9
% *‘~\~ Geochemistry |J Article

Geophysics . Volume 1
December 13, 1999
Geosystems J

Paper Numbet999GC000013
* AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES ISSN: 1525-2027

PUBLISHED BY AGU AND THE GEOCHEMICAL SOCIETY

Assessing the Presence of Garnet-Pyroxenite in the Mantle Sources of
Basalts Through Combined Hafnium-Neodymium-Thorium Isotope

Systematics

Andreas Stracke (stracke@magnet.fsu.edu) and Vincent J. M. Salters (salters@magnet. fsu.edu)
National High Magnetic Field Laboratory and Department of Geological Sciences,
Florida State University

Ken W.W. Sims (&sims@mail.whoi.edu)
Department of Geology and Geophysics, Woods Hole Oceanographic Institution

Abstract. [1] The existence of an enriched component in the mantle with a pyroxenitic or eclogitic composition and its importance
for basalt genesis has been discussed for over two decades. Inferences about the depth of melting as well as the dytwagnics of me
based on the presence of garnet and the location of the spinel-garnet transition are different if garnet-pyroxeniténighmesent
peridotitic mantle. Trace element partition coefficients are dependent on composition, and the differences between gamitet-pyrox
and peridotite are large enough to produce significant differences in trace element fractionation between melts derieed from th
different lithologies. Melts derived from garnet-pyroxenite or eclogite-bearing sources will have smai%hrexcesses, which

are largely independent of melting and upwelling rate. Melts derived from garnet-peridotite will have sighiftidaakcesses,

which are dependent on melting and upwelling rate. We show that the combined hafnium-neodymium-thorium (Hf-Nd-Th) isotope
and trace element data can distinguish between melts derived from peridotitic and pyroxenitic or eclogitic sources. ¥énalso pre
new Hf isotope data for Hawaiian basalts and use the combined Hf-Nd-Th isotope and trace element systematics to arfgele against t
existence of garnet-pyroxenite or eclogite in the source of Hawaiian basalts. It is especially the large variation imugtresfof
relatively constant isotopic composition that allows us to rule out garnet-pyroxenite in the source of the Hawaiian basalts.
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1. Introduction al., 1979, 1984; Allegre and Turcotte 1986;
Prinzhofer et al, 1989;Hauri, 1996;Hauri et
[2 The existence of pyroxenite or eclogite 3|, 1996; Hirschmann and Stolper1996;
veins and layers in parts of the peridotitic mantle |_assiter and Hauri 1998: Lundstrom et al
has long been discussediidler et al, 1979;  1999:Niu et al, 1999], its role in causing these
1984; Allegre and Turcotte1986; Hirschmann  variations remains controversial. This contro-
and Stolper 1996] because pyroxenite veins are versy is partly due to the fact that the isotopic
observed in peridotite massifs as well as in mantlecompositions of pyroxenite veins in peridotite
xenoliths. Although a pyroxenitic or eclogitic massifs show large variations, and these pyrox-
component has often been suggested as thenites do not have appropriate chemical charac-
source of chemically and isotopically enriched teristics to be sources for oceanic basalts
isotopic signatures in oceanic basalfinfller et [Pearson et al 1991;Reisberg et a] 1991;
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Blichert-Toft et al, 1999a]. Nevertheless, iso- pyroxenite or eclogite (for simplicity, pyroxen-
tope and trace element enrichments in mid-ocearite in the remainder of the text is synonymous
ridge basalts, as well as ocean island basalt sigwith garnet-pyroxenite or eclogite, unless gar-
natures such as high (u = 2*U/?°Pb) (HIMU) net-pyroxenite or eclogite is referred to specifi-
[Zindler and Hart 1986] have been associated cally). In the absence of pyroxenite the garnet
with the presence of pyroxenite in a peridotitic signature is derived from garnet-peridotite and
host. Pyroxenite veins and layers in the suboceis the result of melting in the garnet stability field
anic mantle can have several origins, and mostand an indicator of the depth of melting. In the
often it is assumed that they represent eitherpresence of pyroxenite the garnet signature is
trapped melts or remnants of recycled oceanicadditionally dependent on the proportion of py-
crust. If pyroxenite layers are assumed to beroxenite derived melt in the extracted melt, and
remnants of recycled oceanic crust, they mustinformation about the depth of melting is hard
have kept their integrity during incorporation into to extract. Physical parameters of melting and
the mantle sources of oceanic basalts. Such pymelt transport such as the residual porosity, melt-
roxenites would be more restricted in their com- ing, and upwelling rate are commonly calculated
position than pyroxenites in peridotite massifs, from U series disequilibrium data, on the basis
and an assessment of their major and trace eleef the assumption of melting a garnet-peridotite
ment compositions is possible. Pyroxenites de-source McKenzie 1985;Spiegelman and Elligtt
rived from ancient oceanic crust are more en-1993; Elliott, 1997; Sims et al 1999]. Since
riched in fertile components (clinopyroxene and these estimates can be made only in the absence
garnet) and trace elements than the chondriticof pyroxenite, it is of paramount importance to
mantle Prinzhofer et al. 1989;Hirschmann and  distinguish between garnet signatures from gar-
Stolper 1996] and are similar to basalts in terms net-peridotites and garnet-signatures from pyrox-
of their major element composition. The lower enite. We will show that the combined U-Th,
Lu/Hf and Sm/Nd and the higher Rb/Sr and Re/ Sm-Nd, and Lu-Hf isotope sytematics are able
Os ratios in pyroxenites compared to peridotitesto do just that.

will, in time, lead to ingrowth of isotopic signa- 4  The presence of garnet-pyroxenite in a

tures distinct from the ambient mantle, and theirperidotic mantle has important consequences for

melts will show enriched isotopic signatures simi- the trace element fractionations during melting.

