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ABSTRACT

Harzburgite xenoliths from the Sminoan hotspot carry extraordinarily enriched Sr-
Nd-Pb isotopic ratios previously attributed to metasomatism by a carbonatitic fluid derived
from recycled sediments. 1 describe here the gas composition and microthermometric
properties of fluid inclusions that have trapped this unusual agent. The inclusions are
dominantly pure CO, and were apparently formed at the base of the crust. They have high
*[le/*He ratios (12 times the atmospheric ratio), inconsistent with the radiogenic values
expected for recycled sediments. Furthermore, inclusion C/*He ratios of ~3 x 10” are
indistinguishable from typical mantle values and are far lower than thoese in sediments
(> 10"y, These striking observations imply that little of the helium and carbon in the
metasomatic fluid was derived from the recycled source required by the Sr-Nd-Pb isotopes.
The metasomatic fluid is probably a produet of mixing within the Samoan hot spot of a
volatile-rich high *He/*He plume melt and recycled sediments. The retention of high *He/
‘Ile ratios in such a mixture requires very rapid cycling of the sedimentary component
through the mantle (probably <107 yr), rather than the billions of years often envisaged.
This time scale indicates involvement of material recently returned to the mantle at the
nearby Tonga Trench, and pelagic sediments near the trench have approximately the
requisite geochemical signature. The unique isotopic characteristics of the Samoan plume
likely arise from its unusual tectonic setting at the northern terminus of subduction in the

Tonga Trench.

INTRODUCTION

The subduction of sediments and altered
oceanic crust is probably a major source of
mantle chemical heterogeneity (e.g., Hof-
mann and White, 1982: Zindler and Hart,
1986). Deeply subducted material, as iden-
titicd by distinctive isotopic characteristics,
muy be recycled into mantle-derived rocks.
particularly those erupted at certain oceanic
hotspots (White und Hofmann, 1982). Such
islands provide important data on mantle
processes, but the relations among crustal
reeveling, plume volcanism, and the geo-
chemical structure and evolution of the
mantle remain controversial. Basalts from
the Samoan Islands carry particularly strong
evidence for a reeyeled sedimentary compo-
nent in their source (White and Hofmann,
L982; Wright and White, 1986). Their radio-
genic isotope systematics form a composi-
tional extreme defining the high *’Sr/*°Sr,
intermediate NI/ Nd mansic end mem-
ber termed EM2 by Zindler and Hart
(1986). Paradoxically, Samoan rocks also
have among the highest known *He/*He ra-
Lios, a signature that cannot result from sub-
duction and is instead most compatible with
derivation [rom an undegasscd reservoir
(Farley et al., 1992). These high *Herlie
ratios are apparently unique to the Sumoan
variety ol EM2.

I report here new compositional and mi-
crothermometric data on fluid inclusions
that have apparently trapped @ metasomatic
agent with the EM2 signature. The diversity

of data now available on thesc xenoliths
places important limits on the composition
and origin of the Samoan EM2 component.

SAMPLES AND PREVIOUS WORK

The Samoan xenoliths have now been
studied in great detail (Wright, 1987; Poreda
and Farley, 1992; Hauri et al., 1993; Farley
et al., 1994). They are hosted by young silica-
undersaturated lavas crupted along « lincar
rift zone extending for several hundred ki-
lometres along the strike of the Samoan
chain (Fig. 1). Harzburgites are the domi-
nant lithology; there are rarc dunites and
wehrlites. Metasomatized harzburgites from
Savai'i have extremely high *7Sr/"°Sr
(0.7128) Dupal Pb (ligh “"Pb/*Pb and
208pp294Ph for a given *“Pb/>**Pb; Hart,
1984), und unusually enriched trace clement
patterns. These characteristics led Hauri et
al. (1993) to propose that the Samoan man-
tle had undergone infiltration of o carbon-
atitic fluid composed of carbon and litho-
phile species  derived  from  subduceted
sediments. The xenoliths also have abun-
dant fuid inclusions, and as indicated by
their radiogenic Sr (to 0.7123), these inclu-
sions host the metasomatic agent. Sumoan
basalts have similar but less-extreme isotop-
ic systematics (Wright and White, 1986),
suggesting that the metasomatic agent is
also involved in busalt petrogenesis.

Savai'l xenoliths have high and uniform
*He/'He ratios of 11.5 = 0.5 times the at-
mospheric value (R,, 1.39 X 107°) com-
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pared with ~8 R, in mid-occan ridge ba-
salts  (Porcda and  Farley, 1992). The
presence of high “He/*He ratios in fluids
bearing 2 “recycled” lithophile signature is
difficutt to understand and was the primary
motivation for this study.

