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Abstract—We present the first comprehensive major, trace element and Hf, Nd and Sr isotope investigation
of clinopyroxene and garnet mineral separates from a set of garnet clinopyroxenite xenoliths from the Salt
Lake Crater, Oahu, Hawaii. These xenoliths occur in the posterosional Honolulu Volcanics Series lavas and
represent some of the deepest samples from the oceanic mantle lithosphere. Our study shows that the Salt Lake
Crater pyroxenites represent high pressure (�20 kb) accumulates from melts similar (but not identical) to the
erupted Honolulu Volcanics, and unlike MORB or E-MORB-type melts. All clinopyroxene-garnet mineral
pairs in these xenoliths show, within error, zero-age Lu-Hf and Sm-Nd isotope systematics. These pyroxenites
have relatively radiogenic Hf isotope compositions (for a given Nd) and define a distinct steep slope (3.3) in
�Hf-�Nd isotope space, similar to the Honolulu Volcanics but unlike other ocean island basalts (OIB). These
compositions require an end-member component that falls above the OIB array in Nd-Hf space. This
component is different than present-day MORB-mantle and it is best explained by an old depleted oceanic
lithosphere. We suggest that this depleted component most likely represents a recycled depleted lithosphere
that is intrinsic to the Hawaiian plume. In this respect, the Hawaiian plume is sampling both the enriched
portion of a subducted oceanic crust (basalt and sediments) as well as the depleted lithospheric portion of it.
This suggests that, at least for Hawaii, the whole subducted oceanic slab package has retained its integrity
during subduction and subsequent mixing and storage in the mantle, probably in the order of a billion years,
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and that the plume is sampling the full range of these compositions. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

The Emperor seamount-Hawaiian island chain is the typical
example of how a volcanic island chain develops on a litho-
sphere that migrates over a relatively stationary mantle plume.
Understanding “how plumes work” is fundamental to our un-
derstanding of planetary evolution, from concepts such as mass
and heat transfer from the lower mantle to the surface, element
recycling and the composition of the lower mantle, to whole vs.
layered mantle convection. The isolation of the Hawaiian is-
lands in the middle of the Pacific plate, away from continents,
mid oceanic ridges and subduction zones, provides an ideal
setting for studying and testing the different hypotheses on
plume composition and dynamics, and as such Hawaiian lavas
are the most extensively studied suites of ocean island basalts.
An added advantage in studying Hawaiian volcanism is the
presence of mantle xenoliths within the posterosional alkali
lavas, with most reported from the Honolulu Volcanics (HV)
series in Oahu (Jackson and Wright, 1970; Clague and Frey,
1982; Sen, 1987). These xenoliths provide a unique view of the
Pacific mantle lithosphere beneath Hawaii and in combination
with both geophysical observations and lava chemistry can
provide important additional constrains on plume/lithosphere
interaction.

The mantle xenoliths from Oahu are generally classified as
dunites, peridotites and pyroxenites (Sen, 1987). Earlier studies
* Author to whom correspondence should be addressed
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have shown that the spinel lherzolites represent the depleted
80–100-Ma Pacific lithosphere, that has been metasomatized
through a complex mantle-melt interaction process by perco-
lating melts similar to the posterosional lavas that bring these
xenoliths to the surface (Sen, 1988; Sen, 1993; Salters and
Zindler, 1995; Okano and Tatsumoto, 1996; Yang, 1998; Du-
cea, 2002; Bizimis, 2004b). The garnet pyroxenites have also
received significant attention in the literature in part because
the presence of garnet places their origin at the deeper parts of
the lithosphere/upper asthenosphere, between 18 to �30 kb (60
to �90 km) (Frey, 1980; Sen, 1988; Sen, 1993; Lassiter, 2000;
Keshav and Sen, 2004). Based mainly on major and trace
element constraints, earlier studies have suggested that the
garnet pyroxenites are high pressure accumulates from HV type
melts and not from Koolau-type shield tholeiites (Frey, 1980;
Sen, 1988; Keshav and Sen, 2004). The relatively radiogenic
187Os/188Os compositions of the SLC pyroxenites has also led
to the proposal that they could have formed as high pressure
accumulates at a mid oceanic ridge setting, some 80–100-Ma
ago, from E-MORB type melts that never made it to the surface
(Okano and Tatsumoto, 1996; Lassiter, 2000). More recently,
the report of garnets with a majoritic precursor (Keshav and
Sen, 2001) and micro-diamonds in some of these pyroxenites
(Wirth and Rocholl, 2003) suggests that, at least some of the
SLC pyroxenites, may have originated from the deep upper
mantle (�190 km), and could conceivably represent old recy-
cled subducted material that made it to the surface with the
plume.
To further constrain the origin of these garnet pyroxenites
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and the composition of melts in the deep lithosphere we present
the first combined Hf, Nd, Sr-isotope and major and trace
element investigation on clinopyroxenes and garnets mineral
separates from thirteen pyroxenite xenoliths from the Salt Lake
Crater vent (SLC), Oahu, Hawaii. Our results show that these
pyroxenites appear to be near zero-age high pressure accumu-
lates at the asthenosphere/lithosphere boundary from melts
similar to the posterosional HV lavas. However, the combined
Hf-Nd isotope systematics require the presence of a previously
depleted and aged lithospheric component in the parental SLC
pyroxenite melts, and by inference in the source of the HV
lavas.

2. SAMPLE DESCRIPTION AND
ANALYTICAL TECHNIQUES

The samples used this study (prefix 77SL-) are from the Presnall
Collection, housed at FIU, and have not been examined before. The
samples range from garnet pyroxenites to garnet websterites and we-
hrlites. It is difficult to obtain an accurate modal abundance of the
mineral phases in these rocks, because of the generally small size of the
xenoliths (3–8 cm in diameter) and the often coarse (�1 mm) size of
the mineral phases. The following general descriptions are based on
examination of both thin sections and crushed whole rock fragments
under a binocular microscope. Clinopyroxene (cpx) is the dominant
phase (50 to 90% modal abundance) in all samples, with subordinate
amounts of garnet (40% to �5%). Olivine (not analyzed) is present in
samples 590, 620 and 571 (1 to 5% modal olivine), but it is completely

Table 1. Clinopyroxene major element concen

Sample 552 553 555 559 571 5

SiO2 50.11 51.63 51.05 50.61 51.02 50
TiO2 1.26 0.79 0.86 1.23 0.68 0
Al2O3 7.29 5.96 6.87 7.39 5.06 10
Cr2O3 0.01 0.02 0.01 0.17 0.01 0
MnO 0.03 0.05 0.04 0.1 0.03 0
MgO 12.26 13.37 13.17 13.08 17.79 15
FeO 9.93 7.41 7.02 7.1 5.96 6
CaO 16.66 18.65 17.44 17.99 16.94 16
Na2O 2.31 1.88 2.42 2.48 1.13 1
Total 99.88 99.75 98.90 100.2 98.64 99
Mg# 0.688 0.763 0.770 0.766 0.842 0
Modal

abundance 95% 85% 80% 85% 75% 70

a All major element analyses of clinopyroxene, garnet and orthopyro
FIU using previously established techniques (Keshav and Sen, 2003,

Table 2. Garnet major

Sample 552 553 555 559 571

SiO2 40.89 41.33 41.09 41.21 41.34
TiO2 0.29 0.16 0.23 0.28 0.26
Al2O3 21.12 21.44 22.30 22.62 23.27
Cr2O3 0.01 0.01 0.01 0.12 0.03
MnO 0.07 0.08 0.08 0.41 0.08
MgO 14.45 15.61 16.45 15.71 17.85
FeO 16.08 17.45 13.96 15.17 10.85
CaO 5.43 4.92 4.91 5.24 5.55
Na2O 0.21 0.11 0.05 0.05 0.01
Total 98.54 101.12 99.08 100.79 99.25
Mg# 0.615 0.614 0.677 0.649 0.746
Modal
abundance 2–5% 2–5% 20% 15% 5% 30%
absent from others (714, 553, 552 and 559). Orthopyroxene is present
both as primary phases and exsolutions in cpx in most samples but it is
present at high modal abundance in samples 776 and 571 (50 and 20%
respectively), often in large (�1 mm) porphyroclasts. Spinel (not
analyzed) is present in all samples; garnet often forms rims around
spinel, suggesting possible isobaric cooling (Sen, 1988). Some samples
also contain traces of phlogopite associated with carbonate and car-
bonate-silicate pockets, and appear to have intruded the rock after the
cpx and garnet crystallization (Sen, 1996; Bizimis, 2003b). The modal
abundances and major element compositions of each mineral phase are
given in Tables 1, 2 and 3.

For the trace element and isotope analyses, the samples were first
coarsely crushed to expose interior fragments of the xenolith (�0.5 cm
size); these were then hand crushed in a ceramic mortar and pestle,
sieved in to 3–4 different size fractions (from �900 �m to 200–100
�m), and sonicated in 10 wt% H2O2. Optically pure cpx and garnet
were picked under a binocular microscope from preenriched fractions
recovered from a Frantz isodynamic magnetic separator. Of the 13
samples examined here, only 6 contained enough pristine garnet (or
there was adequate sample size) for isotope and trace element analyses
(100–150 mg).

The clean cpx and garnet separates were further finely hand-crushed
in a clean agate mortar and pestle to further expose the mineral
surfaces, and leached in hot 6 N HCl overnight and 3 N HCl for 3 h,
respectively. The leached samples were subsequently rinsed several
times with �18 M�H2O, and dried in a clean airflow box. All subse-
quent trace element and isotope analyses were performed on fractions
of this leached sample for internal consistency. Trace element concen-
trations were determined with a FinniganMat Element 1 HR-ICP-MS,
equipped with a CD-1E guard electrode. An MCN-6000 desolvating

s (wt%).a All samples have the prefix 77SL-.

590 601 620 714 716 744 776

51.24 50.39 51.28 51.23 51.68 50.00 51.74
0.61 1.61 0.79 1.17 0.95 1.24 0.73
6.70 7.53 6.52 6.34 5.69 7.40 6.03
0.03 0.04 0.01 0.09 0.16 0.01 0.44
0.04 0.07 0.02 0.08 0.08 0.02 0.08

13.68 12.76 14.06 12.00 13.01 12.33 13.76
7.03 5.80 6.24 7.24 5.75 10.13 4.63

17.49 18.11 18.69 17.01 18.48 16.40 19.61
2.00 2.24 1.93 2.58 1.99 2.38 1.61

98.84 98.54 99.54 97.74 97.79 99.91 98.64
0.776 0.797 0.801 0.747 0.801 0.684 0.841

80% 70% 75% 80% 95% 60% 50%

ere performed on the JEOL Superprobe (JSM 8900R) at the FCAEM,

concentrations (wt%).

