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Abstract

Melting of mafic veins in a marble-cake mantle may play an important role in generating isotopic and chemical
heterogeneities in mid-ocean ridge and ocean island basalts. Mafic veins have lower solidi than mantle peridotite and
will be preferentially sampled during partial melting, particularly at low melt fractions. However, the abundance of
mafic components in the mantle or their role during melt generation has been difficult to quantify because most isotopic
systems (e.g. Rb-Sr, Sm—Nd, U-Th-Pb) are not diagnostic of the presence or absence of mafic components. The
compatible behavior of Os during mantle melting combined with the incompatible behavior of Re makes the Re-Os
isotopic system uniquely well suited for distinguishing mafic and ultramafic contributions to melt generation. Almost all
peridotites have low '370s/'880s (e.g. chondritic to subchondritic). In contrast, mafic rocks have much higher Re/Os
than peridotites, which results in the rapid ingrowth of '¥70Os and the development of large isotopic contrasts between
mafic and ultramafic components within the mantle. In this paper, we show that Os-isotopes in Hawaiian post-
erosional lavas extend to more radiogenic values than are found in Hawaiian lherzolites, abyssal peridotites or most
other ultramafic samples. Os-isotopes are not correlated with other isotopic tracers, in contrast with plume-derived
Hawaiian shield-stage lavas. The lack of correlation between Os-isotopes and Sr-, Nd- or Pb-isotopes and the more
‘depleted’ or MOR B-like Sr—Nd isotopic signature of the post-erosional lavas relative to other Hawaiian lavas precludes
significant melt input from the Hawaiian plume. However, Os-isotopes are correlated with major and trace elements.
Lavas with more radiogenic Os-isotope compositions have higher silica and alumina and lower calcium and
incompatible trace element abundances than lavas with less radiogenic Os-isotopes. These correlations result from
mixing of pyroxenite- and peridotite-derived melts, both likely derived from the ~ 100 Ma Pacific lithospheric
mantle. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

‘ Melting of mafic veins in the mantle is a poten-
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gites) have lower solidi than peridotite [6,7], low-
degree partial melts will preferentially sample
such components. Previous studies have suggested
that melting of garnet pyroxenite may in part ex-
plain the ‘garnet signature’ inferred from trace
element ratios and U-Th isotopic disequilibrium
observed in many mid-ocean ridge basalts
(MORB) and ocean island basalts (OIB) [7-9].
However, the chemical and isotopic signatures
of pyroxenite melting at the relatively high de-
grees of melting responsible for the generation
of MORB are likely to be subtle, because pyrox-
enite-derived melts will be greatly diluted by peri-
dotite-derived melts.

In contrast, highly alkalic, incompatible ele-
ment-enriched basalts found in many ocean island
volcanic suites are generated by much smaller ex-
tents of partial melting than MORB [10] and may
possess a more pronounced signature of pyroxen-
ite melting. Os-isotopes are particularly sensitive
to pyroxenite melting because of the high Re/Os
and '870s/!%80s ratios present in most pyroxenites
[11-13]. This contrasts with the unradiogenic
1370s/'%80s (< 0.130) found in almost all perido-
tites (e.g. [14-17]). We have examined the Os-iso-
tope systematics of Hawaiian post-erosional lavas
from Kauai and Oahu to evaluate the role of
pyroxenite melting in their generation. Highly ra-
diogenic Os-isotopes in these lavas and correla-
tions between Os-isotopes and major elements
suggest that a substantial fraction of post-erosion-
al melts derives from mafic rather than peridotitic
mantle components.

2. Post-erosional lavas

Hawaiian post-erosional or rejuvenated-stage
lavas have erupted on several volcanoes after a
period of up to 2.5 Myr quiescence following ces-
sation of shield- and post-shield-stage volcanism
[18]. Similar rejuvenated-stage lavas are found on
many other ocean islands, although the age gap
between the shield-stage volcanism and rejuven-
ated-stage volcanism in some instances is much
longer than observed for the Hawaiian Islands
[19]. At Hawaii, these lavas are typically more
silica-undersaturated and incompatible element-
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Fig. 1. Sr—Nd and Sr—Pb correlations in Hawaiian shield-
stage and post-erosional lavas. The post-erosional lavas are
isotopically distinct from shield lavas, and plot closer to the
field for East Pacific Rise MORB. Lherzolite and pyroxenite
xenoliths have Sr-Nd-Pb isotopes similar to post-erosional
lavas. Fields are from numerous literature sources, available
from the GEOROC database (http://georoc.mpch-main-
z.gwdg.de). Separate fields for pyroxenite and lherzolite xeno-
liths are not shown because the Sr-, Nd- and Pb-isotope
compositions of pyroxenite and lherzolite xenoliths com-
pletely overlap.

enriched than shield- and post-shield-stage lavas,
and have distinctly more ‘depleted” or MORB-like
Sr- and Nd-isotopes than their earlier shield coun-
terparts (Fig. 1) [20-22]. Lavas compositionally
and isotopically similar to the post-erosional lavas
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have also been found north of Oahu along the
Hawaiian Arch, a flexural arch that results from
the lithospheric loading of the Hawaiian Islands
[23-25].

The origin of the post-erosional and North
Arch lavas remains one of the more puzzling
questions regarding Hawaiian volcanism. The de-
pleted isotopic character of post-erosional lavas,
the age gap between them and earlier shield lavas,
and trace element evidence for the presence of
hydrous phases in the source of some post-ero-
sional lava suites (e.g. the Honolulu Volcanic Ser-
ies, or HV) [26,27], suggest they may form by
partial melting of lithospheric mantle heated
from below by the Hawaiian plume [28,29]. Melt-
ing of entrained asthenosphere at the plume pe-
riphery might also explain the age and spatial
distribution of the post-erosional and North
Arch lavas and the isotopic differences between
them and earlier (presumably plume-derived)
shield-stage lavas [30]. Ribe and Christensen [31]
recently proposed that post-erosional lavas derive
from a secondary melting region within the as-
cending Hawaiian plume that results from the lat-
eral spreading of buoyant plume material beneath
the lithosphere. Although this model can account
for both the time gap between shield-stage and
post-erosional volcanism and the relative volumes
of erupted material, it does not explain the iso-
topic differences between shield- and post-erosion-
al lavas or the origin of the North Arch lavas.

3. Samples and results

Isotopic data for post-erosional lavas from
Oahu and Kauai and for pyroxenite and lherzolite
xenoliths from Oahu are presented in Table 1. Sr-,
Nd- and Pb-isotope analyses of acid-leached sam-
ples were obtained using procedures similar to
those outlined in [32]. Re and Os were measured
by negative thermal ionization mass spectrometry.
For the lavas and pyroxenite xenoliths, spike—
sample equilibration and Re and Os separation
and purification were achieved using a modified
Carius tube technique [33], and extraction of Os
and Re via solvent extraction [34] and anion resin
column exchange [35] techniques. The spinel lher-

zolite xenoliths, however, were measured as part
of an earlier project, at which time Os was pre-
concentrated via NiS fusion [36]. High Re blank
associated with the NiS fusion technique pre-
cludes direct measurement of Re on the same
sample aliquots for which Os was measured. Re
concentrations are therefore not reported for the
lherzolite xenoliths.

We selected samples from the Honolulu Vol-
canics (HV), Oahu and the Koloa Volcanics
(KV), Kauai that span a wide range in major
and trace element compositions (M.G., unpub-
lished data; [37]). The samples analyzed are all
near-primitive lavas with high MgO (>10.7
wt%) and Ni (>220 ppm) content but with
widely varying SiO, content (36.7-45.4 wt%).
Most HV lavas are more silica-undersaturated
than the KV lavas, and have greater enrichments
in incompatible trace elements. These differences
reflect lower degrees of melting and/or greater in-
compatible element and volatile (especially CO,)
enrichment of the source of the HV lavas [25,26]
relative to the source of the KV lavas. Os-isotopes
in both suites span a large range, with '¥70s/!330s
ranging from 0.135 to 0.160. Os concentrations
also span a wide range, from ~20 to 90 ppt in
the KV lavas, and from ~50 to 280 ppt in the
HYV lavas. In contrast with Hawaiian shield lavas
and most other basaltic lava suites, Os concentra-
tion is not clearly correlated with either MgO or
Ni content. Correlations between MgO, Ni and
Os in many basalt suites [38—40] have been inter-
preted as reflecting the compatibility of Os in oli-
vine or olivine-hosted phases (e.g. Cr-spinel) dur-
ing fractional crystallization [39,40]. The lack of
such a correlation in the present lavas is consis-
tent with previous interpretations that these lavas
are near-primary mantle melts that have experi-
enced minimal fractional crystallization [26,37].