This work focuses on two harzburgites
from a cinder cone on the northeastern side
of Savai'i (Fig. 1). Although they are chem-
ically similar, the two xenoliths differ dra-
matically in their degree of deformation and
in their fluid-inclusion abundances (Farley
et al, 1994). Major clement compositions
are indistinguishable from those reported by
Hauri et al. (1993). Both samples have mag-
nesian olivines (1Fog,) and pyroxenes (Mg/
Mg + Fe] between (.92 and (1.95) and sili-
ceous melt inclusions (510. 5670 wt%). In
the mildly porphyroclastic harzburgite SAV
1-7, randomly oriented arcuate healed frac-
tures arce decorated with both melt and fluid
inclusions, which range from elongate vcr-
micular to spherical and are 10-50 pum in
maximum dimension. Vermicular inclusions
(frequently with trapped melt) are most
cemmon in orthopyroxene and only infre-
quently cross grain boundaries. In contrast,
SAV 20X is intenscly deformed, with ubig-
vitous subparallel fractures dissecting the
entire xenolith. Where healed, the fractures
host an enormous number of spherical fluid
inclusions, generally larger than those of
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Figure 1. Map of Samoan Archipelago and its
refation to Tonga Trench. FTF denotes Fiji
transform fault. This figure is modified after
Tiffin (1993).




TABLE 1. HELIUM AND CARBON IN SAVA!'t XENOQLITHS

s 3 3 3

Sample Description 1 He He/*He Manometric FTIR c/ Pag
110" mol/g) {Ra) €O, (ppm) CO; {ppm} x 10%)
SAV 26X Severely sheared harzburgite 4.2 £ 0.4 12.0 £ 0.5 433 + 7 OL 189 - 419 2.4
GPX 442 -625

SAV 1-7 OL Porphyroclastic harzburgite 0,13 + 0.01  11.3 % 0.5 21 2 <4-52 36

SAV 1-7 OPX Porphyroclastic harzburgite 0.10 = 0.0% 11.9 £ 0.5 N.A. 33-94 24

Xenoliths from Hawaii  Lherzolites, harzburgites, 0.002 - 2,82 8.1- 24 <0.4 - 960 N.A, 2.2-31

and Reunion dunites and wehrlites'
MORB Glasses’ N.A. ~8 63 - 595 N.A, 1.2-6.6

Note: Helium data are average values from Farley et al. (1994). Bulk analyses of SAV 26X were performed on whole rock because the phases
are intimately intergrown. CO, was determined both by manometry of gas released by crushing of bulk samples, and by Fourier transform infrared
{FTIR) spectroscopy of ~ 1-mm-wide regions of doubly polished thick sections computed using the extinction coefficient of Fine and Stolper
{1985). C/*He ratios were determined by combining concentrations from independent bulk splits {excapt for SAV 1-7 opx, where the average
FTIR CO, value was used). N.A,. indicates data sre not available.

" Trull et. al (1993).
¥ Marty and Jembon (1987).

SAV 1-7 (up to 200 um in diameter). Most
of the largest inclusions have decrepitated
and are now simply voids. Orthopyroxcnes
in this xenolith are intensely turbid as a con-
sequence of many tiny (<3 pm) fluid
inclusions. )

To complement previous noble gas meas-
urements, these two samples were analyzed
for CO, content by manometry of bulk sam-
ples and by thick-scction Fourier-transform
infrared (FTIR) spectroscopy. In addition,
fluid-inclusion microthermometry was per-
formed to determine the composition and
filling pressures of the inclusions.

RESULTS

All analyzed phases from both xenoliths
have *He/*He ratios of ~11.7 R, (Table 1),
identical to ratios found in five other xeno-
liths from this locality and comparable to the
lowest values found in Samoan basalts
(Poreda and Farley, 1992; Farley ct al,
1992). Helium concentrations are also high,
cspecially in SAV 26X (250 pmol/g); this
highly deformed xenolith is enriched in he-
lium by a factor of 25 relative to SAV 1.7,
Bulk CO, concentrations range from 21 to
440 ppm, again with the highest concentra-
tions in SAV 26X. The C/*He ratios in the
olivines of SAV 1-7 and in the SAV 26X
bulk rock arc both ~3 x 10”, whercas the
ratio in the orthopyroxene of SAV 1-7 is 10
times higher.