Ifﬂ to anC|e1r7\£ mui;acean ridge bgfaltsﬁ(lﬂéb\ld/ First, we discuss the compositional dependence

187Nd gnd Hf/*""Hf and high®Srf°Sr and  of the partition coefficients. Second, we discuss
Os/*0s). trace element fractionations during melting of

3] Recently, the possible existence of garnet-mixed peridotite-pyroxenite sources with both

pyroxenite or eclogite in the source of oceanic constant amount of pyroxenite as well as vary-

basalts gained renewed attention, as the tracéng amount of pyroxenite. Third, we investigate

element and isotopic signatures of basalts fromwhether the trace element and isotopic system-

various tectonic settings indicate melting in the atics of Hawaiian basalts permit the presence of

presence of garneBpnder et al 1984;Salters  pyroxenite in their sources.

and Hart 1989;Johnson et aJ 1990;Frey et

al., 1993;LaTourrette et al, 1993;Beattie 2. Melting of a Pyroxenite-Bearing

1993Db; Shen and Forsyth1995;Bourdon et al Peridotite

1996]. The U-Th, Lu-Hf, and Sm-Nd systemat- .

ics are strongly influenced by melting in the pres- 2-1- Effects of the Compositional Dependence of

ence of residual garneSglters and Hart1989;  Partition Coefficients on Melt Composition

Bourdon et al, 1996] and thus place important [5] In a recent studySalters and Longhi

constraints on melting in the presence of garnet-{1999] determined partition coefficients for the
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peridotite melt system at high pressures and inhas higher abolut®, and Dy, than pyroxenitic
concurrence with other studies found that parti- gt, while in gt-peridotiteD,, and D+, for cpx are
tion coefficients are compositionally dependent lower than for cpx from a pyroxenite. There-
[Nielsen 1985; Gaetani and Grove 1995; fore, in gt-peridotite the leverage of gt on bulk
Blundy et al, 1998;van Westerenen et.all999]. D, and D4, is larger than in gt-pyroxenite, and
It is these variations in partition coefficients as a U-Th fractionation is larger for gt-peridotites than
function of composition that allow us to distin- for gt-pyroxenite. A simple way to assess trace
guish between garnet-peridotite and garnet-py-element fractionations during melting is through
roxenite (eclogite) derived melts. At high pres- bulk partition coefficient ratios. Bulk partition
sure (>2.5 GPa) the clinopyroxene (cpx) in a coefficient ratios for gt-pyroxenite (70% cpx and
peridotite has a lower calcium (Ca) content than30% gt) and eclogite (50% cpx and 50% gt) are
a cpx at lower pressures. Ca contents in cpxD /Dy, = 1.04,D, /Dy = 9.7, andDg,{Dyq = 1.9
similar to the high Ca content in cpx in peridot- for gt-pyroxenite and /D1, = 1.21,D, /Dy =
ites at low pressure are found in systems with al5.2, andD¢,{D,, = 2.26 for eclogite (U-TID
more basaltic bulk composition at high pressures.for gt and cpx fromHauri et al  [1994], rare
Similarly, peridotitic garnets (gt) have a lower earth element (REE) and HI values for cpx
grossular content than gt's in equilibrium with a from Hart and Dunn[1993] and for gt from
more basaltic bulk compositionSalters and  Johnson[1998]). As a consequence, melts de-
Longhi [1999] argue, on the basis of the major rived from gt-pyroxenite or eclogite (hereinafter
element composition of the bulk system, that called Py melts) are substantially enriched in Hf
partition coefficients determined in previous relative to Lu and moderately enriched in Nd
studies [aTourrette et al 1993;Hauri et al, relative to Sm. U and Th, however, are not sig-
1994; Lundstrom et a| 1994] are most appli- nificantly fractionated during melting of gt-py-
cable to basaltic systems (i.e., garnet-pyroxeniteroxenite or eclogite but are equally enriched in
and eclogite). We use thgalters and Longhi the melt D/Dy,~1). With partition coefficients
[1999] partition coefficient data for peridotitic most appropriate for peridotite melting at high
compositions at high pressure and use severapresgure $alters and Longhi1999], gt-peridot-
of the previously published studies for gt-pyrox- ites (50% olivine, 20% orthopyroxene, 20% cpx,
enite or eclogite meltingHart and Dunn 1993; 10% gt) haveD,/D;,~2, D, /Dy ~7, andDg,{Dyq
LaTourrette et al 1993;Hauri et al, 1994;  x2.6. For similar degrees of melting, gt-peridot-
Lundstrom et a] 1994;Johnson 1998]. Enough jte derived melts (hereinafter called Per melts)
partitioning data are now available to formulate have significantly larget*Th excesses and show
partitioning models and to parameterize the sys-smaller Lu-Hf and larger Sm-Nd fractionations
tematic variations in partitioning as a function compared to Py melts. Combining gt liquid and
of pressure, temperature, and compositioncpx liquid partition coefficients for U and Th from
[Gaetani and Grovel995;Blundy et al, 1996;  a number of different studies results in ranges of
Salters et al 1999;van Westerenen et.all999].  p /D, for gt-pyroxenite from 0.66 to 1.3 and of
These parameterizations indicate that althoughp /D, for eclogite from 0.91 to 1.7@& fTourrette
the details of our calculations might change, theet al, 1993:Hauri et al, 1994:Lundstrom et a|
general trends in our melting calculations are 1994], dependent on which combination of pub-
expected to be robust. lished D is used. A websteritic composition
[6) The compositional effect of the partition [Hirschmann and Stolped996] results in a bulk
coefficient is illustrated for U and Th. To a first D/D+, almost identical those of the pyroxenitic
approximation, we can assume that for all bulk composition used above. Only if cpx liquid par-
compositions considered hergs, < D, for gt, tition coefficients for U and Th fronBeattie
while Dy, > D, for cpx. However, peridotitic gt  [1993b] are used, cab /D+, > 1 be generated
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for gt-pyroxenitic and eclogitic compositions be- the basalts for a given model age of the source
cause the cpx liquid, and Dy, from this study (2 Ga).A younger age for the pyroxenite (or peri-
are approximately a factor of 10 lower than thosedotite) would yield higherdsu,nq and oy val-