Many HV and KV lavas contain mantle xeno-
liths [26,41]. We attempted to analyze samples
from xenolith-free or xenolith-poor flows to avoid
Os contamination from disaggregated xenoliths
[38]. Duplicate Os-isotope analyses of separate
powder splits were conducted for several samples
to assess the magnitude of within-sample Os-iso-
tope heterogeneity. In addition, two samples from
separate outcrops of the Kamanaiki flow were
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Table 1
Isotopic compositions of Hawaiian post-erosional lavas and hosted xenoliths

[Re] [Os] 18705/1880s 87Sr/80Sr £nd 206pp/204Ph 207pp/204Pb 208 pp/2%Ph
Honolulu Volcanics (HV), Oahu
Kaupo 341 189 0.1503 0.70335 8.0 18.10 15.46 37.78
Kaupo dup. 307 90 0.1507 - - - - -
Kamanaiki-A 569 279 0.1465 0.70332 7.9 18.14 15.44 37.76
Kamanaiki-B 495 277 0.1424 0.70333 7.8 18.17 15.45 37.80
Kamanaiki-B dup. — 232 0.1449 - - - - -
Ainoni 401 101 0.1598 0.70331 7.5 18.16 15.44 37.79
BP-F1 110 64 0.1432 0.70333 8.0 18.13 15.45 37.79
Rocky Hill 374 59 0.1419 0.70335 8.0 - - -
Makuku 145 47 0.1517 0.70332 8.3 18.14 15.44 37.74
Kalama 162 78 0.1538 0.70336 7.6 18.13 15.45 37.78
Molili 150 108 0.1351 0.70334 8.1 18.04 15.44 37.70
Koloa Volcanics (KV), Kauai®
94-PRKP-4 66 56 0.1500 0.70326 7.9 18.14 15.43 37.79
94-PRKP-6 80 74 0.1438 0.70322 7.9 18.16 15.45 37.87
94-PRKP-12 44 73 0.1587 0.70329 7.8 18.14 15.42 37.79
94-PRKP-12 dup. 52 69 0.1578 — - - - -
94-PRKP-14 16 69 0.1410 0.70320 7.9 18.15 15.44 37.84
95HTZ425 30 74 0.1380 0.70333 6.6 18.22 15.43 3791
9SHTZ460 - 54 0.1387 0.70331 6.9 18.22 15.44 37.94
95HTZ525 19 89 0.1366 0.70335 6.8 18.21 15.44 37.95
95HTZ1000 127 21 0.1430 0.70309 8.2 18.09 15.44 37.73
Pyroxenite xenoliths®
114884-11 793 167 0.1513 0.70333 8.7 18.18 - 37.67
114884-27 998 6587 0.1534 0.70324 9.3 18.11 - 37.89
114923-29 992 266 0.1588 0.70329 8.4 18.21 - 37.98
114923-141 708 53 0.1750 0.70323 9.0 18.09 - 37.86
114923-147 248 1258 0.1339 - - - - -
114923-192 118 370 0.1386 - - - - -
Lherzolite xenoliths®
114744-1 - 1021 0.1257 0.70338 8.6 - - -
114744-2B - 1348 0.1269 0.70303 9.2 - - -
114745-2 - 431 0.1258 0.70326 8.8 - - -
114745-3 - 441 0.1297 0.70327 8.7 18.19 - 37.98
114886-5 - 1417 0.1244 — - — - -
114908-7 - 3970 0.1252 - - - - -
114908-20 - 1204 0.1238 0.70336 7.5 - - -
114908-22 - 1601 0.1259 — - — - -

Re and Os concentrations in ppt. '*’70s/'®80s reported as measured values. Age corrections for all samples are insignificant
(<5%o0). ¥7Sr/%Sr reported relative to a value of 0.71025 for NBS 987. eng calculated using '*Nd/"*Ndcpyr =0.512638, and re-
ported relative to La Jolla '*Nd/'"**Nd =0.511860. External precisions for Sr- and Nd-isotopes are +0.00002 and *0.4¢ (20).
Pb-isotopes were corrected for mass fractionation using NBS 981 values of Todt et al. [70]. Reproducibility of measured ratios is
better than 0.05% a.m.u.”'. 70s/'¥¥0s measured on the DTM J-M shelf standard during the course of this study was 0.1742
(£3%0 20). 27Pb/*™Pb data from [44] are not included because of reported large uncertainty in mass fractionation. Xenoliths
are from the Dale Jackson Collection at the National Museum of Natural History. Total procedural blanks are <1 pg for
Os, <2 pg for Re, <140 pg for Sr, <15 pg for Nd and <80 pg for Pb.

4Sr- and Nd-isotope data from [37].

®Ttalicized Sr-, Nd- and Pb-isotope data from [44]. Other data are from this study.
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analyzed to assess larger-scale flow heterogene-
ities. The measured isotopic and concentration
variations for duplicate analyses are considerably
larger than the analytical uncertainties or typical
sample reproducibility based on previous studies.
This apparently real within-flow heterogeneity,
which may reflect variable amounts of xenocrystic
olivines within the flows, is a source of scatter in
the isotope composition trends discussed below.
However, the scatter observed within an individ-
ual flow is small compared to the total observed
range in Os-isotopes.

Mantle xenoliths present in HV lavas include
lherzolites, dunites and pyroxenites [42]. Pyroxen-
ite and lherzolite xenoliths span identical ranges
in Sr-, Nd- and Pb-isotopes. The majority of both
the lherzolites and pyroxenites have Sr-, Nd- and
Pb-isotope values similar to the post-erosional
lavas [43,44], which suggests a genetic relationship
between the lavas and xenoliths. Major and trace
element and mineral compositions of HV xeno-
liths have been previously reported (e.g. [42,45-
48]). The lherzolite xenoliths have widely varying
REE patterns and abundances, ranging from
LREE-depleted to strongly LREE-enriched.
These xenoliths have been interpreted as frag-
ments of the ~ 100 Ma Pacific lithosphere that
have been variably metasomatized by LREE-en-
riched melts [9,48] subsequent to MORB melt ex-
traction. Estimated equilibration temperatures
and pressures for the spinel lherzolite xenoliths
range from 900 to 1150°C and ~1.2 to 2.6 GPa
[9,46].

Pyroxenite xenoliths from the HV lavas include
clinopyroxenites (with and without garnet
present), websterites and wehrlites [46]. Sen [46]
estimated pressures and temperatures of equilibra-
tion for the pyroxenite xenoliths between 1.6 and
2.5 GPa (50-75 km) and 1050 and 1120°C, similar
to estimates for the spinel lherzolites. Several
studies have proposed that the pyroxenite xeno-
liths represent frozen melts or cumulates formed
from earlier alkali-rich magmas passing through
the lithosphere, although whether the pyroxenites
formed during earlier Hawaiian volcanism (e.g.
[45,46]) or near the mid-ocean ridge [44] is un-
clear. The pyroxenite xenoliths are highly hetero-
geneous in both phase modal abundances and

major element compositions. Fe-rich garnet lher-
zolites in the HV xenolith suite appear composi-
tionally intermediate between the spinel lherzolite
and garnet pyroxenite xenoliths, and may repre-
sent mixtures of lherzolite wallrocks with pyrox-
enite veins [47]. In contrast with the highly varia-
ble REE patterns displayed by the lherzolite
xenoliths, the pyroxenite xenoliths have more uni-
form convex upward REE patterns consistent
with clinopyroxene precipitation from an LREE-
enriched melt (e.g. [45]). The uniformity of REE
patterns in the pyroxenite xenoliths suggests that
the pyroxenites were not metasomatically en-
riched subsequent to their formation. Instead,
the melt from which they formed was likely the
same metasomatic agent responsible for variable
LREE enrichment in the lherzolite xenoliths.