590 601 620 714 716 744

41.37 40.67 40.90 40.11 39.96 41.08
0.14 0.36 0.14 0.42 0.36 0.27

21.73 23.96 21.88 23.43 22.84 22.82
0.04 0.02 0.03 0.10 0.04 0.01
0.11 0.05 0.00 0.05 0.34 0.09

17.28 16.55 18.05 14.99 15.99 14.61
15.32 13.13 15.14 15.93 14.09 16.26
4.75 5.07 4.75 4.70 4.98 5.00
0.02 0.04 0.02 0.04 0.03 0.03

100.76 99.86 100.89 99.77 98.63 100.16
0.668 0.692 0.680 0.626 0.669 0.615
tration
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40.50
0.30

23.12
0.18
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18.01
11.57
4.73
0.04

98.63
0.735
15% 30% 20% 20% 2–3% 40%
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nebulizer coupled with a 100 �L PFA nebulizer was used for sample
introduction (Bizimis, 2003a,b). Because of the lack of a well charac-
terized matrix-matched external standard for mineral separates solution
ICP analyses, we tested how significant is the difference in matrix on
the concentration determinations. We compared the concentrations
obtained by external calibration using the BIR-1 basalt standard and
concentrations obtained by standard addition (i.e., independent of the
basalt standard matrix) for selected elements and isotope dilution for Hf
and Lu. We found a systematic offset between the two methods at high
total dissolved solids (TDS � 500 ppm), with the HREE being con-
sistently overestimated (by up to 20%) and the HFSE being underes-
timated using the external calibration method. At more dilute solutions
(TDS � 50 to 100 ppm), these (presumably) matrix effects are not
observed and the data in both methods converge to better than 10% for
all measured elements. Therefore, the cpx and garnet data acquisition
was performed at 50 ppm TDS and the data are shown in Tables 4 and
5. Blanks were measured and corrected for in every acquisition se-
quence and were less than 5% for all elements, except for Cs, Rb, Ba,
Pb and occasionally Sr in garnet. Where blank corrections were more
that 50%, the concentrations are not reported in Tables 4 and 5. Hf, Nd
and Sr isotope compositions and Lu/Hf ratios are reported in Table 6.

3. RESULTS

3.1. Major Element Compositions and Thermobarometry

The clinopyroxenes in the SLC pyroxenites are Cr-poor
diopsides with higher Al and Fe contents than the clinopy-
roxenes from the spinel lherzolite suite (Sen, 1988; Bizimis,
2004b). Figure 1 shows the Mg# (molar Mg/Mg � Fe) of
coexisting cpx and garnets in the analyzed samples including
previously analyzed SLC pyroxenites (Beeson and Jackson,
1970; Sen, 1988; Frezzotti, 1992; Keshav and Sen, 2004). Our
samples cover and extend the range of Mg# compositions
previously reported in SLC pyroxenites, towards more Fe-rich
compositions. The Mg# in the SLC cpx and garnets fall within
the cpx and garnet compositions derived from experiments on
pyroxenite melting (Hirschmann, 2003; Kogiso, 2003; Keshav,
2004), suggesting that cpx and garnet are in major element
equilibrium (Fig. 1a). Cpx and orthopyroxene (discrete large
grains) are also in apparent Mg, Fe equilibrium (Fig. 1b),
although some disequilibrium between cpx and primary opx
has been observed in other SLC pyroxenite samples (Keshav,
2003). Compared with the cpx and opx from the spinel peri-
dotites, the pyroxenite have more Fe-rich compositions, and
there is a well-defined compositional gap between Mg# 0.84
and 0.88 that distinguishes the peridotitic from pyroxenitic
samples in SLC (Fig. 1b).

Table 3. Orthopyroxene ma

Sample 553 555 57

SiO2 52.67 52.85 52.9
TiO2 0.19 0.23 0.2
Al2O3 3.60 3.73 4.3
Cr2O3 0.01 0.00 0.0
MnO 0.02 0.04 0.0
MgO 28.04 27.93 29.6
FeO 15.87 12.88 10.2
CaO 0.77 0.82 0.8
Na2O 0.10 0.19 0.0
Total 101.27 98.66 98.2
Mg# 0.759 0.794 0.8
Modal abundance 10% �1% 20%
No correlation between major element compositions and
mineral modes is observed. For example, the two most Fe-rich
samples (552 and 744) are a garnet-poor (1%–2% modal) and
a garnet-rich (40% modal) pyroxenite with only traces of
olivine and opx. However, the two samples with the most
Fe-poor cpx compositions (776 and 571) have the highest
modal abundance in opx.

The presence of cpx, opx and garnet in the same sample and
their apparent equilibrium in major elements allows the calcu-
lation of the pressure and temperature conditions of (presum-
ably) the last mantle equilibration for these xenoliths. Barom-
eters for garnet-bearing mineralogies are based on the Al
exchange between orthopyroxene and garnet and are strongly
temperature dependant (Nickel and Green, 1985; Brey and
Koehler, 1990). Note that the Cr-in-cpx barometer (Nimis and
Taylor, 2000) is more appropriate for Cr-rich garnet lherzolites
and cannot be used with much accuracy for the Cr-poor py-
roxenites studied here. Temperature estimates are based on the
Fe�2 /Mg exchange between cpx and garnet (Ellis and Green,
1979; Krogh, 1988, 2001; Ganguly et al., 1996). Because of the
interdependence of pressure calculations on temperature and
vice versa, we use both the Ellis and Green (1979) and the
updated Krogh (2001) thermometers for comparison, and we
solve iteratively for pressure using the Brey and Koehler (1990)
barometer, until the pressure in the thermometers and the
barometers converge. This is done only for samples containing
discrete, equilibrated opx crystals, and for the rest of the
xenoliths we assume a pressure of 25 kb (Sen, 1988) for the
temperature calculations. The calculated pressure and temper-
ature data using the different thermometers and barometer are
shown in Table 7. Note that the temperature formulation of
Ganguly et al. (1996) gives essentially identical temperatures to
the EG thermometer. Because the Fe�3 and Fe�2 contents of
cpx and garnet are unknown, we calculate two temperatures for
each xenolith using the EG thermometer to investigate the
possible effects of Fe�3: for one temperature we assume total
Fe � Fe�2 and for the other we calculate the Fe�3 content by
balancing charges in the mineral stoichiometry (Table 7). With
Fetotal � Fe�2 the calculated temperatures range from 1049 to
1432°C and the pressures vary from 23 to 30 kb, while by
calculating the Fe�2 the resulting temperatures are up to 200°C
lower and pressure range increases from 8 to 33 kb (Table 7).
The temperatures and resulting pressures with the K thermom-
eter are still even lower. The variability in the calculated

ent concentrations (wt%).

590 620 716 776

53.68 53.31 53.45 51.40
0.16 0.19 0.25 0.23
4.18 4.14 3.27 5.53
0.02 0.01 0.12 0.34
0.03 0.03 0.14 0.14

28.33 29.62 27.52 28.87
13.15 12.21 13.50 9.97
0.83 0.65 0.94 0.75
0.14 0.10 0.12 0.13

100.53 100.27 99.29 97.35
0.793 0.812 0.784 0.838

1–2% 5% 5% 50%
jor elem

1

3
0
1
2
5
3
1
4
9
7
38
pressures and temperatures illustrates the potential problems



Table 4. Clinopyroxene trace element concentrations (ppm).

552 553 555 559 571 582 590 601 620 714 716 744 776

Rb 0.028 0.026 0.081 0.064 0.035 0.004 0.019 0.003 0.029
Sr 102.6 142.2 112.1 122.8 73.5 103.8 96.0 107.2 178.2 112.5 110.5 108.6 81.6
Y 7.183 7.624 6.235 7.460 7.571 5.609 4.180 8.610 5.034 6.218 6.252 7.508 8.183
Zr 71.76 34.99 33.31 71.64 17.27 21.17 37.64 42.97 25.41 38.45 30.04 62.16 26.90
Nb 0.310 0.964 0.979 1.124 0.534 0.785 0.521 0.471 0.730 0.203 0.936 0.253 0.849
Cs 1.1E–4 1.7E–4 8.6E–4 3.3E–4 8.8E–4 1.7E–4 1.8E–5 2.3E–4 4.5E–5
Ba 0.997 1.042 3.945 0.434 2.448 1.083 0.643 0.366 0.221 1.083
La 2.614 3.903 2.725 3.966 2.094 2.899 2.306 2.837 4.589 2.557 2.170 2.848 2.554
Ce 9.098 9.454 7.392 13.427 5.572 8.076 7.735 8.705 14.737 7.699 6.036 9.129 7.458
Pr 1.772 1.496 1.222 2.332 0.991 1.212 1.437 1.588 2.232 1.341 1.049 1.744 1.291
Nd 10.088 7.531 6.312 11.963 5.568 5.902 8.012 8.715 10.547 7.245 5.871 9.918 7.011
Sm 3.567 2.407 2.011 3.566 1.959 1.842 2.696 3.041 2.898 2.421 2.148 3.422 2.327
Eu 1.268 0.857 0.712 1.194 0.702 0.663 0.939 1.062 0.958 0.891 0.784 1.183 0.825
Gd 4.063 2.900 2.168 3.596 2.345 2.563 2.937 3.344 2.868 2.890 2.637 3.820 2.675
Tb 0.512 0.399 0.318 0.467 0.358 0.320 0.346 0.467 0.359 0.374 0.361 0.488 0.395
Dy 2.068 1.836 1.487 2.009 1.774 1.412 1.323 2.136 1.426 1.633 1.603 2.041 1.953
Ho 0.274 0.283 0.237 0.297 0.308 0.223 0.161 0.337 0.199 0.234 0.238 0.285 0.332
Er 0.465 0.569 0.484 0.573 0.670 0.457 0.254 0.685 0.363 0.435 0.453 0.520 0.726
Yb 0.182 0.259 0.245 0.267 0.387 0.287 0.084 0.362 0.148 0.181 0.203 0.218 0.414
Lu 0.019 0.030 0.027 0.044 0.048 0.034 0.008 0.043 0.016 0.020 0.023 0.025 0.050
Hf 3.324 1.233 1.266 2.841 0.950 0.896 1.879 2.160 1.016 1.736 1.271 2.767 1.217
Ta 0.068 0.190 0.177 0.188 0.067 0.132 0.142 0.111 0.328 0.049 0.127 0.079 0.092
Pb 0.063 0.305 0.139 0.118 0.116 0.099 0.080 0.285 0.202 0.788 0.163 0.062 0.211
Th 0.135 0.323 0.223 0.235 0.127 0.193 0.136 0.190 0.356 0.147 0.111 0.173 0.167
U 0.030 0.088 0.094 0.057 0.034 0.044 0.030 0.050 0.103 0.036 0.038 0.034 0.039
Li 4.345 3.441 3.014 2.462 2.703 2.864 4.018 3.083 2.122
Sc 14.97 31.85 25.44 26.87 32.65 17.13 10.34 22.94 28.47 21.62 27.58 18.35 32.85
Ti 8256 5190 5144 6628 4307 6063 8407 9106 5495 6849 5996 7524 4486
Cr 464 1059 932 412 1064 446 145 96 1857 788 1257 329 1377
Ni 140 290 346 201 376 339 270 267 385 285 406 169 371
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arising from the lack of precise Fe�3 knowledge, especially in
low-Fe samples (e.g., sample 571, Tables 1,2). For the rest of
the discussion we use the pressures and temperatures calculated
by the EG thermometer using Fe�2 � Fetotal, both because of
the uncertainties and pitfalls of calculating the Fe�3 and be-
cause the presence of Fe�3 in garnet and cpx appear to have
opposite and canceling effects in the temperature calculations
with the EG thermometer (Sobolev, 1999). Figure 2 shows the
calculated pressure and temperature of these samples, including
SLC pyroxenites from previous studies that include cpx, opx
and garnet analyses (Beeson and Jackson, 1970; Sen, 1988;
Frezzotti, 1992). Most data are clustered around 22–25 kb and
1200°C. Compared to a calculated geotherm expected for the
90-Ma oceanic lithosphere (i.e., before the interaction with the
plume) the pyroxenite temperatures are �200 to 300°C hotter,
suggesting that the SLC pyroxenites are too hot to be undis-
turbed samples of the 90-Ma lithosphere. Compared to a mantle
peridotite solidus (Hirschmann, 2000) the pyroxenite tempera-
tures are �100 to 200°C cooler, at the 20–30-kb pressure
range. Recent experimental investigation of the melting sys-
tematics of the garnet pyroxenite sample SL77–582 (Keshav,
2004), also analyzed here, places its solidus at �1295 to
1310°C at 20 kb and at 1335 to 1350°C at 25 kb. At 25 kb the
solidus temperature of 582 is 50 to 100°C lower than the
temperature calculated for this pyroxenite (1248 to 1275°C,
Table 7). This observation suggest that if the SLC pyroxenites
are crystal cumulates in the mantle, they must have cooled
below their solidus for some time, before they were brought to
the surface. Samples 552 and 744 however record higher tem-

