm and La/Sm similar to or
less than chondritic ratios, and plot close to N-Type MORB. The
Zambales ophiolite lithologies are strongly LREE depleted (La/Sm <
1), but some samples do show arelative enrichment of Zr and Hf over
Sm and Ti (Figure 15).

How is it possible to have sources of different composition, that
yield melts simultaneously or within a short time interval within the
Izu-Bonin and Mariana forearcs? If we assume that the intraoceanic
mantle-wedge beneath both the Izu-Bonin and Mariana forearc
regions was produced by spreading at an oceanic ridge, then the
lithospheric mantle in the wedge should preserve a vertical composi-
tional zonation, with the most depleted peridotites lying near the top
35 km), and mantle fertility increasing with increasing depth (Scott
and Stevenson, 1989: Kostopoulos and Murton, in press). Simul-
taneous melting at different depths within this vertically zoned litho-
spheric mantle-wedge should yield the type of compositional
variation encountered, for example, at Sites 458 and 786. Melting
experiments demonstrate that shallow melting (35 km) of spinel-
harzburgite under hydrous conditions should yield incompatible
trace-element depleted melt compositions (Duncan and Green, 1987,
Tatsumi, 1982) similar to the LCB series at Site 786 and the boninites
at Site 458. Hydrous melts from increasing depths in a vertically
zoned mantle, could yield a range in melt compositions similar to the
variation observed. The Site 786 LCB series and the Site 458 bronzite
andesites could originate from the shallowest depths, the parental
melts for the Site 786 ICB series originating from intermediate depths,
and the parental melts for the Site 458 tholeiitic andesites originating
from the greatest depths. We conclude from this that the depth of
melting in the Western Pacific forearc lithospheric mantle-wedge
spanned a large depth range. The predominance of depleted primary
melts in the Izu-Bonin forearc indicates that there was a high geother-
mal gradient at the onset of subduction; in comparison, the greater
range and less depleted primary melt compositions in the Mariana
forearc indicates a generally lower geothermal gradient at this time.

Differences in enrichment compositions between Site 458 and Site
786, are the result of genuine variations either in the type of, or in the
transport mechanisms available to, the enriched components. The high
La/Sm with low Zr/Sm, characteristic of the Mariana active arc, is
evidence of a dominantly fluid controlled process, which also elevated
the LIL-elements in these rocks. However, the HFS-element enrichment,
which is concomitant with high La/Sm at Site 786, and present to a lesser
extent in the Site 458 boninites and bronzite andesites, indicates the
predominance of a silicate melt controlled process.

If the HFS-element enrichment is related to a metasomatic event
before subduction initiated, then it must have been concentrated
within the shallow mantle beneath the Izu-Bonin and Mariana forearc
compared to the deeper mantle beneath the active arc. Alternatively,
if the HFS-element enriched component originates from partial melts
of amphibolitized oceanic basalt during the onset of subduction, then
the variations in Zr/Sm can be interpreted in terms of the amount of
melt from the downgoing slab, the extent of depletion of the source,
and the P-T conditions prevailing during subduction, In either case
the silicate melt dominated enrichment in much of the Izu-Bonin and
Mariana forearcs, indicates a high geothermal gradient for the mantle-
wedge during the onset of subduction.

TRACE-ELEMENT GEOCHEMISTRY: SITE 786

SUMMARY

The Izu-Bonin forearc basement, sampled at Site 786, contains
Eocene-age volcanic rocks that include part of the oceanic crust and
a volcanic edifice built upon it. It is unlike either the MORB-like
Philippine Sea Plate crust (generated at a mid-ocean ridge), or the
Mariana active arc (represented by mature arc volcanics), but is
instead of boninitic composition.

A remarkably diverse spectrum of rock compositions was recovered
at Site 786, ranging from boninites and bronzite-andesites, through
andesites and dacites to rhyolites. Trace element data back-up the clas-
sification scheme of Arculus etal. (this volume) for the Site 786 volcanics.
The lithological groups can be gathered into three cogenetic series; (1)
LCB series (low-Ca boninites and bronzite-andesites), (2) ICB and
ADR series (intermediate-Ca boninites and bronzite-andesites, an-
desites, dacites, and rhyolites) and, (3) late dike series (high-Ca and
intermediate-Ca boninite dikes). Within each series, samples can be
related to a distinct parental magma via a complex combination of
crystal fractionation and accumulation, although for the late dike
series a wider range in parental magmas is involved.

The mobility of many elements during alteration, especially the alkali
and alkali-earth elements, Pb, U, REE’s, Y, and P, have conspired to cloud
any detailed petrogenetic interpretations. However, the following con-
clusions have been reached. The boninites have very low abundances of
Ti, Y, and HREE relative to MORB, consistent with an origin from a
depleted source, and consideration of Cr-Y-Ti melting systematics and
major element data indicates that the low-Ca boninites came from a
source more depleted than the high-Ca boninite source. The boninites
show enrichment in LIL elements, LREE and selected HFS (Zr, Hf)
relative to Ti, Y, HREE which reflect the addition of a “subduction”
component to the boninite source region. The distinctive enrichment of
Zr is a feature not found in typical arc-related volcanics, but it has been
recognized in several other boninite suites. The fractionation of Zr from
Sm and Ti suggests an important role for amphibole in any petrogenetic
model to explain the genesis of these boninites. Possibilities include the
addition of a melt derived from subducted amphibolitized ocean crust
and the integration of an OIB-like melt with amphibole stabilized in the
mantle wedge.

The forearc basement was generated from shallow melting of a
variably depleted but hydrous mantle-wedge, which was enriched
prior to melting by hydrous fluid and silicate melt components of
uncertain origin. The presence of HFS-element enriched boninites at
Site 786 is evidence of high geothermal gradients within the Izu-
Bonin forearc region during the onset of subduction in the early-mid-
dle Eocene. However, the existence of Oligocene-age boninitic
volcanism at Site 786 refutes the idea that boninite genesis is exclusive
to the onset of subduction.
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