Os-isotopes in the lherzolite xenoliths are much
less radiogenic than in the post-erosional lavas.
1870s/180s values for the lherzolite xenoliths
(0.124-0.130) are identical to the range reported
for abyssal peridotites [14-17]. Os concentrations
span a wide range, from 430 ppt to nearly 4 ppb.
Although the Hawaiian lherzolites show evidence
for variable degrees of metasomatic enrichment of
incompatible elements (e.g. La/Yby in clinopyrox-
enes ranges from <0.5 to >4; [48]), there is no
correlation between the degree of LREE enrich-
ment and Os-isotopes (Fig. 2).

In contrast with the lherzolite xenoliths, the py-
roxenite xenoliths possess more variable and more
radiogenic ~ Os-isotopes  (1¥70s/!%80s =0.134—
0.175), and extend to higher values than observed
in the host lavas. Os concentrations show extreme
variation, ranging from 50 ppt to 6.6 ppb. Os
concentration does not obviously correlate with
the modal phase abundances observed in the
handsamples. However, sulfides are common in
the pyroxenite xenoliths [46], and heterogeneous
distribution of Os-rich sulfides could account for
the large scatter in Os abundances. In particular,
the high Os concentration in sample 114884-27
seems unreasonable given the MgO content of
the bulk xenolith (16.9 wt%; [45]), and probably
results from such a ‘nugget effect’.

The pyroxenite xenoliths possess higher average
Re concentrations than either the post-erosional
lavas or most other Hawaiian or OIB lavas. Four
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Fig. 2. '%70s/'%0s in Hawaiian lherzolite xenoliths versus
chondrite-normalized La/Yb in clinopyroxene cores (unpub-
lished data). Hawaiian lherzolites have highly variable REE
patterns, ranging from LREE-depleted to spoon- or V-
shaped to LREE-enriched (cf. [48]). This variability reflects
interaction of the lherzolites with LREE-enriched melts or
fluids isotopically similar to Hawaiian post-erosional lavas.
However, no correlation between Os-isotopes and indices of
metasomatic enrichment (e.g. La/Yb or total REE content) is
observed. Mantle metasomatism of the sort experienced by
the Hawaiian lherzolites did not significantly effect Os-iso-
topes.

of the six pyroxenites analyzed have Re concen-
trations between 700 and 900 ppt. Re/Os ratios
also span a large range (0.15-13.5) and extend
to higher values than in the post-erosional lavas
(0.2-6.4). Two pyroxenite xenoliths with lower Re
abundances are garnet wehrlites with high modal
olivine, and are similar in appearance to the high-
Fe garnet lherzolites described by Sen and Lee-
man [47]. These two xenoliths also have lower
1870s/'%80s than other pyroxenite xenoliths. Fur-
thermore, one of the two xenoliths with low Re
content, 114923-147, is a composite pyroxenite/
lherzolite xenolith and was sampled near the lher-
zolite contact. The unradiogenic Os in these sam-
ples and the low Re abundances (relative to the
olivine-poor pyroxenites) probably reflect mixing
with Os-rich, Re-poor lherzolite.

The high Re concentrations and Re/Os ratios in
the olivine-poor pyroxenites suggest that these py-
roxenites are unlikely to have formed directly
from earlier Hawaiian magmas. Shield and post-

shield lavas from Oahu average 358 and 305 ppt
Re, respectively ([49], this study). Lavas from
Kauai have much lower Re concentrations, but
it is possible that these low concentrations reflect
Re loss during weathering. Re behaves as a mod-
erately incompatible element in most mantle sili-
cate phases, so the concentration of Re in the
pyroxenites should be less than or equal to the
Re concentration in the melts from which they
originated. Re is compatible in garnet [50]. How-
ever, the garnet present in Hawaiian pyroxenites
is rarely of primary magmatic origin, but instead
formed during subsolidus cooling [46]. Therefore,
the high Re content in the pyroxenites cannot
reflect garnet fractionation from a melt with lower
Re content.

Sulfides are also present in the pyroxenites [46],
and sulfide precipitation could increase Re con-
tent in some samples (e.g. 114884-27). However,
Os is much more compatible in magmatic sulfides
than Re (e.g. [51]). Therefore, if the high Re
abundances in the pyroxenites reflected local ac-
cumulation of sulfides, we should observe a trend
of increasing Os abundance and decreasing Re/Os
with increasing Re abundance. However, with the
exception of xenolith 114884-27, the high-Re xen-
oliths have lower Os abundances than the low-Re
xenoliths. Therefore, we conclude that sulfide pre-
cipitation cannot explain the combined overall
high Re abundance and high Re/Os present in
most olivine-poor pyroxenites. Instead, the high
Re abundance and high Re/Os of the pyroxenite
xenoliths probably reflects derivation from melts
with Re abundances significantly higher than
commonly observed in Hawaiian lavas.

4. Source of the post-erosional lavas

Os-isotopes in Hawaiian post-erosional lavas
are considerably more radiogenic than in Hawai-
ian lherzolite xenoliths or in abyssal peridotites
worldwide. Although abyssal peridotites span a
large range in Os-isotopes, all but the most highly
altered samples have '¥70s/'380s < 0.130 [14-17].
Melts generated solely by melting of upper mantle
peridotite should possess similarly unradiogenic
Os-isotopes. The much higher '70s/'%80s values
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in the post-erosional lavas require an additional
contribution from a more radiogenic component.
Below, we evaluate whether this radiogenic Os-
isotope signature derives from interaction with
the ~100 Ma Pacific crust, from an enriched
plume component, from metasomatically enriched
asthenospheric or lithospheric peridotite, or from
mafic veins (hereafter loosely termed pyroxenite)
within the upper mantle lithosphere or astheno-
sphere.

4.1. Crustal contamination

The primitive compositions of the lavas ana-
lyzed and the presence of mantle xenoliths in
many KV and HV lavas indicate that these lavas
were not stored at crustal depths for a significant
period prior to eruption. Os concentrations in the
post-erosional lavas (average =100 ppt) are
much higher than in typical MORB (average
<10 ppt; [52]) or lower crustal Pacific gabbros
[49]. Therefore, moderate amounts of crustal con-
tamination will produce a relatively small effect
on the Os-isotopic composition of erupted lavas.
For example, 100 Ma average MORB with 930
ppt Re [53] and 10 ppt Os will have '!70Os/
18805 ~0.85. 10% bulk assimilation of MORB
crust by a post-erosional lava with an initial Os
concentration of 100 ppt and '¥70s/"*0s=0.126
(the approximate average of Hawaiian lherzolites
and abyssal peridotites) will produce a hybrid
magma with 870s/!%80s=0.134. Although this
value is higher than the hypothetical initial com-
position, it is much lower than the average iso-
topic composition of the post-erosional lavas. To
produce the range of Os-isotopes observed in the
post-erosional lavas, much more than 10% crustal
contamination is required. Such large amounts of
crustal contamination are inconsistent with the
primitive major element compositions of the
erupted lavas.

Furthermore, crustal contamination typically
produces an inverse correlation between Os con-
centrations and isotopic values, because lavas
with low Os abundance are more susceptible to
contamination than higher-abundance lavas. Cor-
relations between Os abundance and isotopic
composition are observed in many suites of
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Fig. 3. Os-isotopes versus inverse Os concentration. Strong
near-linear correlations are observed in evolved, crustally
contaminated lavas from Haleakala, Kilauea and Mauna
Kea, as well as in other ocean islands and MORB. Contami-
nation trend defined by data from [39,54,55]. No correlation
between Os-isotopes and Os concentration is observed for
the post-erosional lavas, and most of the post-erosional lavas
have higher Os concentrations than typically observed in
crustally contaminated OIBs. Pyroxenite xenoliths have
highly variable Os concentrations and isotopic compositions,
but on average have higher Os concentrations than the post-
erosional lavas. Tie lines reflect either bulk mixing of repre-
sentative pyroxenite and peridotite or mixing of partial melts
from these sources, assuming a bulk distribution coefficient
for Os between five and 10. More complex mixing scenarios
(e.g. melt/wallrock reaction) are also possible. Symbols for
HV and KV lavas as in Fig. 1.

evolved, low-MgO lavas, including lavas from
Haleakala Volcano, Maui [39,54,55] (Fig. 3).
Such correlations are a clear indication of con-
tamination accompanying or subsequent to frac-
tional crystallization. Because Os abundances in
the post-erosional lavas vary over an order of
magnitude (20-280 ppt), we would expect a cor-
relation between Os concentration and isotopic
composition to exist if crustal contamination
was responsible for the high '70s/'%%0s values
present in these lavas. However, no such correla-
tion is observed in either the KV or the HV lavas
(Fig. 3).