Table 5. Garnet trace e

555 582 60

Rb 0.051 0.015 0.0
Sr 0.308 0.2
Y 41.05 44.26 40.7
Zr 44.83 27.50 31.1
Nb 0.083 0.055 0.0
Cs 3.5E-4 9.7
Ba 0.056 0.138 0.2
La 0.015 0.019 0.0
Ce 0.112 0.127 0.0
Pr 0.051 0.050 0.0
Nd 0.677 0.593 0.5
Sm 0.961 0.861 0.7
Eu 0.579 0.580 0.4
Gd 2.963 2.738 2.6
Tb 0.766 0.828 0.7
Dy 5.830 6.843 5.7
Ho 1.464 1.698 1.4
Er 4.570 5.174 4.6
Yb 4.369 4.472 4.6
Lu 0.661 0.643 0.7
Hf 0.824 0.732 0.6
Ta 0.015 0.018 0.0
Pb 0.1
Th 0.006 0.005 0.0
U 0.009 0.010 0.0
Li 0.582
Sc 73.24 50.0 60.9
Ti 2487 1761 2037
Cr 629.8 281 97.8
Ni 53.4 42.7 35.7
peratures (at 25 kb) than the 582 pyroxenite solidus (Table 7),
but no reliable pressure can be calculated for these samples
because of the absence of opx. These high temperatures may
suggest that these two samples actually come from higher
pressures (�30 kb) than the rest of the samples.

3.2. Trace Element Systematics

The trace element compositions of the cpx and garnet sep-
arates are shown in Tables 4 and 5 and plotted in Figure 3.
Compared with the cpx from the SLC spinel peridotites (Bizi-
mis, 2004b), the cpx in pyroxenites have generally similar but
less variable concentrations in the middle and light rare earth
element (REE) range, and lower heavy REE contents than the
spinel peridotite cpx, due to the greater affinity of the HREE for
garnet (Hauri, 1994; Salters and Longhi, 1999; Salters, 2002b).
The highly incompatible elements (Cs, Rb, Ba, Th, U, Nb, Ta,
Sr) have similar concentrations in the two sample suites while
compatible elements in cpx (e.g., Sc, Cr, Ni) have lower con-
centrations in the pyroxenites than in the peridotites. Note, that
the pyroxenitic cpx lack the characteristic Ti depletions seen in
the spinel peridotites and the Hf depletion is either absent or
much smaller in the pyroxenitic than the peridotitic cpx (Fig.
3). Notable in both suites are the Nb depletions relative to U
and La and the distinctly subchondritic Nb/Ta and Nb/La ratios
in cpx. Such depletions have been previously observed in
continental and massif peridotites (Ionov, 1995; Eggins, 1998;
Bedini and Bodinier, 1999; Weyer, 2003) and we have now
documented the same depletions in both spinel lherzolites
(Bizimis, 2004b) and pyroxenite veins (this study) from the

concentrations (ppm).

620 714 744

0.052 0.043
1.161 0.205 0.829

34.99 25.86 42.50
36.95 19.87 48.97
0.231 0.036 0.100
4.1E-4 2.0E-4
0.167 0.132
0.039 0.009 0.017
0.174 0.072 0.134
0.055 0.028 0.057
0.627 0.351 0.766
0.820 0.528 1.137
0.501 0.332 0.693
2.921 1.939 3.910
0.718 0.488 0.930
5.275 3.757 6.644
1.255 0.919 1.529
3.720 2.785 4.457
3.258 2.558 3.796
0.503 0.398 0.591
0.634 0.396 0.830
0.011 0.008 0.008
0.008 0.657 0.007
0.012 0.003 0.005
0.029 0.006 0.007
0.556 0.380

63.21 33.54 50.66
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1552.2 602.7 392.4
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oceanic lithosphere. These ubiquitous Nb depletions in mantle
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cpx in all these different settings suggests that Nb must be
significantly more incompatible in cpx relative to the adjacent
elements on an incompatibility diagram (Ta, La, U).

Moderately incompatible elements (e.g., Zr, Ti, Sm) in cpx,
show a negative correlation with the Mg# and positive corre-
lation with the moderately incompatible Al2O3 and Na2O (Fig.
4). These trends, are distinctly different from the depletion
trends seen in abyssal peridotites (Johnson, 1990; Johnson and
Dick, 1992), which are thought to be residues of MORB
melting, and the trends observed in SLC spinel peridotites
which are largely controlled by depletion (Bizimis, 2004b).
Since the partition coefficients of Mg, Fe and Zr, Ti and Sm are
not expected to be drastically different between pyroxenitic and
peridotitic cpx (at least for pressures �30 kb as determined
above), it is inferred that the distinct trends defined by the
pyroxenites in Figure 4 should be the result of a process other
than melt depletion. It is likely then that the combined major/
trace element correlations in cpx reflect the composition of the
melt from which they crystallized.

The garnets in the SLC pyroxenites have very uniform trace
element patterns with limited variability and typical high
HREE/LREE and U/Th ratios, subchondritic Nb/Ta and Nb/U
ratios but superchondritic Nb/La ratios (Fig. 3). All garnets
have small positive Zr and Hf and negative Ti and Sr anomalies
relative to the adjacent trace elements and are flat in the HREE
range (Ho to Lu). The positive Pb anomaly in garnets 601 and
714 is not currently understood and some minor contamination
is conceivable, but other elements with low concentrations in
garnet (e.g., Sr, Ba) that can be easily contaminated during

Table 6. Sr, Nd, Hf isotope composi

Sample 87Sr/86Sr 2� 143Nd/144Nd 2� �Nd

552 cpx 0.703302 9 0.513043 7 7.90
553 cpx 0.703245 6 0.513034 9 7.72
555 cpx 0.703218 8 0.513073 7 8.49
555 gar 0.703386 19 0.513084 15 8.70
559 cpx 0.70327 7 0.513007 15 7.20
571 cpx 0.703300 7 0.513022 6 7.49
582 cpx 0.703274 7 0.513039 8 7.82
582 gar 0.703376 7 0.513065 9 8.33
590 cpx 0.703265 12 0.513044 10 7.92
601 cpx 0.703274 8 0.513043 6 7.90
601 gar 0.703301 6 0.513047 15 7.98
620 cpx 0.703351 11 0.513031 9 7.67
620 gar 0.703371 8 0.513006 8 7.18
714 cpx 0.703240 7 0.513031 16 7.67
714 gar 0.703292 7 0.513057 17 8.17
716 cpx 0.703139 7 0.513070 9 8.43
744 cpx 0.703269 8 0.513047 10 7.98
744 gar 0.703466 9 0.513055 19 8.13
776 cpx 0.703284 7 0.513045 18 7.94
BIR-1

a The Hf isotope compositions where determined with the Hot-SIMS
of Munker et al (2001). Nd and Sr isotope compositions were determi
processed with conventional techniques for Sr using cation resin c
measurements are 2� on the last significant digit. �Nd is calculated with
present day chondritic earth. Sr measurements are reported relative to th
n � 21) and Nd relative to the measured LaJolla standard 143Nd/144N
at 176Hf/177Hf � 0.282186 � 18 (2sd, n � 29), and the 176Hf/177Hf v
USGS standard Icelandic basalt BIR-1 measured 176Hf/177Hf ratio i
concentrations by isotope dilution (ID). The Lu and Hf concentrations
when weighing a small (3–5 mg) split of the leached and dried crushe
sample processing, do not appear high.
3.3. Garnet/cpx Partition Coefficients

The demonstrated equilibrium between the garnet and cpx
(major elements and isotopes, discussed later), allows the in-
vestigation of the intermineral partition coefficients in the nat-
ural sample from the oceanic mantle lithosphere. Figure 5
compares the garnet/cpx trace element concentration ratios
from this study, essentially representing the relative garnet/cpx
partition coefficients (Ds), with a set of garnet/cpx Ds from
off-craton garnet peridotites (Glaser, 1999), and experimentally
determined garnet/cpx Ds on mantle compositions (Hauri,
1994; Green, 2000; Barth, 2002; Klemme, 2002; Salters,
2002b). The pyroxenitic Ds are remarkably similar to peridot-
itic Ds despite their different major element compositions
(higher Cr and lower Fe contents in the peridotites) and lower
equilibration temperatures in these peridotites (Glaser, 1999)
relative to the SLC pyroxenites. Characteristic in both perido-
tite and pyroxenite garnet/cpx Ds are the minimums observed
in Sr, La and Th, the positive Zr and negative Ti anomalies, and
the large relative fractionation of the LREE from the HREE due
to the compatibility of the HREE in garnet. Although not
shown in Figure 5 for clarity, the garnet/cpx Ds from the Koidu
eclogites (Barth, 2001) have a steeper LREE/HREE slope than
the SLCs and exhibit strong negative Hf anomalies. Compared
to experimental garnet/cpx Ds, the natural samples (including
Koidu eclogites) show overall similar patterns, i.e., U-Th de-
coupling by garnet and DZr � DSm, but at lower absolute values
in the MREE-LREE range and with greater LREE/HREE frac-
tionations, than the experimentally determined garnet/cpx Ds.