FTIR spectroscopy revcals substantial
spatial variations in CO, content, reflecting
a heterogencous distribution of fluid inclu-
sions over the millimetre scale. In both
xenoliths, orthopyroxene hosts about two to
three times more CO, than coexisting oli-
vine. The intensely turbid (metasomatized?)
orthopyroxenes in SAV 26X are particularly
CO, rich, up 1o 625 ppm. No other IR active
species (in particular H,O, SO,, H,S. CH,,
NH;) could be conclusively identified.

After FTIR analysis the sections were
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subjected to fluid-inclusion microthermom-
etry. The melting behavior of fluid inclu-
sions reflects the composition of the inclu-
sion fluid (Roedder, 1983). In SAV 26X and
the olivines of SAV 1-7, the mujority of in-
clusions exhibit a final melting temperature
(T,,) of ~50.6°C; the triple point of pure
CO. (Fig. 2A). In contrast, inclusions in the
SAV 1-7 orthopyroxenes have a much
greater 7, range, from —56.6 to --58.2 °C:
a frequency maximum is at —57.5 °C. The
lowest melting points are found cxclusively
in the vermicular inclusions, and the distinc-
tive T, distribution in SAV 1-7 orthopy-
roxcnes is a consequence of the presence of
such inclusions almost exclusively in this
phasc.

These results indicate that most of the in-
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clusions in both xenoliths are cssentially
pure CO- (=>99.5 mol“c). However, T, val-
ues as low as —58.2°C require that o sub-
population of inclusions, especially the ver-
micular varicty, carry up to ~5 mol% of an
additional constituent(s). The IR active spe-
cies listed above should have been detect-
able at this level, so this additional compo-
nent cannot be IR active. It has previously
been suggested that noble gases may be re-
sponsible for T, reduction in mantle fluid
inclusions (e.g., Andersen ct al, T984). As
shown in Table 1, noble gases compose a
very small fraction of the total fluid in the
inclusions, certainly <0.1 mol%:, and there-
fore can be ruled out. Cl/Ar ratios of ~ 1000
have been measured in somie mantle fuids
(Ozima et al.. 1989); if such fluids are
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Figure 2. Distribution of temperatures (T) of (A) final melting (T,,) and (B) homogenization (T,,)
temperatures in two Samoan xenoliths. Microthermometry was performed on doubly polished
100-pm-thick sections with Fluid Inc. stage (accuracy =0.1 °C). Very turbid mineral grains
prevented identification of mineral phases within SAV 26X. Top axis in B indicates pressure of
last equilibration implied for CO, inclusion at 1200 °C. Note that pressure uncertainties result-
ing from impurities in inclusions are comparatively small, at most few percent. Four inclusions
in SAV 26X homogenized into gas phase (not shownj; all others homogenized into liquid phase.
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“ (Farley et al,, 1994) suggest Cl concentra-
tions of ncarly 10 mol%. Cl therefore is a
likely source of the T, reduction observed
in some inclusions.

The temperature at whieh two-phasce fluid
inclusions (liquid + vapor) homogenize can
be used to estimate the depth of inclusion
entrapment. In SAV 1-7 the inclusion fluids
homogenize  exclusively into  the  liguid
phase, over a range of temperatures from
—~1510 25 °C; there is a sharp peak at ~5 °C.
SAV 26X cxhibits a similar peak, but with a
substantial tail to higher homogenization
temperatures, up to 31 °C. In addition, a few
very large inclusions in SAV 26X homoge-
nize into the gas phase. By assuming thal the
inclusions were trapped at a typical mantle
temperature of 1200 °C, these homogeniza-
tion temperatures can be related to the pres-
sure at which the inclusions last equilibrated
(Roedder, 1983). Such values represent a
minimum estimate of the pressure of inclu-
sion formation, because physical recquili-
bration during ascent (e.g., partial decrepi-
tation) can lead to [ower values. The
Samoan fluid inclusions record pressures up
to ~8 kbar; distribution peaked strongly at
~0 kbar (Fig. 2B). The tail (oward lower
pressures indicates partind decrepitation of
some inclusions, particularly the largest in-
clusions in SAV 26X. Note that the sharp
peak in all three distributions at ~6 kbar is
not likely to reflect a maximum tensile
strength bevond which the inclusions will
decrepitale, because other studies record
much greater pressures (up to 12 kbar) for
inclusions of similar size in similar mincrals
from other localities {c.g., Andersen ct al,,
1984; Hansteen ct al., 1991), If it is assumed
that the 0 kbar ligure reflects a purely litho-
static load, this pressure corresponds to a
depth of abcat 18 km, coinciding roughly
with the base of the crust in o hotspot
environment.