In addition, KV and HV lavas with high in-
compatible element abundances have less radio-
genic Os-isotopes than lavas with lower abundan-
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Fig. 4. Os-isotope correlations with Al,O3, SiO; and Sr. Post-erosional lavas from Kauai and Oahu define distinct trends that re-
flect differences in the melting processes that generated these two suites of lavas. However, both suites define separate positive
correlations between Os-isotopes and Al,O; and SiO, and a negative correlation with Sr. Three high-SiO; lavas from Oahu fall
within the Kauai trends for both Os-Si and Os-Sr. Symbols as in Fig. 3. Arrows qualitatively denote effects of mixing high-de-
gree pyroxenite melts with low-degree peridotite melts (see discussion).

ces (e.g. Fig. 4). Although the correlations be-
tween incompatible element abundance and Os-
isotopes display considerable scatter, the correla-
tions are observed for a large number of elements,
including Sr, Th and the LREE. Elements that are
incompatible during fractional crystallization are
not removed from the magma by crystal fraction-

ation. Therefore, the concentrations of these ele-
ments can only be reduced during magma evolu-
tion through dilution by the addition of a
component with lower incompatible element
abundances. Assimilation of high-'370s/!%8Os, in-
compatible element-poor MORB crust could in
principle produce a negative correlation between
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Os-isotopes and incompatible elements. However,
extremely large amounts of crustal contamination
would be required to explain the observed corre-
lations. For example, Sr abundances in HV lavas
vary by a factor of four, from 600 to > 2300 ppm
(M.G., unpublished data). Bulk assimilation of
more than 75 wt% of depleted crust would there-
fore be necessary to produce the observed range
in concentrations via dilution. Such large amounts
of assimilation are unreasonable given the primi-
tive nature of the samples we examined. There-
fore, the large variations in incompatible element
abundances observed in the post-erosional lavas
must be a primary feature, reflecting changes in
the degree of partial melting or the composition
of the mantle source(s). Because Os-isotopes cor-
relate with incompatible element abundance, we
again conclude that the Os-isotope values them-
selves must also be a primary feature unrelated to
crustal interaction.

4.2. Plume contribution

Several models involving mixing of plume and
depleted mantle components have been proposed
to explain the isotopic and trace element charac-
teristics of Hawailan post-erosional lavas
[20,21,26,37]. These models involve either the ad-
dition of incompatible element-enriched plume-
derived melts or fluids to a depleted mantle source
prior to generation of the post-erosional lavas, or
alternatively, addition of incompatible element-
enriched depleted mantle-derived melts or fluids
to a plume source. Metasomatic addition of vol-
atiles or incompatible elements to the source of
post-erosional lavas prior to melt generation is
not precluded by the Os-isotope data, and may
be necessary to explain the extreme incompatible
element enrichments and low SiO, of some HV
lavas [26]. Because some Hawaiian shield-stage
lavas possess elevated !'870s/!%80s values, we
must consider whether the Hawaiian plume could
be the (direct or indirect) source of radiogenic Os-
isotopes in the post-erosional lavas.

Os concentrations in peridotites are much high-
er than in most melts or fluids [36,40], in contrast
with incompatible elements such as Sr or Nd. As
a result, addition of plume-derived melts or fluids
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Fig. 5. Post-erosional lavas from both Kauai and Oahu have
Os-isotopes that extend to more radiogenic values than are
observed in Hawaiian shield lavas (stippled field), and Os-
isotopes show no clear correlations with other isotopic trac-
ers. Mixing curves reflect mixing of plume-derived melts with
depleted mantle (DM) (curve 1) or depleted mantle-derived
melts with the Hawaiian plume (PM) (curve 2). Mixtures of
melts with mantle peridotite, whether from the depleted
upper mantle or the Hawaiian plume, will produce strongly
hyperbolic mixing arrays, so that only very large additions
of melt will significantly affect the Os-isotopes of mantle
peridotite. Small open circles indicate 10% increments of
melt addition. Mixing parameters are as follows: DM
[Sr]=13 ppm, ¥Sr/3%Sr=0.7030, [Os]=2 ppb, ¥70s/
18805=0.125; PM [Sr]=20 ppm, ¥7Sr/%6Sr=0.7045, [Os]=2
ppb, ¥70s/'%0s=0.150; DM-derived melt [Sr]=250 ppm,
87Sr/8Sr =0.7030, [Os] =250 ppt, '¥70s/!%0s=0.125; PM-de-
rived melt [Sr]=250 ppm, ¥Sr/**Sr=0.7045, [Os]=2 ppb,
1870s/'880s =0.150. However, the shape of mixing curves is
insensitive to minor changes in mixing parameters provided
(St/O8)melt = (St/O8)mantte- Fields for Hawaiian shield, Koolau
and Kauai shield lavas from literature sources and unpub-
lished data. Symbols as in Fig. 3.

to depleted mantle will have a much more pro-
nounced effect on Sr- or Nd-isotopes than on Os-
isotopes. Os-isotopes are strongly correlated with
Sr-, Nd- and Pb-isotopes in Hawaiian shield lavas
(e.g. Fig. 5) and by inference in the Hawaiian
plume itself [49]. Therefore, plume-derived melts
with high '870s/!%80s will also have correspond-
ingly high 87Sr/%6Sr and low &xg. Fig. 5 illustrates
the effect of adding a plume-derived melt to de-
pleted mantle lithosphere or asthenosphere (mix-
ing curve 1). The strongly hyperbolic shape of this
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mixing curve is insensitive to the extent of partial
melting involved, because most melts or fluids will
have significantly higher Sr/Os than depleted
mantle peridotite. Such mixing cannot produce
the elevated '¥70s/'380s values in the source of
post-erosional lavas without also increasing %St/
86Sr values well beyond what is observed in the
lavas.

Addition of low-degree melts from depleted
mantle to the Hawaiian plume [10] could in prin-
ciple produce the relatively unradiogenic Sr-iso-
topes of the post-erosional source without over-
printing the radiogenic Os-isotopes present in
some plume components (Fig. 5, mixing curve
2). However, at both Kauai and Oahu, post-ero-
sional lavas extend to more radiogenic Os-isotope
values than earlier shield-stage lavas. If the radio-
genic Os-isotopes in the post-erosional lavas de-
rived from a metasomatized Hawaiian plume
component, it would therefore necessarily be a
plume component that was not sampled by any
of the earlier shield lavas, a proposition we feel is
unlikely.

Finally, a plume source is also inconsistent with
the inferred mineralogy of the source of HV lavas.
Trace element enrichment ratios (e.g. K/Th or Ba/
Th) in HV lavas indicate the presence of a resid-
ual potassium-bearing phase such as phlogopite
or amphibole in the source [26,27]. Class and
Goldstein [27] and Clague and Frey [26] both
modeled trace element abundances and enrich-
ments in HV lavas to infer the presence of minor
quantities of phlogopite and/or amphibole in the
source region. However, neither phlogopite nor
amphibole are stable at the elevated temperatures
present in mantle plumes [27], and are unlikely to
be stable in the asthenospheric mantle under most
conditions. The maximum temperature of stability
for amphibole is dependent on source composi-
tion, especially total alkali content [56]. However,
no experimental studies have demonstrated am-
phibole stability at asthenospheric temperatures
(T, =1300°C) even in alkali-rich peridotites.
Phlogopite could be stable in the asthenosphere
at depths greater than ~ 160 km, but not at shal-
lower depths [57,58]. Given a maximum probable
thickness for the oceanic lithosphere beneath Ha-
waii of ~90 km [18], it seems unlikely that a

phlogopite signature in HV lavas could reflect
melting at depths greater than 160 km. Therefore,
the evidence for phlogopite or amphibole in the
source of the HV lavas suggests that melt gener-
ation occurred at least partly within the cooler
lithospheric mantle where such phases are stable
[27]. In summary, although influx of plume-de-
rived melts or fluids may be an important catalyst
for generation of post-erosional lavas, the Hawai-
ian plume is not the source of the radiogenic Os-
isotopes in these lavas.