of any other studylaTourrette et al 1993; ues; an older age would lead to low&y;,\qand
Hauri et al, 1994;Lundstrom et al 1994]. In & ,uy values. The relative variations 6fsua)
this case, the gt liqui®, and Dy, dominate the  and &, however, are relatively independent
bulk D, andD+;, of pyroxenitic and eclogitic com- of the exact age of the sourc8alters 1996].
positions and result in bulk,/Dy, > 1. We de-  Although the translation ois,,nqand &y Pa-
cided not to use thBeattie[1993a, b] studies, rameters in absolute degrees of melting and the
as bothD, and D+, are constant over a large amount of melting in the presence of residual gt
range of composition, pressure, and temperaturemight be difficult, the relative difference between
This is contrary to numerous other studies onbasalts is a robust estimate. Assuming secular
cpx partitioning and casts doubts on the accu-equilibrium in the source, thé*{Th/~®) ratios
racy of Beattie’s partition coefficients. All other (parentheses denote activities) areo@syq and
data indicate that even small-degree Py melts cany ., values, independent of source composi-
only develop smalf*°Th excesses owing to the tion.

small Th-U fractionation of gt-pyroxenite and g py melts are clearly distinguishable from
_ecloglte: This is c_ontrary to qualitative est'|r_nates Per melts in terms ofyuy, Ssmnag CTHAU),

in previous studies, where gt-pyroxenitic or VSHATHE, and “Nd/A*Nd.  Although there can
eclogitic compositions were thought to be ca- pe sypstantial variations in the enrichment in in-
pable of generating largé*Th excesses compatible trace elements, pyroxenites or
[Sigmarsson et 811998;Lundstrom et al 1999].  g¢jggites derived from ancient oceanic crust are
It follows from the above discussion that accu- expected to have enriched radiogenic isotope
rately determined partition coefficients as a func- signatures (Iow"Hf/*Hf and “Nd/A*Nd) rela-
tion of the chemical composition are crucial in e to the peridotitic mantle. Figure 1 shows
assessing the pa}rtlt|on|r_1g behavior during melt- tha calculated variations ity ANd Sgmng) OF

ing of mineralogically different sources. Py and Per melts as a function of degree of melt-
ing. As we will apply the U-Th-Sm-Nd-Lu-Hf
systematics to the Hawaiian hotspot, we have
chosen the isotopic compositions for the Py melts
[71  The &smng Ismng @Nd S umry Parameters  to be very similar to those proposed for the
defined byDePaolo[1988] andSalters and Hart  Koolau end-member. On the basis of bulk parti-
[1989] are a measure of Sm-Nd and Lu-Hf frac- tion coefficient ratios, Py melts are more enriched
tionation during melting (se€igure ). Thedy, in Hf relative to Lu and more enriched in Nd
nn Parameter is strongly affected by the amountrelative to Sm than Per melts. This leads to higher
of melting in the presence of residual gt, whereasdyy values in Py melts than in Per melts for a
Ssming IS 1€ss sensitive to gt and is a good indica-given degree of melting. In Py and Per melts,
tor of the relative degree of meltingdlters and  Jsmng Shows large variations with the degree of
Hart, 1989; Salters 1996]. Contrary to simple melting, but owing to the highég,/ Dy, ratio in
trace element concentration ratios, thg,a) peridotite the variation iMgg iS larger in Per
Ssmmgy aNd &y Parameters have the advan- melts than in Py melts. Since Per melts are sig-
tage of measuring the Sm-Nd and Lu-Hf frac- nificantly more enriched in Th compared to U
tionation of basalts independent of their sourcethan Py melts, Per melts develop larg&mrh
composition. Th&jsu,ng and oy parameters  excesses than Py meltSigure 9. Unlike the
use the isotopic composition of the basalt to cal- gy and v Parameters, however, the Th
culate the trace element ratios in the source ofisotopic composition is influenced by the dynam-