DISCUSSION

Petrographic and geochemical evidence
documents extensive interaction of the Sa-
moan xenoliths with a metasomatic fluid
now carried within the fluid inclusions. The
fluid has a high *He/*He ratio (~12 R,),
very radiogenic Sr (>-0.7(2), Dupal Pb, and
a distinctive enriched (carbonatitic) trace el-
ement pattern (Hauri et al., 1993). The Sr,
Nd, and Pb isotopic signatures in the fluid
are similar to those of oceanic sediments
(c.g., Ben-Othman ¢t al., 1989). Most inclu-
sions are pure CO,, but some also contain
up to a few mol% of an IR-inactive specics
(C1?). Fluid-inclusion geobarometry sug-
gests that this unusual fluid is trapped at the
top of the mantle, where the crust may act as
a barrier to fluid migration.
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Cre o L8 ) BEoposCu tiad thls meta-
somatic fluid arises by the separation of a
volatile-rich phase {rom a subducted sedi-
mentary protolith; the high volatile content
is attributed to penetration of crustal carbon
through the subduction-zone filter. Because
sediments are enriched in “He-producing U
and Th, and are depleted in *He relative to
the mantle, recycled sediments should be
characterized by very low “He/'He ratios
(certainly <8 R, the ratio in pristine oce-
anic crust). Nevertheless, despilce the strong
isotopic evidence for a recycled component
in the fluid inclusions, they do not have a low
*He/'He ratio. This same paradox was noted
in Samoan basalts (Farley et al., 1992). It
seems inescapable that helium in the meta-
somatic fluid (and in Samoan basalts) has
a source independent of the recycled
componet.

This observation requires the addition of
mantle helium (rich in *He) to the recycted
material or its derivative fluid, This possi-
bility can be evaluated through considera-
tion of the relative Cand “He abundances in
the xenoliths. Previous workers have shown
that C/*He ratios are fairly uniform in man-
tle samples, despite urge variations in He
concentration and isotopic ratio (Trull et al.,
1993; Marty and Jambon, 1987). The C/*He
ratio varies only over a factor of 30 (1-30 X
10%) in mid-occan ridge basaits and occan-
island xenoliths (Table ). This restricted
range exists despite the (endency for mantle
samples to lose He by diffusion during
eruption (Farley et al., 1994). A character-
istic C/*He ratio of ~5 x 10" apparently tags
a “normal” mantle provenancc of both C
and *He in mantle fluids.

C/*He ratios of 2.4-24 X 10" in the Sa-
moan xenoliths lie completely within the
characteristic mantle range (Table 1). The
SAV 1-7 orthopyroxene has a higher C/°He
ratio than coexisting olivine by a factor of
seven, but this high value is a consequence
of preferential He loss from the orthopyrox-
ene (Farley ct al,, 1994). Therefore, the best
estimate for the C/*He ratio of the inclusion
fluid is ~3 X 10° In comparison, the lowest
C/*He ratios in sedimentary materials are at
Jeast several orders of magnitude higher.
For example, even the most slowly accumu-
lating pelagic clays (which are rich in extra-
terrestrial *He and poor in C compared to
other subducting material) have C/*He ra-
tios >2 X 10'" (Farley, unpublished). Dif-
fusive loss of *He from the down-going sed-
iments (c.g., Hiyagon, 1994) can only raise
this ratio.

That the metasomatic fluid carries the
characteristic mantle C/*He ratio suggests
that both *He and carbon are derived from
the same source as most other oceaiic vol-
canic rocks; otherwise, o completely fortu-

ious mixture ol reeycled carbon (with very
high C/*He) and mantle He (somehow sep-
arated from its associated carbon) would be
required. These data make it difficult to ac-
cept the idca that the metasomatic agent is
composcd of predominantly recycled carbon
(Hauri et al., 1993). It is more likely that
CO, and helium are derived from the Sa-
moan plume source; Samoan shicld lavas
with *He/*He ratios up to 24 R, confirm
that the Samoan plume has the appropriate
composition (Farley ct al., 1992). In con-
trast, the isotopically enriched lithophile el-
ements must arise from incorporation of a
large fraction of volatile-poor recycled
sediment.