4.3. Melt generation from metasomatized
asthenosphere or lithosphere peridotite

The ~ 100 Ma oceanic lithosphere beneath Ha-
waii could have been previously metasomatized
by melts or fluids unrelated to Hawaiian volcan-
ism [25,60]. The low silica content of many post-
erosional lavas suggests a source enriched in vol-
atiles (especially CO,) [26,37]. Partial melts of dry
mantle peridotite typically have significantly high-
er SiO, than Hawaiian nephelinites and melilitites
(e.g. >44 wt% SiO; vs. ~36-44 wt% SiO,; cf.
[59] and references therein). However, the addi-
tion of carbonate to peridotite results in melts
with much lower SiO, [59]. Further evidence for
a volatile-rich source for the post-erosional lavas
comes from the high CO, and H,O content of
quenched glasses from the Hawaiian North Arch
[24].

Could (hydrous) metasomatized lithosphere or
asthenosphere peridotites provide a source for the
radiogenic Os in the post-erosional lavas? Several
lines of evidence suggest this is not the case. First,
SiO, and incompatible element content are nega-
tively correlated in the post-erosional lavas, so
that it are the low-SiO; nephelinites and melilitites
that show the greatest evidence for involvement of
a metasomatized (CO,-rich) peridotite source.
However, post-erosional lavas with low SiO,
and high incompatible element abundance have
less radiogenic Os-isotopes than lavas with higher
SiO, (Fig. 4). This is opposite the trend we would
expect if the high '870s/'%80s derived from a
metasomatized peridotite source. Thus, to the ex-
tent that a CO,-rich metasomatized source is nec-
essary to produce the low-SiO, nephelinites (e.g.
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[25,26]), this source does not appear to be associ-
ated with the radiogenic Os-isotope signature of
the higher-SiO, lavas.

Furthermore, Os-isotopes in Hawaiian lherzo-
lite xenoliths do not correlate with the degree of
LREE-enrichment (Fig. 2). Instead, metasomat-
ized Hawaiian lherzolites have '%70s/!®30Os values
indistinguishable from abyssal peridotites (!*7Os/
18805 <0.130; [14-17]). Other studies of meta-
somatized xenoliths have found similar results.
Handler et al. [61] reported that modally meta-
somatized phlogopite- and apatite-bearing wehr-
lites and peridotites from southeastern Australia
have similar Re and Os abundances and isotopic
compositions as non-metasomatized xenoliths
from the same localities. Similarly, xenoliths
from Tubuai and Savai’i with trace element pat-
terns indicative of carbonatite metasomatism have
Os-isotopic  compositions  (1¥70s/!%80s = 0.129)
only slightly higher than average abyssal perido-
tites [62], although at Tubuai, the host lavas are
considerably more radiogenic [36]. Only peridotite
xenoliths from arc environments appear to have
higher average '®70s/'%80s values than abyssal
peridotites, and here as well the large majority
of peridotites have '370s/'%%0s values <0.133
[63]. Although we cannot categorically exclude
the possibility that some unusual form of metaso-
matism increased '%70s/!38Os values and/or Re/Os
ratios in some sub-Hawaiian mantle peridotites,
evidence supporting this hypothesis is lacking.
As a plume origin for the Os-isotope signature
is also precluded (see above), we must consider
whether melt generation from non-peridotite
sources could produce the isotopic and composi-
tional variations we observe.

4.4. Melt generation from pyroxenite

Pyroxenites may contribute to melt generation
to a disproportionate extent relative to their
abundance in the mantle because of their lower
solidi and greater melt productivity relative to
most peridotites [7-9]. Pyroxenite-rich veins are
observed in many ophiolites and xenolith suites
(e.g. [11-13,45,46]). Although the abundance of
pyroxenites varies considerably, they generally
make up 2-5% of all mantle samples for many

localities (e.g. [7] and references therein). Pyrox-
enites typically have variable but high Re/Os and,
as a result of radiogenic ingrowth of '87Os, ex-
tremely radiogenic Os-isotopes [11-13]. Below,
we evaluate whether the elevated Os-isotope val-
ues in the Hawaiian post-erosional lavas reflect
melting of pyroxenite veins in the Pacific litho-
sphere or entrained upper mantle asthenosphere.

Pyroxenite xenoliths from Salt Lake Crater,
Oahu, provide direct evidence that at least por-
tions of the Pacific lithosphere contain pyroxenitic
material. These xenoliths have high '%70s/'*80s
values that extend beyond the range defined by
the post-erosional lavas (Table 1). Several studies
have proposed that the Hawaiian pyroxenites
formed during earlier stages of Hawaiian magma-
tism [45,46]. However, the pyroxenites may also
have formed prior to Hawaiian volcanism, possi-
bly as trapped melts or cumulates near the mid-
ocean ridge at ~ 100 Ma [44]. The high Re con-
tent in olivine-poor pyroxenites is consistent with
their formation from MORB-type magmas, be-
cause MORBs have a higher average Re abun-
dance than OIBs (930 vs. 350 ppt; [53]). Re/Os
and '870s/!%80s are roughly correlated in pyrox-
enite xenoliths. As previously discussed, one xen-
olith, 114884-27, has an anomalously high Os
concentration, possibly due to the presence of sul-
fide in the sample aliquot analyzed. The other five
xenoliths define a broad positive Re/Os-'8"0s/
1880s correlation. This trend could reflect either
mixing of radiogenic and unradiogenic Os, e.g.,
via melt/lherzolite reaction or radiogenic ingrowth
of 1870s since the formation of the pyroxenites. If
the positive Re/Os—'370s/!%80s trend defined by
the pyroxenites reflects radiogenic ingrowth, the
pyroxenites must be several 10s of Myr old, i.e.
they must predate the arrival of the Hawaiian
plume beneath the islands of Kauai and Oahu.
However, regardless of the age and origin of these
pyroxenite xenoliths, it is likely that pyroxenites
are present in the sub-Hawaiian lithosphere and
asthenosphere, and that these pyroxenites possess
higher '870s/!%80s than upper mantle peridotites.

If mixing of pyroxenite- and peridotite-derived
melts produced the variable Os-isotopes in Ha-
waiian post-erosional lavas, we should observe
correlations between Os-isotopes and major ele-



280 J.C. Lassiter et al. | Earth and Planetary Science Letters 178 (2000) 269-284

ments. Because the post-erosional lavas contain
xenoliths that equilibrated at pressures up to 2.5
GPa (75 km) [46], they must have derived from
greater depth. High-pressure phase relations of
high-alumina basalts indicate that garnet and cli-
nopyroxene are liquidus phases of such basalts at
pressures greater than ~ 2.5 GPa [64,65]. Perter-
mann and Hirschman [66] also reported that par-
tial melting of a pyroxenite with a MORB-like
bulk composition at 3.0 GPa produces basaltic
andesite melts high in SiO, and Al,Os3 but low
in CaO, MgO and FeO. Furthermore, rare hy-
drous alkaline melts are observed in some Hawai-
ian pyroxenite xenoliths and along pyroxenite/
lherzolite contacts in composite xenoliths. Com-
pared with the host post-erosional lavas, these
melt pockets have higher SiO, and Al,O; and
lower CaO [67,68]. Although these melts cannot
be generated solely by melting of the host pyrox-
enite, they may reflect a combination of pyrox-
enite melting and reaction with the surrounding
lherzolite [68]. Based on these results, we infer
that melts derived from pyroxenite veins should
have higher SiO, and Al,O; and lower CaO than
low-degree lherzolite melts.

As predicted from our model, Os-isotopes are
positively correlated with SiO, and Al,O3 (Fig. 4)
and negatively correlated with CaO in both the
KV and HV lavas. Os-isotopes are also negatively
correlated with concentrations of incompatible el-
ements such as Sr (Fig. 4). The degree of melting
of pyroxenite should be substantially higher than
in surrounding lherzolite [7-9]. As a result, high-
degree melts of pyroxenite may have lower con-
centrations of many incompatible elements than
coexisting low-degree, lherzolite-derived melts
[37]. Mixing of pyroxenite- and peridotite-derived
melts would then produce the observed negative
correlations between incompatible element abun-
dances and '370s/!#0s.