2.2. Trace Element Fractionation During
Melting of Peridotite and Pyroxenite
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Figure 1. (a and b) Diagram of *Hf/*""Hf versusssmnag)
and Sy (€) M*INdM*Nd versusig,ng Our Hawaiian

due to variations in average degree of melting is
indicated by the shaded bar, assuming sources with
similar amounts of garnet-pyroxenite in the peridotitic
source. Decreasing melt productivity for pyroxenite
results in higherSgung Sy and °ThF*U) than
shown, which is inconsistent with the Hawaiian data.
All melting calculations are done by incremental batch
melting with small melt increments (0.1%) and similar
porosity (0.1%), i.e., dynamic meltif®plters and Longhi,
1999] Thedsmnganddymy Parameters use the isotopic
composition of the basalt to calculate the trace element
ratios in the source of the basalts for a given model age
of the source (2 Ga)dgmna[(**'SMH*Nd),c-(**'Sm/
1Nd)J/('SMPNd),c,, Where 1'Sm*Nd),, is the
calculated**’Sm/*Nd of the source based on the
present-day*Nd/A*Nd and an assumed source age of 2
Ga and {*Sm#*Nd),, is the measuret’Sm#*Nd of the
basalt. Thej . parameter is defined similarly. Solid
symbols are the Hawaiian data from this study. The
isotopic composition of the pyroxenite end-member is
chosen to be similar to that of the Koolau basiStdle

et al., 1983; Roden et al., 1994; Blichert-Toft et al.,
1999]. The trace element composition for the garnet-
pyroxenite component is similar to depleted mid ocean
ridge basalts (NMORB Hofmann, 1988]. The isotopic
and the trace element composition of the garnet-
peridotite are similar to the MORB-source mantle
(according to the geochemical Earth reference model
(GERM, 1999, available dtttp://www-ep.es.linl.gov/
germ). U-Th partition coefficients for the garnet-
pyroxenite component are frafauri et al. [1994]REE
and Hf partition coefficients are fromdart and Dunn
[1993] for cpx and fromJohnson [1998for garnet.
Peridotite partition coefficients are fror8alters and
Longhi [1999] Further explanations are given in the
text.

ics of melting, and parameters such as melting
rate and the difference between solid and liquid
upwelling rate have to be taken into account.
The calculated®°Th excesses created by melt-

data are shown as solid symbols. Solid lines are mixinging of gt-peridotite and pyroxenite at similar
lines between high-degree Py melts and low-degree Peporosity and upwelling rate are shownFigure
melts. Thej, .y parameter is an indicator of the amount |t js obvious fronFigure 2that®°Th excesses

of melting in the presence of garnet, wherégggis
an indicator of the degree of meltifgalters, 1996]Py
melts have enriched isotopic signatures as well as highe
Osming)@Nd J iy than Per melts. The degree of melting

r

of Py melts are small, even for the low melting
and upwelling rate (solid upwelling rate is 1 cm/
yr, melt upwelling rate is 400 cm/yr) and low

(F) for each end-member is indicated at the end of thePOrosity (0.1%) assumeq hefédure 3. In sum-
solid lines; tick marks are for 10% mixing intervals. The mary, Py melts have highej, .y values, less
sense of the variations in aggregated melt compositionsvariable dsmng vValues, smallef*Th excesses,
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and more enriched Nd and Hf isotopic composi- tionships expected from melting a mixed pyrox-
tions than Per melts for a given degree of melt-enite-peridotite source, as described below, lead
ing. to correlations betweefis,ng Suumy and ¢°Th/
28Y), YOHf/Y™Hf, and ***Nd/**Nd. These sys-
2.3. Melting of Pyroxenite-Bearing Peridotite tematic relationships are due to the higher melt

[91 The key features of the melting, mixing,
and melt extraction mechanisms of pyroxenite- 06 ' ' '
bearing peridotites are summarized below. Since 05f WH/./F:‘;;% .
an understanding of these melting processes is oal A% x4
key to understanding the characteristics of the ). Ej;’z’ 1
aggregated melts_from pyroxenlt'e-bearlng | perme
sources, the reader is also referredRorzhofer

et al [1989], and references therein and 01
Hirschmann and Stolpef1996], and references

0.3 F=12%
[ ]

S(Sm/Nd)

10

>
021 &p=2bopr2o
30 aggregated melts from a
pyroxenite-bearing source -

F=30%

0 Py-melt a
therein) for extended discussions on pyroxenite . . .
melting. 10 oy-mel
[1o] As long as pyroxenites are not ool F %% a0 0 i i
monomineralic, pyroxenites have a lower soli- F=12% 10 erF':fojo
dus temperature than peridotites, and the differ- g Fay |
ence between solidus and liquidus temperature 3 %8 o i Er% 4 1
is smaller for pyroxenite than for peridotite. - F=7%
Therefore, during adiabatic decompression, 07 1
melting of pyroxenite starts at a higher pressure =300 b
than melting of peridotite, and pyroxenite melts 0.28320 ! ! !
to a larger extent than peridotite for a given pres- p—
sure interval. After melting has been initiated, :m;g?a'l-oa AA LA
at any given pressure, Py melts are higher-de- s 028315} | ekilauea A .
gree melts than Per melts. Melting of a mixed & 4 Haleakala
lithology of pyroxenite and peridotite should ;E ° "
therefore be investigated in terms of mixing low- = 028310 | u 1
degree Per melts and high-degree Py melts (solid K
mixing lines inFigures land2). These mixing c
lines between pure Py and pure Per melts can 028305 — 1'_1 1'_2 1'_3 P
also be taken to represent varying amounts of (230Th/238y)

pyroxenite in a peridotite source or mixing of
melts derived from sources with different pyrox-
enite/peridotite ratios.