f cpx and garnet mineral separates.a

f/177Hf 2� �Hf Lu(ID) Hf(ID)
176Lu/177Hfid

3158 9 13.65
3263 15 17.37
3276 14 17.82 0.0245 1.214 0.00286
3283 77 18.07 0.6304 0.8335 0.1073
3137 21 12.91
3129 9 12.63
3220 15 15.84 0.0247 0.9623 0.00365
3212 14 16.06 0.5424 0.7557 0.1019
3190 9 14.78
3212 22 15.56 0.0375 1.922 0.00277
3240 18 16.55 0.7409 0.6946 0.1515
3171 12 14.10 0.0136 1.123 0.00172
3107 14 11.85 0.4792 0.5422 0.1255
3170 14 14.07 0.0197 1.945 0.00143
3227 24 16.10 0.6123 0.5104 0.1704
3204 11 15.28
3136 7 12.87 0.0213 2.684 0.00112
3157 28 13.63 0.5669 0.7473 0.1077
3153 16 13.47
3275 11 17.78

ue (Salters, 1994; Bizimis et al., 2004b), using the chemical separation
the appropriate sample fractions recovered from the Hf chemistry and

and Nd using HDEHP-coated Teflon powder columns. Errors on
144NdCHUR � 0.512638 and �Hf with 176Hf/177HfCHUR � 0.282772 for
ured value of the E&A Sr standard of 87Sr/86Sr � 0.708000 � 11 (2sd,
11848 � 11 (2sd, n � 20). The JMC 475 Hf standard was measured
the table are reported relative to the accepted value of 0.28216. The
for comparison. Hf blank �35 pg, Nd blank �10 pg. Lu and Hf

wn less precisely than the Lu/Hf ratio because of the errors associated
ral separates.
tions o

176H

0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28

techniq
ned on
olumns
143Nd/
e meas

d � 0.5
alues in
s given
are kno
For example, the garnet/cpx Ds determined by Hauri (1994)
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although at similar pressures (25 kb) and similar major element
compositions as the SLC cpx and garnets (i.e., low Cr, high Fe,
but higher Al) are nearly one order of magnitude higher in the
LREE, MREE and Zr, Hf range than the natural samples, and
with flatter LREE/HREE slope. Similar, but less extreme is the
comparison with the Salters (2002b) data, although those ex-
perimental compositions are significantly different than the
SLC samples (i.e., low-Ca cpx, 34 kb, �1500°C). The garnet/
cpx Ds determined by Green (2000) are the only data set with
Ds parallel, but at higher absolute values, to the natural sam-
ples. Interestingly, these partition coefficient determinations are
at lower Ts (1200 to 1240°C), similar to the SLC pyroxenites
(Table 7), and have high H2O contents compared to all other
experimental studies. The Fe-free eclogitic garnet/cpx Ds (Kl-
emme, 2002) are also similar to the natural sample, especially

Fig. 1. Mg# in clinopyroxene vs. (a) Mg# in coexisting garnet and (b)
Mg# in coexisting orthopyroxene in SLC garnet pyroxenites. Mg# �
(molar Mg/Mg � Fetotal). Two lines in (a) are regression lines through
the experimentally derived cpx and garnet compositions of Keshav
(2004) (labeled K 04) and Hirschmann (2003) and Kogiso (2003)
(labeled H,K 04). The SLC pyroxenites compositions fall between the
two experimental lines. Inset figure in (b) compares the cpx-opx pairs
in SLC pyroxenites with other Oahu peridotitic xenoliths. Data from
this study (solid squares) and from K�S 04 (Keshav and Sen, 2004), S
88 (Sen, 1988), B�S 70 (Beeson and Jackson, 1970), and F92 (Frez-
zottif, 1992).
in the Th to Sr range (Fig. 5), but they also flatten out in the
HREE region, and the DZr and DHf are significantly higher than
the natural sample. Similar results are seen in the experimental
data of Johnson (1998). In summary, the garnet/cpx partition
coefficients in the natural sample show the same trends and
features with the experimental data but are up to one order of
magnitude lower in absolute values and have a more pro-
nounced LREE/HREE fractionation. The implications of the
measured garnet/cpx Ds from the natural sample are that for a
given set of cpx partition coefficients, the leverage of garnet in
a pyroxenitic (or possibly eclogitic) mineralogy in the MREE-
LREE and highly incompatible element range is reduced rela-
tive to the Ds derived from the experimental data. This data
confirms the arguments of Stracke (1999) who, based on pub-
lished Ds, suggested that melts derived from pyroxenitic (or
eclogitic) mineralogies will have less fractionated U/Th and
lower Lu/Hf ratios than peridotitic melts. Using our calculated
garnet/cpx Ds and assuming a cpx with Dcpx

U � Dcpx
Th (Hauri,

1994; Salters and Longhi, 1999; Salters, 2002b) and Dcpx
Lu/

Dcpx
Hf � 2–3 (Hart and Dunn, 1993; Hauri, 1994; Salters and

Longhi, 1999; Salters, 2002b), a pyroxenite with 70:30 cpx:
garnet ratio will have bulk DU/DTh � 1.08 and DLu/DHf �
19–28, compared with DU/DTh�2 and DLu/DHf�7 in a garnet
peridotite (Stracke, 1999). These differences in Ds translate to
distinct trace element signatures for pyroxenitic vs. peridotitic
melts, and such differences have been used as evidence that the
isotopic heterogeneity in the source of young Hawaiian lavas is
not associated with a change in mineralogy (Stracke, 1999).

3.4. Sr-Nd-Hf Isotope Systematics

The Sr-Nd isotope compositions of the clinopyroxene and
garnet mineral separates are reported in Table 6 and plotted in
Figure 6. Our data fall within the range of the Honolulu
Volcanics host lavas, and other postshield stage lavas from
Hawaii (Haleakala, Kauai, M. Kea). Our new data confirm that
both the SLC pyroxenites and peridotites have relatively lim-
ited range in Nd and Sr isotope compositions (Okano and
Tatsumoto, 1996; Lassiter, 2000; Bizimis, 2004b), with both
sample suites together defining a roughly negative correlation
in Nd-Sr space, similar to the posterosional and postshield lavas
from Honolulu and Kauai, but towards more radiogenic 143Nd/
144Nd ratios. Both xenolith, posterosional and postshield lavas
show a distinct shift towards more radiogenic Sr isotopes for a
given Nd relative to the Pacific MORB and Pacific seamount
data, and do not appear to extent toward the MORB field, rather
parallel to it. The Pali vent (on the rim of Koolau caldera)
peridotites and pyroxenites show a greater range in Nd isotopes
than the SLC xenoliths (Ducea, 2002), extending towards both
higher and lower 143Nd/144Nd values, but both suites have the
same 87Sr/86Sr range. Three of the garnets have somewhat
higher 87Sr/86Sr ratio than the coexisting cpx, while the 143Nd/
144Nd ratios are within error identical. The low Sr contents of
these garnets (generally �1 ppm, Table 5), makes their Sr
isotope compositions susceptible to incomplete mineral sepa-
ration and/or incomplete leaching during sample preparation,
and the observed shift could be attributed to such possibility.

The Nd-Hf isotope compositions of the cpx and garnet
separates are shown in Figure 7. The mineral separate data are
isotopically very similar to the posterosional Honolulu Volca-

nics lavas (Stille, 1983, 1986; Frey, 2005) and recently reported
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cpx and garnet data from three other SLC garnet pyroxenites
(Frey, 2005). We do note that while the three cpx and one
garnet from the pyroxenite data reported by Frey (2005) have
Hf isotopes within the data range presented here, two garnets
have lower 143Nd/144Nd than all other pyroxenite and Honolulu
Volcanics data. When considered together, the pyroxenite and
HV lavas define a distinctly steep slope in Nd/Hf space that
points above the terrestrial array, towards relatively radiogenic
Hf compositions. The slope of the terrestrial array in �Nd-�Hf

space is highly robust at 1.36 (Vervoort, 1999), with 1.49 for

Fig. 2. Calculated pressures and temperatures of the SLC pyroxen-
ites. Symbols as in Figure 1 and data from Table 7. For clarity, we only
plot the temperature and pressure values calculated with the EG ther-
mometer assuming all Fe � Fe�2 and the BK barometer by iteration
(see Table 7 and text for details). Mantle peridotite solidus from
Hirschmann (2000) and pyroxenite solidus from Keshav (2004). Pla-
gioclase peridotite (pl perid), spinel peridotite (sp perid) and garnet

Table 7. Pressure (P, in kb) and temperatur

Sample T (K01) P T (EG-Fe�2)

552 1257 25 1220
553 967 16.9 1100
555 914 13.5 1057
559 1202 25 931
571 590 0 840
582 916 25 1411
590 1078 19.5 1216
601 1117 25 1219
620 782 8.9 1097
714 1168 25 1226
716 1062 21.8 1311
744 1116 25 1174

a All pressures are calculated with the (BK) barometer by iterations
the pressure calculations, we assumed a pressure of 25 kb. Abbreviatio
and Green (1979), thermometer, using calculated Fe�2 contents in cpx a
� Gangluly et al. (1996) using the pressure calculated from the EG-F
peridotite (gt perid) phase boundaries are provided. Conductive geo-
therm is calculated for a 90-Ma-old oceanic lithosphere (Sen, 1988).
the OIB array, and a more shallow slope of 1.0 for the Hawai-
ian lavas (Blichert-Toft et al., 1999) (Fig. 7b). In contrast, the
pyroxenites (cpx and garnet taken together, excluding the two
garnets with the relatively unradiogenic �Nd from Frey, 2005)
define a slope of 3.3 (Fig. 7). As in the Sr/Nd isotope system-
atics, the trend defined by the pyroxenites does not intersect the
MORB field but points towards more radiogenic Hf isotope
compositions than MORBs. Note that although not as radio-
genic as the extremely radiogenic Hf isotope compositions seen
in most SLC peridotites (Salters and Zindler, 1995; Bizimis,
2004b) the pyroxenites (and HVs) seem to fall on the contin-
uum of the peridotite compositions at the radiogenic Hf range
of the Hawaiian lava compositions and the OIB array.