Os-isotopes are not correlated with other iso-
topic tracers (e.g. Sr or Nd) in the post-erosional
lavas, in contrast with Hawaiian shield-stage lavas
(Fig. 5; [49]). However, pyroxenite- and perido-
tite-derived melts should possess very different Sr/
Os and Nd/Os ratios, so mixing of melts will pro-
duce strongly hyperbolic mixing curves if the py-
roxenite and peridotite sources have significantly

different Sr- and Nd-isotope compositions. The
lack of Sr—Os or Nd-Os isotope correlation there-
fore indicates that the low-'370s/'%80s (peridotite)
and high-'870s/!%80s (pyroxenite) components
have nearly identical Sr- and Nd-isotope compo-
sitions. This in turn suggests that the pyroxenite
component is relatively young. Although an as-
thenospheric source for the post-erosional lavas
cannot be precluded, a lithospheric source ap-
pears more likely. The age of the Pacific litho-
sphere beneath Hawaii (~ 100 Ma) is sufficient
for pyroxenite veins produced near the mid-ocean
ridge to develop high #70s/!%0s, but insufficient
for pyroxenites and peridotites to evolve signifi-
cantly different Sr- or Nd-isotope signatures.

We note that several recent studies have argued
both for [49] and against [69] the presence of an-
cient (=Ga) recycled eclogite or pyroxenite in the
Hawaiian plume. The mafic component that is
involved in the generation of Hawaiian post-ero-
sional lavas is distinct from any such component
in the plume (see Section 4.2), is much younger
(<100 Ma if it resides in the lithosphere) and is
therefore unlikely to differ significantly from sur-
rounding peridotite in its Sr-, Nd- or Pb-isotope
composition. Melts from such young mafic com-
ponents are difficult to distinguish from perido-
tite-derived melts by examining potential covaria-
tions between these radiogenic isotopes and major
or trace elements. It is the extreme fractionation
of Re from Os and the resulting rapid ingrowth of
13705 in many natural pyroxenites that allows us
to distinguish these melts on the basis of their Os-
isotope signatures.

5. Implications for evolution of oceanic lithosphere

The P-T conditions recorded in the Hawaiian
xenoliths are hotter than predicted for 100 Ma
conductively cooled oceanic lithosphere [46].
Deeper portions of the lithosphere (75-90 km)
that are not sampled by the xenolith suite are
likely to depart still further from a 100 Ma con-
ductive geotherm. Conductive heating of the base
of the lithosphere by the underlying Hawaiian
plume [28] or by the passage of earlier shield-stage
magmas [46] should raise the temperature of the
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lower lithosphere above the solidus for pyroxenite
or hydrous peridotite [28] and is therefore a rea-
sonable mechanism for generation of the low-vol-
ume post-erosional lavas. If the pyroxenite com-
ponent implicated by the Os-isotope systematics
in Hawaiian post-erosional lavas derives from
the Pacific lithosphere, it most likely reflects melts
trapped in the lithosphere near the mid-ocean
ridge during waning MORB production ~ 100
Myr ago. We suggest that this pyroxenite compo-
nent formed near the mid-ocean ridge as E-
MORB-type melts generated from the limbs of
the MORB melting region became trapped in
the upper mantle. Although the xenoliths them-
selves cannot be the actual source of Hawaiian
post-erosional lavas (which must derive from
deeper depths), similar material near the base of
the lithosphere could produce the isotopic and
chemical compositions of the post-erosional lavas.
Such veining of the shallow upper mantle near
mid-ocean ridges is inevitable if melt extraction
is not 100% efficient.

Melts generated from mafic veins within ocean-
ic lithosphere in response to thermal perturba-
tions or volatile fluxes from mantle plumes may
be a significant source of chemical and isotopic
heterogeneity in other OIB suites, particularly
during the waning phases of volcanism when
melt flux from the sub-lithospheric (plume) man-
tle is low. Furthermore, where oceanic lithosphere
is not reheated by mantle plumes, mafic veins
within the lithosphere will be returned to the con-
vecting mantle through subduction. Recycled
lithospheric mantle may therefore be an impor-
tant source of isotopic heterogeneity in the mantle
[60].

6. Conclusions

Hawaiian post-erosional lavas have highly var-
iable Os-isotopes that extend to more radiogenic
values than observed in Hawaiian shield lavas.
This contrasts with the relatively uniform and de-
pleted Sr-, Nd- and Pb-isotope compositions of
these lavas. The primitive compositions of the
lavas, the presence of mantle xenoliths in many
post-erosional vents and the high Os abundances

in several samples all indicate that the radiogenic
Os-isotopes do not derive from crustal assimila-
tion or other contamination processes, but are
instead a source feature. Because the Os-isotopes
in the post-erosional lavas are more radiogenic
than essentially all peridotite samples worldwide
(including both metasomatized and non-metasom-
atized xenoliths), the Os-isotope signature of the
post-erosional lavas cannot be generated by par-
tial melting of upper mantle peridotite. The lack
of correlation between Os-isotopes and other iso-
topic tracers (e.g. Sr, Nd and Pb) contrasts with
the strong correlations observed in Hawaiian
shield lavas, and precludes derivation of the ra-
diogenic Os-isotope signature from contribution
of plume-derived melts or fluids. Thus, pyroxe-
nitic veins in the source of the post-erosional lavas
appear the most likely source of the radiogenic
Os-isotope signature. This hypothesis is supported
(1) by the presence of highly radiogenic pyroxen-
ite xenoliths in some post-erosional lavas, and (2)
by correlations observed between Os-isotopes and
both major and trace elements in the post-ero-
sional lavas, with the most radiogenic samples
possessing higher SiO, and Al,O3 and lower trace
element abundances than the less radiogenic sam-
ples. These trends are consistent with the expected
compositions of moderate-degree pyroxenite
melts.

Although the Os-isotope trends in the post-ero-
sional lavas suggest the involvement of pyroxenite
in the generation of these lavas, the source of this
pyroxenite is less clear. Both lithospheric and as-
thenospheric mantle are permissible sources for
the post-erosional lavas, although trace element
evidence for phlogopite or amphibole in the
source of post-erosional lavas from Oahu suggests
that melt generation within the lithosphere is
more likely. If Hawaiian post-erosional lavas de-
rive from the ~ 100 Ma Pacific lithosphere, our
data suggest that veining of oceanic lithosphere
near mid-ocean ridges is an important mechanism
for producing chemical and isotopic heterogeneity
in the mantle. Alternatively, if the post-erosional
lavas derive from entrained upper mantle astheno-
sphere near the plume periphery, the evidence for
pyroxenite in the source of these lavas would sug-
gest that such pyroxenite may be a ubiquitous,
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albeit volumetrically minor, component in the
Earth’s convecting mantle.

Acknowledgements

This manuscript benefitted from discussions
with N. Shimuzu, R. Carlson, O. Sigmarsson
and many others. We thank A. Halliday for pro-
viding helpful comments on an earlier draft of this
manuscript. Thorough reviews by A. Brandon, F.
Frey and W. White are appreciated. Many thanks
to Mary Horan and Tim Mock for their diligence
in the chemistry and mass spectrometer labs, and
to Steve Shirey for continued improvements in the
Re-Os chemistry. We also thank S. Sorenson for
providing access to the Dale Jackson Collection at
the NMNH, Smithsonian Institution. This work
was supported by the Carnegie Institution of
Washington and by NSF Grants EAR-9117588
and OCE-9712278.[FA]

References

[11 A. Zindler, H. Staudigel, R. Batiza, Isotope and trace
element geochemistry of young Pacific seamounts: impli-
cations for the scale of upper mantle heterogeneity, Earth
Planet. Sci. Lett. 70 (1984) 175-195.

[2] C.J. Allegre, D. Turcott, Implications of a two-compo-
nent marble-cake mantle, Nature 323 (1986) 123-127.

[3] D.W. Grahm, A. Zindler, M.D. Kurz, W.J. Jenkins, R.