Figure 2. (*°Thf*®U) versus (a¥smna (0) Sumg and

(c) Y"™Hf/*""™Hf. Curves are mixing lines between Per melts
and Py melts whereby Py melts represent a larger degree
[11] In the following, we will discuss the chemi- of melting. For the Hawaiian basalts the highest-degree
cal variations as a result of varying degrees ofmelts (Iowdsmng) With the least prominent garnet

melting of sources with similar pyroxenite/peri- Signature (lowd,uy) are the most enriched melts (low
dotite ratios. Figures 1and 2 show that Py and HHf/1Hf) with the lowestTh excesses. Mixing lines,

P It learlv disti ishable in t fsymbols, and melting calculations as describdegnre
€r mells are clearly distinguishable In terms of ;=)o transport times are equal for both melting of

their f:ombined U'Thj Lu-Hf, and 'Sm-Nd SYS- garnet-pyroxenite and garnet-peridotite (mantle matrix
tematics. These distinct geochemical characterascent rates are 1 cm/yr and melt ascent rates are 400
istics in combination with the systematic rela- cm/yr for both componenfSalters and Longhi, 1999]
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productivity of pyroxenite compared to peridot- 3. The Hawaiian Case
ite resulting in varying proportions of Py melt in

the aggregated melt as a function of the degred'? ©On the basis of major element and Re-Os
of melting. During progressive melting of a systematics, it has recently been suggested that

source in which the pyroxenite is a minor com- the isotopic variations in Hawaiian basalts be
ponent compared to the peridotite, the amountgenerated by melting of recycled oceanic crust

of Per melt will eventually exceed the amount of COmMPonents, preserved as gt-pyroxenite or
Py melt owing to the larger abundance of the eclogite in the source of Hawaiian basakisWiri,

peridotite. As soon as melting of the peridotite 1996 Hauri et al, 1996; Lassiter and Hauri

is initiated, the Py melt is diluted by melt de- 1998]. However, the recycled material in the
rived from the host peridotite, despite the fact SOU'ce for Hawaiian basalts could also be well
that pyroxenite melts to a larger extent than peri-Mixed within a peridotitic lithology and not add
dotite for a given pressure interval. Addition- a dls_tlnct second lithology to the source. In thl_S
ally, the pyroxenite/peridotite ratio in the residual S€ction, we use our model to test whether this
source decreases with increasing degree of melt!€Cycled component is indeed associated with
ing due to the higher melt productivity and the the mferr«_ad presenge o_f_a pyroxenitic or eclogitic
lower abundance of the pyroxenite relative to I|th0|09y in the p_erldotltlc mantle source of the
the peridotite. The combination of the effects is Hawaiian volcanics.

to progressively dilute the amount of Py melt in .o

the aggregated melt with increasing degree of>-L: U-Th, Lu-Hf; and Sm-Nd Systematics in
melting. Aggregated melts representing low-de- Z¢70~Age Hawatian Basalts

gree melts will therefore contain a relatively [13] The data presented ifable lare the first
larger proportion of Py melt than aggregated where Hf, Nd, and Th isotope systematics have
melts representing high-degree melts from a simi-been determined on the same samples. Our new
lar source. This relationship is shown qualita- isotope data for zero-age Hawaiian basalts from
tively by the shaded bars iRigures land 2. the Mauna Loa, Kilauea, Hualalai, and Haleakala
Therefore, in a suite of samples from sourcesvolcanic seriesTable 1 are in good agreement
with similar amounts of pyroxenite, there will with results from previous studies compiled from
be a systematic relationship between the aver-the literature and cover most of the compositional
age degree of melting and the amount of Py meltrange reported for the Hawaiian mantle plume
in the aggregated melt, simply as a consequencé€Figure 3). Hf, Nd, and Sr isotopes correlate well
of melting. In aggregated melts generated fromwith trace element indices of source enrichment
a similar pyroxenite bearing source but differ- and melting in the presence of gt such as Th/U
ing in degree of melting, Py melts are therefore (Th/Nb, La/Sm) and (Sm/Y[)respectively $ims
most abundant in the lowest-degree melts, lead-et al, 1995, 1999]. All samples hav&Th/

ing to high Ssmng high Sumg, low HHF, #8J) > 1 with #°Th excesses up to 30%, sug-
“Nd/MNd, and £°Th/”®U) values. In progres- gesting a significant amount of melting took
sively higher-degree melts from this same sourceplace in the presence of residual gt. Theg
the abundance of Py melts in the aggregated meland &,y parameters correlate well with Hf, Nd,
decreases. Thu&s.ngand o,y decrease, and and Sr isotopes~(gures land 3),confirming the
YOHf/YHE, MNd/MNd, and £°Th/”%U) increase  relationship between source enrichment and re-
in the aggregated melts with increasing degreecent trace element fractionation during melting
of melting. This systematic relationship is shown observed in zero-age Hawaiian basaltsSiyns
qualitatively by the shaded bars Figures land?2. et al [1995]. The trends idgynq versus“*Nd/
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Table 1. Isotope and Trace Element Data for Zero-Age Hawaiian Basalts

Sample ML-61 ML-07 HU-05 HU-13 HU-18 HU-24 KL-01 HK-02 HK-04 HK-06 HK-10 HK-11
Location Mauna Loa Mauna Loa Hualalai Hualalai Hualalai Hualalai Kilauea Haleakala Haleakala Haleakala Haleakala Haleakala
Eruption year 1935 1861 1801 1801 1990 1792