1f the (rapped metasomatic fluid is in fact
a mixture of plume and reeycled compo-
nents, then He-Sr isotope systematics place
a tight limit on the mantle residence time
(t,...) of the recycled component. The high U
and Th abundances ol the metasomatic uid
(about 80 and 320 ppm, respectively; Tauri
et al,, 1993) rapidly yield large quantities of
radiogenic “He. As a conscquence, as f,,
increases, the recycled component becomes
mcreasingly cffective at reducing the “He/
*He ratio in the mixture. The curvature of
two component mixing arrays between
plume and recycled components is governed
by the parameler

Hce, Sr,
X

" Helte) St

where He and Sr are concentrations in the
plume and reeyeled sources and e, is a
function of 1. The xenolith data provide an
estimate of r, from which 1, can be com-
puted using reasonable values of Sr,. Sy,
and He . As shown in Figure 3,1, recorded
by the xenoliths must be very short, between
about 3 and 20 m.v. Uncertainties in the
composition of the end members probably
introduce an uncertainty of a factor of a few
to this calculation, bul previous estimates of
several billion years residence times (e,
Hofmann and White, 1982) clearly cannot
apply to the Samoan EM2 component. Al-
though the particulars presented here are
modcl dependent, the short residence time
is a robust conclusion arising from the high
radioclement concentrations and high “He/
“He and *'Sr/"Sr ratios of the metasomatic
fluid. A short f,.. may ulso explain why the
Samoan metasomaltic fluid is so isotopically
extreme relative to other oceanic rocks—the
recycled materials have had hittle time to be
diluted into the ambient mantle.

A mantle residence time of ~ 10 m.y. re-
quires the involvement of actively subduct-
ing material. possibly associated with the
downgoing slab in the nearby Tonga Trench
(Fig. 1). The proximity of Savai’i to the
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Figure 3. He-Sr mixing curves between plume
and recycled end members as function of
mantle residence time of recycled compo-
nent, t .. Filled box shows compositional
range of Samoan xenoliths (Farley et al., 1994;
Hauri et al., 1993). Best-fit curve indicates that
t,.s Must be very short, probably --10 m.y.
Plume source is taken to have isotopic char-
acteristics of highest *He/*He Samoan basalts
(Farley et al., 1992}, 20 ppm Sr, and lower man-
tle He concentration (Allegre et al., 1986). Re-
cycled source is assumed to have ®7Sr/%%Sr as
high as is commonly observed in oceanic sed-
iments (Ben-Othmann et al., 1989), typical
deep-sea sediment Sr content (240 ppm), and
U and Th abundances inferred by Haurl et al.
{1993). Model assumes no fractionation of He
from Sr, U, and Th, because all are highly in-
compatible elements, and that helium is com-
pletely degassed upon subduction.

trench (<50 km) and the parallelism be-
tween the strike of the posterosional vents
and the trench have been noted previously,
and suggest structural control on the distri-
bution of volcanic centers (Nathind, 1980).
The results presented here also suggest a
chemical fink. Geophysical surveys show lit-
tle evidence for sediment oftscraping in the
northern Tonga Trench, indicating that sed-
iments are cntering the mantle in this area
(Hill and Tiffin, 1993). Although poorly
characterized, the pelagic scdiments near
the trench are isotopically similar to Samoan
rocks, with high "'Sr/*Sr, intermediate Nd,
and Dupal Pb (Ben-Othman ¢t al, 1989;
Peucker-Ehrinbrink et al., 1994). They are
also very poor in C and "He (Farley, un-
published), so there is little difficulty in
maintaining a high “He/'He ratio and a
mantlc C/He ratio in mixturcs with this
component.

The Samoan Islands do not lic directly
above the subducting slab, but to the north,
on the facific plate (Fig. 1). The westward
bend of the trench south of Savai'i marks
the northern terminus of subduction and the
appearance of the southwest-trending Fiji
transform fault. Thus, the lateral edge of the
slab lies within 50 km of Savai'i. Although a
mechanism cannot be specificd at present, it
seems at least plausible that plume and sed-
iment components may be interacling in this
complex region. If 1his hypothesis is correct,
Samoan geochemisty may offer a means to
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assess shallow mantle flow near the slab. In
this regard it is intercsting that postero-
sional lavas from Savai'i and Upolu (which
lic closest to the trench) carry o much stron-
ger EM2 signature (Wright and White,
1986) than do comparable lavas on Tutuila
(located 75 km farther east, i.e., away from
the trench).

The involvement of a recently subducted
component accounts well for the observed
isotopic systematics of Samoan rocks and
links the unique characteristics of the Sa-
moan variety of EM2 with the unusual tec-
tonic setting of the archipelago. Other
ocean islands with EM2 isotopic character-
istics do not have comparably high *He/*He
and ¥'Sr/**Sr ratios, and so need not be cy-
cled so quickly. Further characterization of
the composition of the down-going package |
in the Tonga Trench and its likely physical \
and chemical behavior in the shallow sub-
duction environment-is necessary to explore
this hypothesis more quantititively.
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