Batiza, H. Staudigel, He, Pb, Sr and Nd isotope con-

straints on magma genesis and mantle heterogeneity be-

neath young Pacific seamounts, Contrib. Mineral. Petrol.

99 (1988) 446-463.

A. Prinzhofer, E. Lewin, C.J. Allégre, Stochastic melting

of the marble cake mantle: evidence from local study of

the East Pacific Rise at 12°50’N, Earth Planet. Sci. Lett.

92 (1989) 189-206.

D. BenOthman, C.J. Alléegre, U-Th isotopic systematics

at 13°N east Pacific Ridge segment, Earth Planet. Sci.

Lett. 98 (1990) 129-137.

A. Yasuda, T. Fujii, K. Kurita, Melting phase relations of

an anhydrous mid-ocean ridge basalt from 3 to 20 GPa:

implications for the behavior of subducted oceanic crust

in the mantle, J. Geophys. Res. 99 (1994) 9401-9414.

[71 M.M. Hirschmann, R.A. Stolper, A possible role for gar-
net pyroxenite in the origin of the ‘garnet signature’ in
MORB, Contrib. Mineral. Petrol. 124 (1996) 185-208.

[8] O. Sigmarsson, S. Carn, J.C. Carracedo, Systematics of
U-series nuclides in primitive lavas from the 1730-36 erup-

[4

[

[5

)

[6

—

tion on Lanzarote, Canary Islands, and implications for
the role of garnet pyroxenites during oceanic basalt for-
mations, Earth Planet. Sci. Lett. 162 (1998) 137-151.

[9]1 H.-J. Yang, G. Sen, N. Shimizu, Mid-ocean ridge melt-
ing: Constraints from lithospheric xenoliths at Oahu, Ha-
waii, J. Petrol. 39 (1998) 277-295.

[10] C.-Y. Chen, F.A. Frey, Trace element and isotopic geo-
chemistry of lavas from Haleakala Volcano, East Maui,
Hawaii: Implications for the origin of Hawaiian basalts,
J. Geophys. Res. 90 (1985) 8743-8768.

[11] L. Reisberg, C.J. Allégre, J.-M. Luck, The Re-Os system-
atics of the Rhonda Ultramafic Complex of southern
Spain, Earth Planet. Sci. Lett. 105 (1991) 196-213.

[12] M. Roy-Barman, J.-M. Luck, C.J. Allegre, Os isotopes in
orogenic lherzolite massifs and mantle heterogeneities,
Chem. Geol. 130 (1996) 55-64.

[13] N. Kumar, L. Reisberg, A. Zindler, A major and trace
element and strontium, neodymium and osmium isotopic
study of a thick pyroxenite layer from the Beni Bousera
Ultramafic Complex of northern Morocco, Geochim.
Cosmochim. Acta 60 (1996) 1429-1444.

[14] M. Roy-Barman, C.J. Allégre, '%0s/'*¥Os ratios of mid-
ocean ridge basalts and abyssal peridotites, Geochim.
Cosmochim. Acta 58 (1994) 5043-5054.

[15] J.E. Snow, L. Reisberg, Erattum of ‘Os isotopic system-
atics of the MORB mantle: results from altered abys-
sal peridotites’, Earth Planet. Sci. Lett. 136 (1995) 723
733.

[16] T. Meisel, R.J. Walker, J.W. Morgan, The osmium iso-
topic composition of the Earth’s primitive upper mantle,
Nature 383 (1996) 517-520.

[17] A.D. Brandon, R.J. Walker, J.W. Morgan, M.D. Nor-
man, H.M. Prichard, Coupled '®°Os and '¥70Os Evidence
for Core-Mantle Interaction, Science 280 (1998) 1570—
1573.

[18] D.A. Clague, Hawaiian alkaline volcanism, in: J.G. Fit-
ton and B.G.J. Upton (Eds.), Alkaline Igneous Rocks,
Geol. Soc. Special Pub. 30, 1987, pp. 227-252.

[19] C. Chauvel, W. McDonough, G. Guille, R. Maury, R.
Duncan, Contrasting old and young volcanism in Rurutu
Island, Austral chain, Chem. Geol. 139 (1997) 125-143.

[20] M.F. Roden, F.A. Frey, D.A. Clague, Geochemistry of
tholeiitic and alkalic lavas from the Koolau Range, Oahu,
Hawaii: implications for Hawaiian volcanism, Earth
Planet. Sci. Lett. 69 (1984) 141-158.

[21] D.A. Clague, G.B. Dalrymple, Age and petrology of al-
kalic postshield and rejuvenated-stage lava from Kauai,
Hawaii, Contrib. Mineral. Petrol. 99 (1988) 202-218.

[22] S. Maalee, D. James, P. Smedley, S. Petersen, L.B. Gar-
mann, The Koloa Volcanic Suite of Kauai, Hawaii,
J. Petrol. 33 (1992) 761-784.

[23] D.A. Clague, T.R. Holcomb, J.M. Sinton, R.S. Detrick,
M.E. Torresan, Pliocene and Pleistocene alkalic flood ba-
salts on the seafloor north of the Hawaiian islands, Earth
Planet. Sci. Lett. 98 (1990) 175-191.

[24] J.E. Dixon, D.A. Clague, P. Wallace, R. Poreda, Volatiles
in alkalic basalts from the North Arch volcanic field, Ha-



J.C. Lassiter et al. | Earth and Planetary Science Letters 178 (2000) 269-284 283

waii: Extensive degassing of deep submarine-erupted al-
kalic series lavas, J. Petrol. 36 (1997) 911-939.

[25] F.A. Frey, D. Clague, J. Mahoney and J. Sinton, Volcan-
ism at the edge of the Hawaiian plume: Petrogenesis of
submarine alkalic lavas from the North Arch volcanic
field, J. Petrol. (in press).

[26] D.A. Clague, F.A. Frey, Petrology and trace element geo-
chemistry of the Honolulu Volcanics, Oahu: implications
for the oceanic mantle below Hawaii, J. Petrol. 23 (1982)
447-504.

[27] C. Class, S.L. Goldstein, Plume-lithosphere interactions
in the ocean basins: constraints from the source mineral-
ogy, Earth Planet. Sci. Lett. 150 (1997) 245-260.

[28] P. Gurriet, A thermal model for the origin of post-ero-
sional alkalic lava, Hawaii, Earth Planet. Sci. Lett. 82
(1987) 153-158.

[29] M. Liu, C.G. Chase, Evolution of Hawaiian basalts: a
hotspot melting model, Earth Planet. Sci. Lett. 104
(1991) 151-165.

[30] E.H. Hauri, J.A. Whitehead, S.R. Hart, Fluid dynamic
and geochemical aspects of entrainment in mantle plumes,
J. Geophys. Res. 99 (1994) 24275-24300.

[31] N.M. Ribe, U.R. Christensen, The dynamical origin of
Hawaiian volcanism, Earth Planet. Sci. Lett. 171 (1999)
517-531.

[32] R.W. Carlson, A.J. Irving, Depletion and enrichment his-
tory of subcontinental lithospheric mantle: an Os, Sr, Nd
and Pb isotopic study of ultramafic xenoliths from the
northwestern Wyoming Craton, Earth Planet. Sci. Lett.
126 (1994) 457-472.

[33] S.B. Shirey, R.J. Walker, Carius tube digestions for low-
blank rhenium-osmium analysis, Anal. Chem. 67 (1995)
2136-2141.

[34] A.S. Cohen, F.G. Waters, Separation of osmium from
geologic materials by solvent extraction for analysis by
TIMS, Anal. Chim. Acta 332 (1996) 269-275.

[35] R.J. Walker, Low-blank chemical separation of rhenium
and osmium from gram quantities of silicate rock for
measurement by resonance ionization mass spectrometry,
Anal. Chem. 60 (1988) 1231-1234.

[36] E.H. Hauri, S.R. Hart, Re-Os isotope systematics of
HIMU and EMII oceanic island basalts from the south
Pacific Ocean, Earth Planet. Sci. Lett. 114 (1993) 353-371.

[37] P.W. Reiners, B.K. Nelson, Temporal-compositional-iso-
topic trends in rejuvinated-stage magmas of Kauai, Ha-
waii, and implications for mantle melting processes, Geo-
chim. Cosmochim. Acta 62 (1998) 2347-2368.