Age (years) 103060 710£150 200-900 200-1000 200-1000 200-1000
Volcanic phase shield shield postshield postshield postshield postshield shield posterosional posterosional posterosional postertesasiahapos
Th-ID 0.552 0.568 1.611 1.53 1.56 1.654 0.867 3.472 2.369 3.423 3.35 3.761
U-ID 0.185 0.193 0.456 0.446 0.44 0.48 0.268 0.981 0.66 1.003 0.993 1.042
Lu-ICP 0.32 0.29 0.27 0.26 0.27 0.27 0.28 0.3 0.24 0.28 0.24 0.33
Hf-ICP 3.2 3.69 3.12 3.37 3.68 5.14 4.18 5.64 5.18
Sm-ID 4.79 4.67 5.04 5.12 5.33 8.08 6.67 8.72 9.15 10.57
Nd-1D 16.67 16.77 2213 22.78 19.87 37.84 29.08 40.53 41.82 49.01
(3°Th/*Th) 1.051 1.076 1.002 1.009 1.009 1.024 1.041 1.099 1.105 1.106 1.102 1.102
(Z°ThAU) 1.034 1.044 1.167 1.141 1.179 1.163 1.04 1.282 1.308 1.243 1.228 1.311
[GaVa) 1.01 1.01 1.02 1.01 1.02 1.02

oLt HE 0.0126 0.0102 0.0116 0.0112 0.0102 0.0081 0.008 0.0059 0.0089
MO HE 0.283074 0.283079 0.283109 0.283105 0.283115 0.283104 0.283115 0.283157 0.283152 0.283169 0.283157 0.283165
Ent 10.7 10.8 11.9 11.8 12.1 11.7 12.1 13.6 13.4 14 13.6 13.9
Oy 0.686 0.751 0.716 0.729 0.75 0.807 0.81 0.86 0.791
SmfNd 0.174 0.168 0.138 0.136 0.162 0.129 0.139 0.13 0.132 0.131
M3Nd/MNd 0.512864 0.512899 0.512905 0.51293 0.512951 0.513033 0.513022 0.513063 0.513043 0.513058
End 4.4 5.1 5.2 5.7 6.1 7.7 7.5 8.3 7.9 8.2
Osmingy 0.188 0.223 0.364 0.379 0.264 0.431 0.386 0.432 0.418 0.429
875 fogp 0.7038 0.7036 0.7036 0.70357 0.70359 0.70325 0.70327 0.7031 0.70311 0.7031

Hf isotope ratios were obtained by multicollector plasma-source mass spectrometry on the Plasma 54 in LYot/ Thi ratios are reported relative {6Hf/*""Hf=0.282160 of the IMC-475 Hf
standard. Other analytical details are reporte@ims et al [1995], Blichert-Toft et al.[1997], andSims et al[1999]. Present bulk earth values for calculatiod@fung ~ &aghy ‘A6l *“Nd =
0.512638,’sSm/*/Nd = 0.1967,"*Hf/""Hf = 0.282772, andLu/*"Hf = 0.0332.

YINd and i versus™Hf/Y'Hf in the zero  U-Th disequilibria are additionally influenced by
age basalts originating from both the shield andthe amount of Py melt in the aggregated melt.
postshield stages of Hawaiian volcanism are re-The trends for the Hawaiian basaltsFigures 1
produced by the variations of basalts from Ha- and 2 can only be explained if the highest-de-
waiian shield volcanoed=(gure 4. This shows gree melts with the smallest gt signature (lowest
that the chemical variations observed in the zero->*Th excess and lowesksyng Sy have the
age Hawaiian basalts of this study (encompassisotopically most enriched signatures (lowest
ing shield and postshield lavas) are representa*’sHf/*""Hf, 1“Nd/*Nd) and contain the highest
tive of the Hawaiian plume. The isotopically proportion of Py melt. The qualitative trends for
most enriched melts (low*Hf/*"’"Hf) represent  increasing degrees of melting of sources with
the highest degrees of melting (Iaf.nq) @nd  similar pyroxenite/gt-peridotite abundance ratio
have the smallest gt signature (I} uvn).  (shaded bars iffigures land2) are opposite to
(*°Th/*) are highest in low-degree melts with what is observed for the Hawaiian basalts. Be-
the largest gt signature (higfyngand highd.,  fore adding complexity to the model by resort-
wy, Figure 9. It is evident fromFigure 2¢ how-  jng to varying amounts pyroxenite or before
ever, that {°Th/**U) for Hawaiian basalts also excluding pyroxenite from the Hawaiian source,
vary systematically with source composition. we need to investigate the dependence of our

The isotopically most enriched melts (lowest ¢a|culations on some critical melting parameters.
17%Hf/1""Hf) have the smallest¥Th/*%U). Sims

et al. [1995, 1999] explained the systematic
variations in the U-Th disequilibria as being a
result of variations in porosity, melting rate, and
mantle upwelling rate of a peridotitic mantle. [14] The relationship between the difference

These estimates of melting conditions, however,in melt productivity between gt-peridotite and

can only be made in the absence of pyroxenite pyroxenite determines the slopes of the mixing
If pyroxenite is present in the source of Hawai- lines (solid lines) inFigures land2. Melt pro-

ian basalts Hauri, 1996;Hauri et al., 1996;  ductivity is a function of both the location of the

Lassiter and Hauri 1998], the variations in the solidus and the difference between the solidus