3.5. Lu/Hf and Sm/Nd Systematics

Figure 8 shows the combined Lu/Hf and Sm/Nd isotope
systematics of the cpx and garnet separates. The cpx and
coexisting garnets from each sample are connected with a line
for clarity. It can be seen that despite the large difference in
Sm/Nd and Lu/Hf ratios between cpx and garnet, the cpx and
garnet pairs have identical (within error) Nd and Hf isotope
compositions. The different cpx-garnet pairs define (within
error) parallel lines in Lu/Hf space (Fig. 8a) despite the large
range in Hf isotopes, which suggests that the identical176Hf/
177Hf ratios for any given cpx and garnet pair are not coinci-
dental due to a limited isotope variability in the pyroxenite
suite, but real. Furthermore, the fact that HVs and cpx are very
similar in terms of Lu/Hf and Sm/Nd systematics (Fig. 8) also
suggests that any possible contamination of garnet by the HV
host lavas can be ruled out (garnet should be more susceptible
to contamination because of its lower Nd and Hf concentrations
relative to cpx). Therefore, the combined Lu-Hf, Sm-Nd iso-
tope systematics suggest that the garnet and cpx separates were
in isotopic equilibrium at the time of emplacement. We suggest
two “end-member” scenarios to explain this isotopic equilib-
rium: one, the pyroxenites are near-zero age high pressure
cumulates from Hawaiian-related magmas, that where brought
to surface soon after crystallization in the deep lithosphere.

°C) calculations for the SLC pyroxenites.a

P T (EG-Fetotal) P T (GCT)

25 1413 25 1337
22.4 1136 24 1135
19.2 1310 30 1275
25 1226 25 1198

8.01 1216 23 1181
25 1275 25 1248
25.1 1225 25.5 1215
25 1236 25 1207
20.5 1157 23.2 1160
25 1219 25 1202
33.5 1162 26.3 1148
25 1408 25 1346

ch thermometer. Where no opx major element data was available for
� Krogh (2001); BK � Brey and Koehler (1990); EG-Fe � 2 � Ellis
et. EG-Fetotal indicates EG thermometer assuming all Fe � Fe�2. GCT
lumn.
e (T, in

with ea
ns: K01
nd garn
Two, the pyroxenites represent older veins (ca. 80–100 Ma old)
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in the lithosphere associated with MORB melting and forma-
tion of the lithosphere (Lassiter, 2000) that remained above the
closure temperature of the Sm-Nd and Lu-Hf isotopic systems
so that cpx and garnet remained in diffusive isotopic equilib-
rium all this time. A variation of an “old” age for the pyrox-
enites is that they could represent pieces of the Hawaiian plume
(with any possible range in ages) or that were brought up by the
plume from the lower mantle and never actually melted, but
cpx and garnet have all along remained in diffusive equilibrium
because they were stored at high temperature, or even reheated
during Hawaiian volcanism, resetting the Lu/Hf and Sm/Nd
systems. We will investigate these possibilities later in detail.

4. DISCUSSION

Based on the low Mg# and low Cr contents in cpx and
garnet, low forsterite-contents in coexisting olivines, and cu-
mulus textures, the SLC pyroxenites have been previously
interpreted as high pressure cumulates from posterosional type
melts within the Hawaiian lithosphere (Frey, 1980; Sen, 1988;
Sen and Leeman, 1991). Based on mineral phase systematics
on the CMAS simple mantle analog system, Keshav and Sen
(2004) recently suggested that at least some of these pyroxen-

Fig. 3. Primitive mantle normalized trace element concentrations in
cpx and garnet. Gray field in the top panel shows the trace element
contents of cpx from spinel peridotite xenoliths from Oahu (Bizimis,
2004b). Primitive mantle normalization values from McDonough and
Sun (1995).
ites may have crystallized deeper than �32 kb (�100 km),
which places them 15 km to 40 km deeper than the seismically
determined lithosphere/asthenosphere boundary beneath Oahu
(Priestley and Tilmann, 1999; Collins, 2002; Li, 2004). This
argument explicitly suggests that some pyroxenites actually
crystallized within the low velocity zone or upper astheno-
sphere, rather than in a thermal/mechanical boundary layer near
the bottom of the lithosphere. An alternative scenario where the
SLC pyroxenites may represent ancient recycled material
brought up by the plume from deeper in the mantle is also
conceivable based on the presence of some garnets with a
majorite precursor (Keshav and Sen, 2001) as well as micro-
diamonds (Wirth and Rocholl, 2003) in some SLC pyroxenites.

The radiogenic Os isotope ratios of some SLC pyroxenites
and the positive correlation between Re/Os and 187Os/188Os,
have led to the suggestion that the SLC pyroxenites represent
MORB-related cumulates formed during the formation of the
lithosphere some 80–100 Ma ago, the approximate age of the
ocean floor near Oahu (Lassiter, 2000). The similarity in Os
isotopes between HVs and SLC pyroxenites and some corre-
lations between Os and major and trace elements in postero-
sional lavas, further led Lassiter (2000) to suggest that MORB-
related pyroxenites are a component in the source of
posterosional volcanism in Hawaii.

Our new combined isotope, trace and major element data on
these pyroxenites can further constrain their origin and the
nature of the deep lithosphere beneath Hawaii.

4.1. SLC Garnet Pyroxenites: MORB or HV Related?

The combined Nd-Sr-Hf isotope data of the SLC pyroxenites
show little or no evidence for the direct involvement of Koolau-
type tholeiitic magmas and suggest that the SLC pyroxenites
are not cumulates from such tholeiitic shield-stage magmas. It
is conceivable, however, that Koolau-type magmas have re-

Fig. 4. Mg# vs. Zr, Ti, Sm and Na2O contents in pyroxenite cpx,
compared with cpx from abyssal peridotites (Johnson, 1990; Johnson
and Dick, 1992) and cpx from SLC spinel peridotites (Bizimis, 2004b).
Arrows labeled depletion qualitatively show the change in cpx com-
position with increasing degrees of melting (increasing Mg#). The SLC
pyroxenite cpxs do not follow the trends defined by the abyssal or SLC
peridotites. Note the logarithmic scales in (a) and (b).
acted with the MORB-depleted lithosphere creating a melt with
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a mixed isotopic signature that crystallized these pyroxenites.
Mixing or melt-rock reaction between Koolau-type melts and
the 80–100-Ma-old depleted lithosphere would generate con-
cave-down trends in Nd-Hf isotope space that fall above the
OIB array (see Bizimis, 2004 for additional modeling details).
Such compositions will not recreate the oblique pyroxenite
trend towards the interior of the OIB array at high �Nd values
in Hf-Nd isotope space because the Nd isotope composition of
the Koolau end member is too unradiogenic compared to the
pyroxenites. In addition, there have only been two spinel peri-
dotites (one a composite peridotite-pyroxenite xenolith) from
SLC with near Koolau-like isotope compositions (Fig. 6;
Vance, 1989; Okano and Tatsumoto, 1996) from the 50 or so
available isotope analyses on Oahu mantle xenoliths (pyroxen-
ites and peridotites, Fig. 6). In this respect, even if the pyrox-
enites where preexisting MORB-related cumulates in the deep
lithosphere, they must have been bypassed by the shield vol-
canism. Either way, the new data supports our earlier sugges-
tion (Bizimis, 2004b) for the existence of well-defined melt
channels deep in the lithosphere that kept the tholeiitic magmas
isolated from interacting significantly with the lithosphere.

Fig. 5. Garnet/clinopyroxene partition coefficients derived from the
SLC pyroxenites compared with natural and experimental data. (a)
Comparison between SLC pyroxenites Dgarnet/cpx with data from garnet
peridotites from Vitim (field labeled VGP; data from Glaser, 1999).
Note the almost identical ranges in the two data sets. (b) Comparison
with experimental data: Gr 00 (Green, 2000); B 02 (Barth, 2002); KL02
(Klemme, 2002); H 94 (Hauri, 1994); S 02 (Salters, 2002) (experiment
1097-7, similar for the other experiments in their study). SLC pyrox-
enite field from (a).
Oddly, we have as of yet no direct evidence (i.e., rock samples)
of such melt channels. Furthermore, the distinctly different
isotope compositions of the SLC pyroxenites and Koolau lavas
also suggest that the SLC pyroxenites (if they preexisted in the
lithosphere or the Hawaiian plume) cannot be a component in
the source of the Koolau lavas. Therefore, our data does not
support earlier suggestions for the involvement of pyroxenitic
or eclogitic component in the source of the Koolau magmas
(Hauri et al., 1996; Lassiter and Hauri, 1998), at least not with
these SLC pyroxenite isotope compositions.

The Hf and Nd isotopic equilibrium between cpx and garnet
determined here (Figs. 7 and 8) suggests, to a first order, that
the SLC pyroxenites are zero-age. These data contrast the
proposed 80–100-Ma ages of these pyroxenites as MORB
related cumulates in the lithosphere, based on their radiogenic
Os isotopic composition and the correlation between 187Os/
188Os and Re/Os ratios (Lassiter, 2000). However, the elevated
equilibration temperatures recorded in the pyroxenites (Table
7) leave open the possibility that the SLC pyroxenites were
MORB-related veins deep in the lithosphere that remained
stored at high enough temperatures so that the Lu-Hf and
Sm-Nd isotopic systems never closed to develop internal iso-
chrons (the Lu-Hf and Sm-Nd closure temperatures for cpx and

Fig. 6. Sr and Nd isotope compositions of cpx and garnet mineral
separates from this study (Table 6). Crosses are all other xenolith data
(cpx and bulk rock analyses) from SLC peridotites and pyroxenites
(Vance, 1989; Okano and Tatsumoto, 1996; Lassiter, 2000; Bizimis,
2004b). Field for the Pali vent xenoliths (peridotites and pyroxenites)
from Ducea (2002) and Bizimis (2004b). All other data fields from the
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) and PETDB
(http://petdb.ldeo.columbia.edu/petdb/) databases. The bottom figure
shows an expanded view of the Sr-Nd isotope variation of the Oahu
mantle xenoliths in the context of the total isotope variation of the
Hawaiian lavas.
garnet are �700°C; Scherer et al., 2000). It is also conceivable



2639Hf-Nd isotopes in SLC garnet pyroxenites
that these pyroxenites may represent asthenospheric melts
trapped in the lithosphere at some time after MORB-melting
and before the interaction with the plume, as frozen incipient
asthenospheric melts that never escaped to the surface. Alter-
natively, these pyroxenites were reheated at high enough tem-
peratures and for a long enough time by the host melt that reset
the Lu-Hf and Sm-Nd isotopic systems, thereby erasing any
information about their original crystallization age, but this