[38] E. Widom, K.A. Hoernle, S.B. Shirey, H.-U. Schmincke,
Os-isotope systematics in the Canary Islands and Ma-
deira: lithospheric contamination and mantle plume sig-
natures, J. Petrol. 40 (1999) 279-296.

[39] C.E. Martin, R.W. Carlson, S.B. Shirey, F.A. Frey, C.-Y.
Chen, Os isotopic variation in basalts from Haleakala
Volcano, Maui, Hawaii: a record of magmatic processes
in oceanic mantle and crust, Earth Planet. Sci. Lett. 128
(1994) 287-301.

[40] E.H. Hauri, J.C. Lassiter, D.J. DePaolo, Osmium isotope

systematics of drilled lavas from Mauna Loa, J. Geophys.
Res. 101 (1996) 11793-11806.

[41] A.D. Johnston, J.H. Stout, A highly oxidized ferrian sal-
ite-kennedunite-, forsterite-, and rhoenite-bearing alkali
gabbro from Kauai, Hawaii, and its mantle xenoliths,
Am. Mineral. 69 (1984) 57-68.

[42] E.D. Jackson, T.L. Wright, Xenoliths in the Honolulu
volcanic series, Hawaii, J. Petrol. 11 (1970) 405-430.

[43] D. Vance, J.O.H. Stone, R.K. O’Nions, He, Sr, and Nd
isotopes in xenoliths from Hawaii and other oceanic is-
lands, Earth Planet. Sci. Lett. 96 (1989) 147-160.

[44] O. Okano and M. Tatsumoto, Petrogenesis of ultramafic
xenoliths from Hawaii inferred from Sr, Nd, and Pb iso-
topes, in: A. Basu and S. Hart (Eds.), Earth Processes:
Reading the Isotopic Code, AGU Geophys. Monog. 95,
1996, pp. 135-147.

[45] F.A. Frey, The origin of pyroxenites and garnet pyrox-
enites from Salt Lake Crater, Oahu, Hawaii: Trace ele-
ment evidence, Am. J. Sci. 280-A (1980) 427-449.

[46] G. Sen, Petrogenesis of spinel lherzolite and pyroxenite
suite xenoliths from the Koolau shield, Oahu, Hawaii:
Implications for petrology of the post-eruptive lithosphere
beneath Oahu, Contrib. Mineral. Petrol. 100 (1988) 61—
91.

[47] G. Sen, W.P. Leeman, Iron-rich lherzolitic xenoliths from
Oahu: origin and implications for Hawaiian magma sour-
ces, Earth Planet. Sci. Lett. 102 (1991) 45-57.

[48] G. Sen, F.A. Frey, N. Shimizu, W.P. Leeman, Evolution
of the lithosphere beneath Oahu, Hawaii: rare earth ele-
ment abundances in mantle xenoliths, Earth Planet. Sci.
Lett. 119 (1993) 53-69.

[49] J.C. Lassiter, E.H. Hauri, Osmium-isotope variations in
Hawaiian lavas: evidence for recycled oceanic lithosphere
in the Hawaiian plume, Earth Planet. Sci. Lett. 164 (1998)
483-496.

[50] K. Righter, E.H. Hauri, Compatibility of rhenium in gar-
net during mantle melting and magma genesis, Science
280 (1998) 1737-1741.

[51] M. Roy-Barman, G.J. Wasserburg, D.A. Papanastassiou,
M. Chaussidon, Osmium isotopic compositions and Re-
Os concentrations in sulfide globules from basaltic glasses,
Earth Planet. Sci. Lett. 154 (1998) 331-347.

[52] P. Schiano, J.-L. Birck, C.J. Allégre, Osmium-strontium—
neodymium-lead isotopic covariations in mid-ocean ridge
basalt glasses and the heterogeneity of the upper mantle,
Earth Planet. Sci. Lett. 150 (1997) 363-379.

[53] E.H. Hauri, S.R. Hart, Rhenium abundances and system-
atics in oceanic basalts, Chem. Geol. 139 (1997) 185-205.

[54] L. Reisberg, A. Zindler, F. Marcantonio, W. White, D.
Wyman, B. Weaver, Os isotope systematics in ocean is-
land basalts, Earth Planet. Sci. Lett. 120 (1993) 149-—
167.

[55] E. Widom, S.B. Shirey, Os isotope systematics in the
Azores: implications for mantle plume sources, Earth
Planet. Sci. Lett. 142 (1996) 451-465.

[56] K. Niida, D.H. Green, Stability and chemical composition
of pargasitic amphibole in MORB pyrolite under upper



284

(571

(58]

[59]

[60]

[61]

(62]

(63]

J.C. Lassiter et al. | Earth and Planetary Science Letters 178 (2000) 269-284

mantle conditions, Contrib. Mineral. Petrol. 135 (1999)
18-40.

S.F. Foley, An experimental study of olivine lamproite:
First results from the diamond stability field, Geochim.
Cosmochim. Acta 57 (1993) 483-489.

K. Sato, T. Katsura, E. Ito, Phase relations of natural
phlogopite with and without enstatite up to 8 GPa: im-
plications for mantle metasomatism, Earth Planet. Sci.
Lett. 146 (1997) 511-526.

K. Hirose, Partial melt compositions of carbonated peri-
dotite at 3 GPa and the role of CO; in alkali-basalt gen-
eration, Geophys. Res. Lett. 24 (1997) 2837-2840.

A.N. Halliday, D.-C. Lee, S. Tommasini, G.R. Davies,
C.R. Paslick, J.G. Fitton, D.E. James, Incompatible trace
elements in OIB and MORB and source enrichment in the
sub-oceanic mantle, Earth Planet. Sci. Lett. 133 (1995)
379-395.

M. Handler, V.C. Bennett, T.M. Esat, The persistence of
off-cratonic lithospheric mantle: Os isotopic systematics
of variably metasomatized southeast Australian xenoliths,
Earth Planet. Sci. Lett. 151 (1997) 61-75.

E.H. Hauri, N. Shimizu, J.J. Dieu, S.R. Hart, Evidence
for hotspot-related carbonatite metasomatism in the oce-
anic upper mantle, Nature 365 (1993) 221-227.

A.D. Brandon, H. Becker, R.W. Carlson, S.B. Shirey,
Isotopic constraints on time scales and mechanisms of
slab material transport in the mantle wedge: evidence
from the Simcoe mantle xenoliths, Washington, USA,
Chem. Geol. 160 (1999) 387-407.

[64] A.D. Johnston, Anhydrous P-T phase relations of near-
primary high-alumina basalt from the South Sandwich
Islands, Contrib. Mineral. Petrol. 92 (1986) 368-382.

[65] R.P. Rapp, E.B. Watson, Dehydration melting of meta-
basalt at 8-32 kbar: Implications for continental growth
and crust-mantle recycling, J. Petrol. 36 (1995) 891-931.

[66] M. Pertermann, M.M. Hirschman, Partial melting experi-
ments on a MORB-like pyroxenite at 3.0 GPa and
1300°C-1500°C, Trans. Am. Geophys. Union 80 (1999)
1112.

[67] M.O. Garcia, A.A. Presti, Glass in garnet pyroxenite xen-
oliths from Kaula Island. Hawaii: Product of infiltration
of host nephelinite, Geology 15 (1987) 904-906.

[68] G. Sen, A. MacFarlane, N. Srimal, Significance of rare
hydrous alkaline melts in Hawaiian xenoliths, Contrib.
Mineral. Petrol. 122 (1996) 415-427.

[69] A. Stracke, V.J.M. Salters and K.W.W. Sims, Assessing
the presence of garnet-pyroxenite in the mantle sources of
basalts through combined hafnium-neodymium-thorium
isotope systematics, Geochem. Geophys. Geosyst. 1
(1999) Paper number 1999GC000013.

[70] W. Todt, R.A. CIliff, A. Hanser and A.W. Hofmann,
Evaluation of a 22Pb—%Pb double spike for high-preci-
sion lead isotope analysis, in: A. Basu and S. Hart (Eds.),
Earth Processes: Reading the Isotopic Code, AGU Geo-
phys. Monogr. 95, Washington, DC, 1996, pp. 429-437.