3.2. Dependence of the Model on Input
Parameters
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and liquidus temperature; the smaller the differ- mate that the melt productivity of pyroxenite is
ence between solidus and liquidus temperaturepnly ~20-50% higher than the melt productivity
the larger the melt productivity. While it is widely of gt-peridotite. Decreasing the melt productiv-
accepted that the melt productivity of pyroxen- ity ratio would decrease the difference between
ite is higher than the melt productivity of gt-peri- the degree of melting of the Py and Per melts at
dotite, the exact relationship is not well deter- any given melting interval. At any given stage
mined. A high melt productivity ratio (amount during melting, lower-degree Py melts would
of Py melt over amount of Per melt at a given then be mixed with the Per melts, and these lower-
pressure) of at least 4 is required to produce mix-degree Py melts have highég g and oy ymy
ing lines which approximate the trends of the and slightly large**Th excesses. Thus lower
Hawaiian basalts (solid mixing lines Figures  melt productivity of the pyroxenite results in
1 and2). Hirschmann and Stolpdil996] esti-  mixing trends that are inconsistent with the Ha-
waiian trend. Increasing the melt productivity
, : , : , ratio has the opposite effect. As a result of chang-
This study: ing melt productivity, the slope of the solid mix-
#Mauna Loa Honglulu ing lines changes, and in response to that, the
M Hualalai Waianae
®Kilavea Haleakala slope of the trend for the aggregated melts
A Haleakala SdermMaul (shaded bar) also changes slightly but retains its
_ negative slope even for very large pyroxenite/
Kilauea . . . . Do .
TR _ peridotite melt productivity ratios. Variations in
02830 4 /@& Mauna the isotopic compositions or ages of the end-
e Kea
members will result in small changes in the ab-
solute &smmng and oy Values, but the quality
and sense of the correlations between these and
other parameters remain intact as long as the age
difference between the enriched and depleted
component is not large, e.g., as in the case of a
200 Ma enriched component and a 3 Ga depleted
Kilauea b component. For example, if one would assume
| : Qé\m ) that depleted isotopic signatures of the
Honolulu X .'ﬁﬁl‘l_llllllum Kauai posterosional basalts are derived from the litho-
sphere beneath Hawaii, then this should be eas-
ily be observed in thégnqg and o yq param-
eters, as the lithosphere was depleted only 100
Myr ago. Basalts derived from this source would
have small positive or negatiwvevalues. Fur-
ther details on the appropriatenessoalr « pa-
rameters to estimate trace element fractionation
during melting independent of source composi-
Figure 3. (b) Diagram of’Srf®Sr versus®Nd/*“Ndand ~ tion and the dependence ofor o parameters
(a) *Nd/*Nd versus'’®Hf/*""Hf. Our data (solid  on source age are given BePaolo[1988] and
symbols) show a good correlation betw&@1°Srand  Salters[1996].
NdAM“Nd and betweer™Nd/A*Nd and*Hf/* Hf,

They cover most of the compositional range reported [15] Qn f[he basis O_f the assumption of _a pure
for the Hawaiian mantle plume. Data are compiled from 9t-peridotite sourceSims et al[1999] explained

the literature (data sources are available upon request the variation in the*{°Th/*U) ratios of the Ha-
from the authors). waiian basalts as being the result of melting with
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Figure 4. (a) Diagram of ""Nd/""'Nd versus &, g and (b) "Hf/'"Hf versus &, wy Of Hawaiian shield lavas.
For each volcano, there are no correlations between '""Nd/'""Nd and  J, o OF between "Hf/'"Hf and - &, mfor
Hawaiian shield lavas. Average compositions of the Hawaiian shield lavas from Mauna Kea, Mauna Loa,
Kilauea, and Haleakala form a trend almost identical to that formed by lavas analyzed in this study (Figure 4a).
Data are compiled from the literature (data sources are available upon request from the authors). Further

explanations are given in the text.

varying residual porosity, melting, and upwelling excesses (low melting and upwelling rate and
rate. InSims et al.'snodel the Mauna Loa basalts small porosity; seé-igures land?2) in order to
represent the melts generated with the higherassess the maximum tolerable amount of Py melt
melting and upwelling rates and higher porosity in the aggregated melts. Increasing melting or
compared to the Haleakala basalts. Althoughupwelling rates or increasing porosity results in
(3°Th/*®) ratios for melts derived from a py- a decrease iR*°Th excesses and a shift of the
roxenite-bearing peridotite source depend to amixing trends inFigure 2toward small or no
large extent on the proportion of Py melt in the ?*Th excesses. It is obvious froRigure 2that
aggregated melt, upwelling and melting rate andthe Haleakala basalts (basalts with laféf&h
porosity additionally influence the?*fTh/?%U) excesses) require a low porosity, melting, and
ratios of the melt. Upwelling and melting rate upwelling rate (as concluded b¥ims et al
and porosity are identical for the two sources in[1999]). Moreover, the Haleakala basalts can-
Figure 2and are chosen to create larg&h not tolerate a significant pyroxenite component


www.g-cubed.org
www.g-cubed.org
http://gcubed.magnet.fsu.edu/publicationsfinal/articles/1999GC000013/fs1999GC000013.html
www.g-cubed.org

b . Geochemistry
| ' Geophysics
; Geosystems J STRACKE ETAL .. GARNET PYROXENITE IN MANTLE SOURCES 1999GC000013