Fig. 7. Hf-Nd isotope compositions of cpx and garnet mineral
separates from the SLC pyroxenites (a) compared with Hawaiian lavas
and (b) with the global variation of oceanic basalts and MORB. Open
squares and triangles in (a) are SLC pyroxenite cpx and garnet data,
respectively, from Frey (2005). Open symbols in (b) show the compo-
sitions of the SLC spinel peridotites, and arrow points toward the more
radiogenic samples not shown here (squares: Bizimis, 2004). Only
some of the Hawaiian lava fields are labeled (for clarity), but all other
published Hawaiian Nd-Hf isotope data falls within this field. Hawaiian
lava data from Stille (1983), Stille (1986), Blichert-Toft and Albarede
(1999), Blichert-Toft et al. (1999), Stracke (1999), Frey (2005), and
references therein. HV � Honolulu volcanics. Note that the data of
Stille (1983; 1986) has been corrected to the currently accepted JMC-
475 standard value of 176Hf/177Hf � 0.282160, resulting in a decrease
of �2 epsilon units in their Hf isotope values. MORB and OIB fields
in (b) are literature compilation. EMI, EMII, HIMU mantle end mem-
bers from Zindler and Hart (1986). Solid line defines the slope (1.36)
of the terrestrial array (Vervoort, 1999) and dashed line the slope (1.0)
of the Hawaiian lavas (Blichert-Toft et al., 1999). Dashed line within
the SLC data with a slope of 3.3 is a regression through all our data and
the pyroxenite data of Frey (2005), showing the distinctly different
slopes defined by the pyroxenites and the Hawaiian lavas.
would require a reset in the Re-Os systematics as well, which
is not observed. Here we investigate all these possibilities in the
light of our new data.

First, we assume that the relatively radiogenic bulk rock
187Os/188Os ratios of the SLC pyroxenites (Lassiter, 2000)
result from the radiogenic ingrowth of 187Os from 187Re while
the pyroxenites remained stored in the lithosphere for 80–100
Ma. We can further assume that diffusion (whether from plume
heating or by the xenoliths residing deep in the hotter litho-
sphere) was fast enough to homogenize a sample on the mineral
scale (1–2 mm, based on Nd-Hf isotopic equilibrium between
cpx and garnet observed here) but not on sample scale (10’s of
cm, based on the variability in Os isotopes). Therefore, we
would expect that bulk rock Rb-Sr, Sm-Nd and Lu-Hf isotope
systematics to reflect an older than zero-age, as in the Re-Os
case. However, we would argue that the bulk rock values could
be influenced by late stage melt addition. The presence of
phlogopite, carbonate, and silicate glass pockets as veins in
some SLC pyroxenites have been interpreted as impregnation
by late stage volatile-rich melts (Sen, 1988, 1996; Bizimis,
2003b). The recent determination of Sr isotopic disequilibrium

Fig. 8. (a) Lu-Hf and (b) Sm-Nd isotope systematics of SLC pyrox-
enites. Lines connect the cpx and garnet pair from the same sample.
176Lu/177Hf for the cpx-garnet pairs are determined by isotope dilution
(Table 6), and the other cpx by ICP-MS. All 147Sm/144Nd ratios in (b)
are determined by ICP-MS (data form Tables 3 and 4). Error bars in
both panels show the average estimated error in the ratio determina-
tions, except for garnet 555, where the 176Hf/177Hf error is indepen-
dently shown. Circles along the cpx-garnet lines show the reconstructed
bulk rock compositions (see text for details). Also shown for compar-
ison is an 100-Ma isochron (dashed line in both panels). HV range
shows the range of Honolulu Volcanics compositions for comparison
(HV data from Fig. 7).
between these late phlogopite and carbonate/silicate phases and



2640 M. Bizimis et al.
the cpx and garnet matrix (Bizimis, 2003b) suggests that these
volatile-rich phases crystallized under cool enough conditions
(Sen, 1988) or shortly before emplacement, so that they did not
equilibrate with the preexisting matrix pyroxenite. In this case,
bulk rock isotope analyses would be inappropriate to constrain
the age of these pyroxenites. For this reason we use recon-
structed bulk rock analyses based on the trace element and
isotope compositions of the cpx and garnet. The presence of
opx, olivine and spinel is of little consequence in the Sm-Nd
and Lu-Hf budgets both because of their low modal abundance
(or even absence) in these pyroxenites and because they have
lower partition coefficients than cpx and garnet for these ele-
ments (e.g., Salters, 2002b). The reconstructed bulk rock
Sm-Nd and Lu-Hf isotope systematics of the SLC pyroxenites
are shown in Figure 8, using the modal abundances from Tables
1 and 2. The Sm-Nd systematics of the calculated bulk rocks
are essentially identical to cpx (because of the much greater Nd
and Sm contents and greater modal abundance of cpx than
garnet) and do not define any significant correlation that can be
interpreted as an isochron. The reconstructed bulk rock Lu-Hf
compositions show more variability than the Sm-Nd systemat-
ics, because of the strong leverage of garnet on Lu concentra-
tions. Even in this case, however, the bulk rock compositions
show no correlation that can be interpreted as an isochron. Note
that the reconstructed bulk rock compositions fall very close to
the average HV lava compositions. Although not explicitly
shown here, the same is true for the Rb-Sr systematics because
cpx dominates both these elements in the bulk rock and the
cpxs do not define any correlation between 87Sr/86Sr vs. Rb/Sr
or 1/Sr (not shown). Furthermore, these pyroxenites have too
low Rb/Sr ratios to develop their measured present-day 87Sr/
86Sr ratios from any MORB-type melt (i.e., with 87Sr/86Sr
� 0.7022–0.703) or even from the most radiogenic Sr compo-
sitions seen in the EPR seamounts (Niu, 2002), within 100 Ma
of storage. In addition, none of the erupted MORBs or EPR
seamount lavas have high enough Rb/Sr ratios to develop the
relatively radiogenic Sr isotope compositions of the pyroxen-
ites within 100 Ma of storage in the lithosphere as precursors to
the SLC pyroxenites.

Based on the Lu/Hf, Sm/Nd and Rb/Sr isotope systematics of
the SLC pyroxenites we therefore conclude that we do not see
any evidence for an 80–100-Ma MORB-related origin. In ad-
dition to the age constraints, the fact that the combined Hf-Nd
and Nd-Sr isotope systematics of these pyroxenites do not
intersect the MORB field (Figs. 6 and 7), is evidence for the
lack of a MORB-related origin. While it is reasonable to expect
that MORB-related frozen melts/cumulates may reside in the
lithosphere, it appears that none of these garnet pyroxenites
analyzed here are such melts/cumulates.

The existence of pyroxenitic or eclogitic lithologies of recy-
cled origin in the mantle has long been discussed as a mecha-
nism of introducing heterogeneities in the source of OIB and
MORB volcanism (e.g., Zindler, 1984; Allègre and Turcotte,
1986; Hirschmann and Stolper, 1996). Therefore, the Lu-Hf
and Sm-Nd isotope systematics of the SLC garnet pyroxenites
presented here, can also constrain whether these could repre-
sent fragments of recycled lithosphere brought up by the plume
from the deeper mantle. We again use the calculated bulk rock
Lu-Hf and Sm-Nd systematics as above to calculate the evo-

lution of these pyroxenites with time, assuming that their trace
element composition has not changed since their formation.
Figure 9 shows the Hf and Nd isotopic evolution of the recon-
structed bulk rock SLC pyroxenites with time (before present),
compared with the isotopic evolution of bulk Earth and that of
a 2-Ga-old MORB source, representing the most isotopically
depleted terrestrial reservoir that is currently producing mag-
mas. Because of the low Lu/Hf ratios of the SLC pyroxenites,
their Hf isotope evolution curves are more shallow than the
MORB source evolution curve, and would intersect the MORB
source curve within 50 to 400 Ma BP (Fig. 9). In other words,
if these pyroxenites where ancient cumulates that are brought
up by the plume, they could have only been formed from a
MORB source 50 to 400 Ma ago, the earliest. No other terres-
trial magma source (that is necessarily less radiogenic in 176Hf/
177Hf than the MORB source) could produce the SLC pyrox-
enites earlier than 400 Ma BP. The Nd isotope evolution curves

Fig. 9. (a, b) Hf and Nd isotope evolution of the SLC garnet
pyroxenites, compared with a calculated MORB source and bulk earth
evolution. Only the samples with cpx and garnet data available are
shown, and sample names are shown along each evolution line. We
assume that the reconstructed present-day bulk rock isotope composi-
tion of each pyroxenite results from the closed system evolution of the
rock. Bulk earth Nd and Hf isotope composition from Table 6, and
147Sm/144Nd � 0.1967, and 176Lu/177Hf � 0.0332, �Nd � 6.54*10	12

and �Hf � 1.94*10	11. Present-day MORB source values used: 176Hf/
177Hf � 0.28331, 143Nd/144Nd � 0.5132, and evolution lines are
calculated assuming that the MORB source was generated 2 Ga ago
from chondritic earth. The Lu-Hf systematics of the SLC pyroxenites
suggest that they have formed 50 Ma to 400 Ma ago from a MORB
source, while the Sm/Nd systematics require an older than a 400-Ma-
old derivation from a MORB source. It is impossible to reconcile both
the Hf and Nd isotope compositions of the SLC pyroxenites as ancient
recycled cumulates from a terrestrial source.
on the other hand, can be reconciled with an origin from such
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a MORB source at 400 Ma or older (Fig. 9b), in contrast with
the Hf systematics. At the same time, the near identical Nd
isotope compositions and relatively variable Sm/Nd ratios of
the SLC pyroxenites generate curves that radiate from a near
single point at present time to intersect the MORB source
evolution at 400 Ma to �1Ga BP. These calculations show that
it is very difficult to reconcile both the Nd and Hf isotope
compositions of all these SLC pyroxenites from a single an-
cient terrestrial source. Therefore, we consider it unlikely that
these SLC pyroxenites are ancient MORB-related (or other
basaltic magma) cumulates brought up by the Hawaiian plume.

The near identical isotopic compositions of the SLC pyrox-
enites and HV lavas (Hf-Nd-Sr isotopes from this study, Os
isotopes from Lassiter, 2000), the zero-age mineral-mineral
isochrons and the fact that HV lavas carry these xenoliths to the
surface, strongly indicates a possible genetic relationship be-
tween the two. Since the SLC pyroxenites are not a lithospheric
component that predates the HVs then they most likely repre-
sent high pressure cumulates from melts similar to the HVs (at
least isotopically).