I~

in order to maintain their larg€°Th excesses. would be dependent on the amount of pyroxen-
The small®°Th excesses of the Mauna Loa ite in the source. In case of our zero-age Hawai-
basalts can be explained either by a larger podan data the data for each volcano do not form
rosity, upwelling, and melting rate or by melting such a negative trend but rather appear to follow
of a source with a significant amount of a py- the general positive trend of all the zero-age
roxenite component. The smaiTh excesses basalts inFigures 1and2. However, a larger

of the Mauna Loa basalts therefore do not allowamount of samples would be needed for each
us to strictly exclude a pyroxenite component in volcano in order to reach a more decisive con-
the Mauna Loa source. This would mean thatclusion. There is, however, a large amount of
the amount of pyroxenite in the source of Ha- data available for Mauna Loa and other Hawai-
waiian basalts is variable, i.e., nonexistent atian shield lavas that allows assessment of the

Haleakala and present at Mauna Loa. presence or absence of pyroxenite in the sources
of individual Hawaiian shield volcanoeBigure

3.3. Variable Pyroxenite/Peridotite Ratios in 4). However, because most of the Hawaiian

the Sources of Hawaiian Basalts? shield lavas are older than 300,000 years, the

constraints provided by thé&{Th/**U) are lost.
[16] On the basis of major element and Re-Os|f the |avas from a single shield stage are de-
sytematics it has been suggested Hguri  rived from a pyroxenite-bearing source, then
[1996], Hauri et al [1996], andLassiter and  again, systematic variations similar to the shaded
Hauri [1998] that the chemical variations in pars are expected. The shield lavas of each vol-
Hawaiian basalts can be explained by varyingcano show significant variations in the degree
amounts of pyroxenite in the source. Accord- of melting, as well as melting in the presence of
ing to these authors the amount of pyroxenite inresidual gt, as shown by their variationsdg,,
the source of Hawaiian basalts is highest for theNd) and &y (Figure 4. These variations in de-
basalts that show the largest degree of melting,gree of melting, however, are not correlated with
the Haleakala basalts are generated by small dethe isotopic variations as would be required in
grees of melting from a pyroxenite-free source, case of a pyroxenite-bearing sourdgg(re 4.
and the degree of melting and the amount ofFor shield volcanoes at the higfiNd/“/Nd, high
pyroxenite in the source increase systematically*’®Hf/*""Hf end of the array, the lack of correla-
toward the Mauna Loa end of the trend. Thetion betweendsmng and S,y parameters and
Hawaiian data are bracketed by the solid mixing the isotopic composition might be explained as
lines in Figures land2 and, to a first approxi- being due to negligible amounts of pyroxenite
mation, appear to be consistent with this model.in their source. On the basis of their enriched
However, this explanation requires a pyroxen- Nd and Hf isotopic composition, especially the
ite/gt-peridotite melt productivity ratio higher Kahoolawe and Koolau shield lavas are expected
than experimentally found, at least as high as 4,to have significant amounts of pyroxenite in their
which is perhaps not unrealistic. This possibil- source. Although these volcanoes show signifi-
ity can be further tested by considering volca- cant variations in degree of meltingi(,o), there
noes or stages of volcanoes individually. At ais no apparent correlation between the isotopic
single stage of a volcano the isotopic variation composition ands.nq and g um, as would be
is smaller, and the source is more constant inexpected in case of a pyroxenite-bearing source
composition; that is, there are no variations in (Figure 4. Therefore the observed variations in
the pyroxenite/peridotite ratio. Variations in de- Hawaiian shield lavas also argue against the pres-
gree of melting in each stage of a volcano shouldence of pyroxenite in the source of Hawaiian
thus produce trends similar to the shaded bars irbasalts during the shield-building phase of these
Figures land2. The exact location of each trend volcanoes.
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4. Conclusions be used to estimate the residual porosity, melt-

_ o ing, and upwelling rate in the manner described
[17]7 Owing to the compositional dependence by Sims et al [1999].

of the partition coefficients, the combined U-Th,
Lu-Hf, and Sm-Nd systematics in basalts can
distinguish between periodtitic and pyroxenitic
sources. U-Th, Lu-Hf, and Sm-Nd systematics [19] K.S. wants to thank D. DePaolo for origi-
in zero-age Hawaiian basalts have been showmally starting him on this project. J. Blichert-
to be inconsistent with a model where the ex- Toft and F. Albaréde are thanked for providing
tracted melts acquire their trace element and iso-2ccess to their MC-ICP-MS for the Hf isotope
topic characteristics by different proportions of analyses. P. Telouk is thanked for tuning the

Py melt due to variations in degree of melting mass spectrometer in Lyon. E. Hauri and an
from a similar source. Furthermore, the anonymous reviewer are thanked for their con-

uncorrelated variations iﬁ(Sm/Nd) versus*Nd/ structive reviews. W. M. White is thanked for

YNd and &y, versust™Hf/*Hf for Hawaiian editorial handling of the manuscript. J. Lassiter,
shield lavas, especially Koolau and Kahoolawe, A- Zindler, F. Frey, and F. Albarede are thanked
argue against pyroxenite as a possible compo-for comments on earlier versions of this manu-
nent in their source. If pyroxenite were presentScript. A.S. was supported by a doctoral fel-
in the source of each of these volcanoes and allowship (HSP-lIl) from the German Academic

lowing significant variations in the amount of EXxchange Service (DAAD). K.S. wants to thank
pyroxenite in their sources, an array of negative WHOI for postdoctoral support. This work was

trends would be expected, but is not observedsupported by U.S. NSF.

We therefore conclude that at the scale of melt-

ing as sampled by the U-Th, Sm-Nd, and Lu-Hf References

systematics, pyroxenite is not observed as a comajiegre, C. J., and D. L.Turcotte, Implications of a two compo-
ponent in the source of Hawaiian basalts. nent marble-cake mantiMature,323,123-127, 1986.
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