4.2. Origin of the SLC Pyroxenites as High-Pressure
Cumulates

As shown earlier, the correlations between major and trace
elements in the cpx from the SLC pyroxenites indicate that they
are not residues of variable degrees of melting from a single (or
a uniform) pyroxenite source (Fig. 4). Therefore, these major
and trace element variations must reflect the composition of the
parental melts of these pyroxenites. The significant Hf isotope
variability observed in the SLC pyroxenites (Figs. 7 and 8)
along with the significant range in Os isotopes (Lassiter, 2000)
is strong evidence against these pyroxenites being crystal frac-
tionates from a single parental melt composition, but instead
from a range of parental melts. Previous studies have suggested
that the SLC pyroxenites represent high pressure cumulates in
the Oahu lithosphere or upper asthenosphere (Frey, 1980; Sen,
1988; Keshav and Sen, 2004). Here we calculate the composi-
tion of melts in equilibrium with the cpx to further constrain the
composition of the parental melts to the SLC pyroxenite.

We use the experimental data of Keshav (2004) and Hir-
schman (2003) on pyroxenite melting to calculate equilibrium
constants for the major elements between cpx and melt and
then use these constants to calculate the composition of a melt
in equilibrium with these SLC pyroxenites. Using other exper-
imental data on lherzolite melting (Walter, 1998) or major
element parameterizations (Longhi, 2002) does not signifi-
cantly affect our calculations (Fig. 10). As we discussed earlier,
proposed parental melts for these pyroxenites have been HV
lavas (Frey, 1980; Sen, 1988), MORB-type melts, and E-
MORB type melts (Okano and Tatsumoto, 1996; Lassiter,
2000). We therefore compare the calculated melts in equilib-
rium with the SLC pyroxenites with HV lavas (Clague and
Frey, 1982), EPR lavas (Regelous, 1999) representing MORBs,
and EPR seamount lavas (Niu and Batiza, 1997) representing
E-MORB type melts. Figure 10 shows that the calculated melts
in equilibrium with cpx are (for a given Mg#) too enriched in
Na2O, Zr and Sm (similar for the LREE and MREE and other
highly incompatible elements) and too poor in Al O , relative
2 3

to MORB or E-MORB melts. Instead, these compositions
better resemble the compositions of HV lavas (Fig. 10). Note
however that these calculated melts have generally higher Zr
and Na contents than the erupted HV lavas, suggesting that
these pyroxenites do not represent cumulates from melts iden-
tical to the erupted HV lavas but, based on their isotope and
other trace element similarities, rather similar to the HV melts.
This, and the lack of Ti and Hf depletions in the pyroxenitic cpx
(Fig. 3), when such depletions are present both in the HV lavas
(Yang, 2003) and in the cpx from the SLC peridotites (Fig. 3,
and Bizimis, 2004b) can be explained by different extends of
reaction between the ascending posterosional melts and the
lithosphere (Bizimis, 2004b). In turn, the pyroxenites may
reflect some preeruptive HV compositions with minimum litho-
sphere interaction.

4.3. An Ancient Depleted Component in the Source of
Pyroxenites and HV Lavas?

The steep slope in Nd-Hf isotope space for both the SLC
pyroxenites and HV lavas (Fig. 7) is quite distinct from the
robust slope of the terrestrial array (1.36: Vervoort, 1999), and
the slopes defined by the rest of the Hawaiian lavas (�1.0:
Blichert-Toft et al., 1999) or other ocean island basalts
(Stracke, 2001; Eisele, 2002; Mattielli, 2002). There have been
different mechanisms proposed to explain the slopes of the
different ocean island basalts on the Nd-Hf isotope plot: for
example, the presence of recycled pelagic sediments in the
source of OIBs will create a shallow slope in Nd-Hf space
(Salters and White, 1998; Blichert-Toft et al., 1999), while

Fig. 10. Comparison between calculated melts in equilibrium with
the SLC pyroxenite cpx and possible parental volcanics. HVs � gray
circles (Clague and Frey, 1982); EPR(M) (crosses) � East Pacific Rise
MORBs (Regelous, 1999); EPR(S)(x) � EPR seamounts (Niu and
Batiza, 1997); calc melts (open diamonds) � calculated melts in
equilibrium with cpx from the SLC pyroxenites. These are calculated as
Cmelt � Ccpx/D, where C is concentration and D the partition coeffi-
cient. The following Ds are used: DNa � 0.39, DAl � 0.65, DMg#

� 1.25 (i.e., Mg#cpx/ Mg#melt), all calculated as the average Ccpx/Cmelt

from the experiments of Keshav (2004) and Hirschmann (2003), DSm

� 0.25, DZr � 0.076 (Salters and Longhi, 1999). The calculated melts
in equilibrium with the cpx are more similar to the HV lavas than the
EPR MORBs or seamount basalts.
recycled oceanic crust (the basaltic portion) will generate over
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time Hf-Nd isotope compositions that fall below the array
towards the HIMU component (Salters and White, 1998). For
Iceland however, basalts with relatively radiogenic Hf ratios
have been suggested to contain an old and depleted component
in their source that is different than N-MORB (Kempton, 2000;
Fitton, 2003). Most recently Frey (2005) and Huang (2005)
argued for the presence of a long-lived depleted mantle com-
ponent intrinsic to the Hawaiian plume, based on the isotope
and trace element systematics of the Detroit seamount, HV and
other posterosional Hawaiian lavas.

Salters and Zindler (1995) and Bizimis (2004b) have shown
that an old (e.g., 100 Ma to �1 Ga old), depleted mantle
lithosphere (i.e., residue of MORB melting) is expected to have
very radiogenic Hf and Nd compositions that extend far above
the terrestrial array in Nd/Hf isotope space. Mixing between a
melt from within the OIB array and such an old and melt-
depleted lithosphere will generate concave-up mixing lines in
Nd-Hf space, because of the much larger Nd/Hf ratio in the
melt than the melt-depleted lithospheric peridotite (Bizimis,
2004b). Similarly, mantle-melt interaction between the same
melt and lithosphere will also generate melts with strongly
decoupled Nd-Hf isotopic compositions that fall above the OIB
array. Therefore, the steep slope and relatively radiogenic Hf
isotope compositions of the SLC pyroxenites and HV lavas
could result from the involvement of a previously melt-de-
pleted and aged lithosphere in their source. Such interaction
between “normal” melts (i.e., from within the OIB array in
Nd-Hf space) and old depleted lithosphere has already been
called upon to explain the extreme range and highly radiogenic
176Hf/177Hf compositions, at constant 143Nd/144Nd, and trace
element patterns of the SLC spinel peridotites (Bizimis,
2004b). In a similar fashion then, the Nd-Hf isotope decoupling
of the SLC pyroxenites can result from the interaction or
mixing between some Hawaiian-plume related melts (similar to
HV) and the depleted 80–100-Ma-old lithosphere beneath Ha-
waii (Fig. 11). The presence of xenoliths showing evidence of
mechanical disintegration and mixing between pyroxenitic and
peridotitic mineralogies (Sen and Leeman, 1991) indeed sup-
ports such interaction and/or mixing between such melts and
the deep lithosphere. The caveat of such a mixing model
however is that, for simple binary mixing between a melt and
the depleted lithosphere, inordinate amounts of peridotite (i.e.,
�90 wt%) must be added to the melt to significantly shift its Hf
isotope composition, because of the high and low Hf concen-
trations in the melt and peridotite respectively (Fig. 11). This
large addition would shift the mineralogy of the pyroxenites to
a mineralogy in which olivine is the most abundant phase.
Moreover, the relatively radiogenic Os isotope compositions of
both SLC pyroxenites and HV lavas (Lassiter, 2000) prohibit
significant mixing or mantle-melt interaction between a melt
and the lithosphere: the much higher Os contents and unradio-
genic Os isotope compositions of lithospheric peridotites com-
pared to the HV and SLC pyroxenites, and high partition
coefficients for Os in the mantle mineralogy does not allow
more than a few wt% addition of lithospheric peridotite to such
melts before the Os isotope composition of the melt becomes
completely overprinted by that of the peridotite (Hauri and
Kurz, 1997; Lassiter, 2000).

We suggest here that the Nd-Hf isotope decoupling observed

in the HV and SLC pyroxenites is the product of mixing
between melts, whereby the end-member melt with the radio-
genic 176Hf/177Hf originates from a previously depleted and
aged lithospheric component (i.e., peridotite) and the least
radiogenic 176Hf/177Hf melt from the Hawaiian plume. This
model is in accord with the constraints imposed by the Os
systematics of SLC pyroxenites (Lassiter, 2000) for minimum

Fig. 11. �Hf vs. �Nd isotope diagram showing mixing between plume
melts and melts from a depleted 100-Ma-old and 1-Ga-old depleted
lithosphere. 100 Ma RMC (solid line) � composition of the 100-Ma-
old depleted lithosphere, residue of MORB melting (after Bizimis,
2004b); tick marks (numbers in %) show degree of melting. The
composition of the 1-Ga-old depleted lithosphere (arrow) falls outside
the figure towards highly radiogenic Hf and Nd isotopes. Koolau melt:
�Hf � 4 and �Nd � 0 and concentrations CHf � 3.4 ppm, CNd � 21 ppm
(average from the literature). Plume melt: �Hf � 11.8 and �Nd � 7.2
and CHf � 2.5 ppm, CNd � 22 ppm (concentrations from the least trace
element enriched alkali olivine basalt of Yang, 2003). The melts from
the depleted lithosphere are calculated as 0.5% melts from a depleted
lithosphere that is residue of 5% melting of a MORB source, following
the parameterization of Bizimis (2004b). The 0.5% melt from a 5%
melt-depleted 100-Ma-old lithosphere has the following composition:
�Hf � 26.9, �Nd � 15.9 and CHf � 2.1 ppm, CNd � 3.92 ppm, and the
0.5% melt from the 5% melt-depleted 1-Ga-old lithosphere has: �Hf

� 84.5, �Nd � 50.8 and CHf � 2.1 ppm, CNd � 3.92 ppm. Dashed lines
are mixing lines between the different plume and lithospheric end-
member melts. Tick marks with numbers show the percentage addition
of lithospheric melt to the plume melt. We make the following obser-
vations: mixing between a Koolau-type melt and lithospheric melt does
not recreate the pyroxenite compositions. Mixing between a “plume”
melt from within the Hawaiian field (isotopically similar to the least
isotopically enriched HV lavas, or similar to Mauna Kea or Kilauea
lavas; Fig. 7) and a lithospheric melt will generate compositions that
extend above the OIB array towards radiogenic Hf isotope composi-
tions and recreate the trend seen in the SLC pyroxenites and HV lavas.
The difference between mixing of the plume melt with the melt from
the 1-Ga-old recycled lithosphere or the 100-Ma-old lithosphere is that
in former case only 10% lithospheric melt addition is needed to
generate the range of the SLC pyroxenites, compared to 50% melt
addition for the 100-Ma lithosphere. In both cases, a 5% melt-depleted
lithospheric source is used for comparison. Mixing with a melt from a
3% melt-depleted or 7% melt-residue lithosphere does not significantly
change our conclusions. Finally, mixing between the plume melt and
the lithospheric peridotite (5% melt-residue with CHf � 0.0535 ppm,
CNd � 0.0876) ppm will create similar mixing lines as those shown
here, only much greater amounts (�95%) of bulk lithosphere addition
(vs. lithospheric melt addition) are needed to significantly shift the
isotopic composition of the plume melt, because of the low concentra-
tions of Hf and Nd in the lithospheric peridotite.
or no interaction with the lithosphere: with both melts having
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low and similar Os contents (due to the high bulk partition
coefficient of Os in a mantle mineralogy) the low 187Os/188Os
signature of a lithospheric melt can be more easily diluted by
the plume melt with a high 187Os/188Os ratio (similar to the HV
and Koloa volcanics lavas, Lassiter, 2000). Also, a melt from a
previously depleted mantle lithosphere should have subchon-
dritic Nd/Hf ratios (because Nd is more incompatible than Hf in
the mantle mineralogy) therefore, mixing between such a litho-
spheric melt and any plume melt with superchondritic Nd/Hf
will lead again to convex-down mixing lines in Nd/Hf isotope
space. Most importantly though, the higher Hf and Nd contents
of this lithospheric melt relative to a peridotite requires signif-
icantly smaller amount of lithospheric melt addition (as op-
posed to pure peridotite addition) to the plume melt to shift the
Hf isotopes towards more radiogenic values. This is shown
graphically in Figure 11. Mixing between a plume melt and a
small degree melt (e.g., 0.5% wt) from a melt-depleted 100-Ma
lithosphere (e.g., residue of 5% MORB-type melting) generates
mixing lines identical to the plume-lithosphere mixing lines but
requires only �50% lithospheric melt addition (compared to
�90% lithospheric peridotite addition) to the plume melt to
generate the range in Hf isotope of the SLC pyroxenites. The
exact amounts of mixing are highly dependant on the compo-
sition of the end-member melts, and the mixing calculations in
Figure 11 only show one possibility. However, these calcula-
tions demonstrate that mixing between plume-derived and
lithosphere-derived melts provides an additional mechanism in
decoupling the Nd-Hf isotopic system towards high 176Hf/
177Hf.

The above model quantitatively shows that a previously
depleted component is required to explain the Nd-Hf isotope
systematics of the SLC peridotites. In the following, we discuss
the location of this depleted component in the context of
Hawaiian volcanism. One of our potential models suggests that
portions of the 80–100-Ma Pacific lithosphere beneath Oahu
actually melt and contribute to Hawaiian melts. In this respect,
such model appears to support a rejuvenated lithosphere,
whereby the passage of the plume gradually reheats the bottom
of the lithosphere (Li, 2004), possibly causing some melting to
occur in the deepest and relatively less depleted portions of the
lithosphere. Such melting may be enhanced or triggered by
volatiles released from the plume and the presence of phlogo-
pite and carbonates in some of the pyroxenite and peridotite
xenoliths (Sen, 1996; Bizimis, 2003b) adds support for the
presence of such a volatile rich-component in the deep litho-
sphere. This model agrees with previous models whereby litho-
spheric melting (Chen and Frey, 1983; Chen and Frey, 1985)
and the presence of phlogopite (Class and Goldstein, 1997) are
involved in the genesis of HV posterosional lavas.

An alternative to the 100-Ma-old lithosphere contribution
shown above is that the depleted component recognized in the
SLC pyroxenites (and possibly HV; Frey, 2005), is intrinsic to
the Hawaiian plume. It has been proposed that subducted and
recycled metasomatized lithospheric mantle can be an addi-
tional component in the source of ocean island basalts (Geld-
macher and Hoernle, 2000; Salters, 2002a; Niu and O’Hara,
2003; Salters and Li, 2004; Workman, 2004). Workman (2004)
suggested that the EMII component represented by the most
radiogenic 87Sr/86Sr Samoan lavas is best described as an

ancient recycled, metasomatized lithospheric mantle, rather
than recycled oceanic crust � sediment. The posterosional
volcanism in the Madeira hotspot is isotopically more depleted
than the shield stage but with higher trace element contents,
similar the succession seen in the Hawaiian volcanism, and
these variations have been explained by progressive involve-
ment of a recycled lithospheric mantle into the melting source
(Geldmacher and Hoernle, 2000). Based on geochemical, geo-
physical and mineral physics arguments Niu and O’Hara
(2003) have argued that the sources of OIB are more compat-
ible with a recycled lithospheric mantle rather than recycled
oceanic crust with or without sediments. The problems of
explaining the combined trace element and isotope character-
istics of OIBs with the presence of oceanic crust � sediment in
the source of the OIB have also been shown quantitatively by
Stracke (2003). In terms of trace element and isotope modeling,
an ancient (e.g., �1 Ga old) recycled and depleted lithosphere
as the source of the SLC pyroxenite melts, is compositionally
similar to the 100-Ma-old depleted lithosphere model shown
above, but with more extreme Nd and Hf isotope ratios, which
allow for greater modeling flexibility in terms of mixing be-
tween lithospheric and plume-derived melts. Figure 11 shows
an example of such mixing calculations between an “enriched”
plume-derived melt and a “depleted” melt from a 1-Ga-old
melt-depleted lithospheric peridotite. The resulting mixed
melts show very fast Hf-from-Nd isotope decoupling and only
�10% addition of the depleted lithospheric melt to the enriched
plume melt is required to generate the Hf isotopic variability of
the SLC (and HV) samples. Following Niu and O’Hara (2003)
we can speculate that a recycled lithospheric mantle has
trapped volatiles and melts that allow for lowering of its solidus
and melting upon ascent from the lower mantle. Note that, as in
the case of mixing with the 100-Ma-old lithosphere, the con-
straints imposed from the Os isotope systematics (see above)
require that melts from the depleted lithosphere (as opposed to
mixing or mantle-melt interaction with the depleted lithosphere
itself), are involved in the generation of the SLC pyroxenites
and HV lavas.

Although the two models for the location of the depleted
(ancient and recent) component recognized in the SLC pyrox-
enites can both produce the observed isotopic correlations, they
have very different implications. On one hand, a recent (�100-
Ma-old) MORB-depleted oceanic lithosphere is readily avail-
able beneath Hawaii (and during OIB volcanism in general)
and there have been different mechanisms proposed to explain
the time hiatus between shield and posterosional volcanism by
progressive reheating or melt fluxing of the lithosphere (Ribe
and Christensen, 1999; Li, 2004). On the other hand, an an-
cient, recycled depleted peridotite that is part of the ascending
plume would be strong evidence that recycled lithosphere ac-
tually contributes to OIB volcanism, but this requires that it is
preferentially sampled only during the posterosional volca-
nism, and does not readily explain the characteristic hiatus
between shield and posterosional volcanism in Hawaii. Per-
haps, this recycled depleted component is widespread within
the plume but it’s signature becomes diluted by the voluminous
shield stage magmas that tap a more easily melted “enriched”
plume component, while at the waning stages of volcanism, it
is easier for these “depleted” melts to retain their chemical
signature and be recognized. Lassiter and Hauri (1998) pro-

posed that the relatively light O-isotopes and unradiogenic Os
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isotope compositions of the Mauna Kea lavas are best ex-
plained by a recycled lithospheric component. The presence of
a long-lived depleted component within the Hawaiian plume
that is not related to a present-day MORB-type source has also
been reiterated recently by Frey (2005) and Huang (2005)
based on the continuous presence of a depleted component
within the Emperor seamount and Hawaiian lavas. In addition,
the presence SLC peridotites with highly unradiogenic Os
isotope compositions (Griselin and Lassiter, 2002) and the
correlation between unradiogenic Os and radiogenic Hf iso-
topes in these peridotites (Bizimis, 2004a) also suggests that an
ancient recycled lithosphere may indeed be intrinsic to the
Hawaiian plume. Based on these evidence we suggest here that
the relatively radiogenic Hf isotope compositions of the SLC
peridotites indeed reflect the presence of a recycled depleted
lithospheric component that is intrinsic to the Hawaiian plume.
In this respect, our data supports the notion that the whole
package of a subducted oceanic slab has retained its integrity
through subduction and convective stirring in the mantle and is
brought to the surface by, or is contributing to the Hawaiian
plume. The basaltic oceanic crust (Hauri, 1996) with sediments
(Blichert-Toft et al., 1999) is recognized in the lava chemistry,
the gabbroic section is recognized in melt inclusions (Sobolev,
2000), and the lithosphere is recognized in the pyroxenite and
peridotite xenoliths and in some lavas compositions (this study
and Lassiter and Hauri, 1998; Bizimis, 2004a; Frey, 2005).

Our study also shows that the combination of Nd and Hf
isotopes is a powerful tool in determining the involvement of a
depleted component in the source of oceanic basalts and xeno-
liths. New and detailed Hf and Nd isotopic studies on the
succession of shield and posterosional volcanism in different
island chains, as well as mantle xenoliths, should be able to
further resolve the involvement of depleted lithosphere (recent
vs. ancient) in the source of OIB volcanism, and the fate of the
recycled lithosphere.

5. SUMMARY

We present the first combined Hf-Nd-Sr isotope, trace and
major element study on clinopyroxene and garnet mineral
separates from garnet pyroxenites from the Salt Lake Crater
vent, Oahu, Hawaii. The garnet pyroxenites are identical in
terms of their isotope compositions, to the Honolulu Volcanics
host lavas and very different from the isotopically enriched
compositions of the Koolau shield lavas. There is little or no
evidence for the involvement of shield stage tholeiitic magma
in the generation of these pyroxenites. The Lu-Hf and Sm-Nd
isotope systematics of the cpx and garnet mineral pairs and the
reconstructed bulk rock compositions suggest a near zero-age
for the SLC pyroxenites. Calculated melts in equilibrium with
the cpx from these garnet pyroxenites better resemble the
Honolulu Volcanics posterosional lavas, rather than MORB or
E-MORB type melts. These observations combined with major
element systematics are strong evidence that the SLC pyrox-
enites represent high pressure (�20–30 kb, i.e., 60–90 km)
cumulates from melts isotopically similar to the posterosional
Honolulu Volcanics lavas, within the lower Hawaiian litho-
sphere.

The steep slope in Nd-Hf isotope space defined by the SLC

pyroxenites towards relatively radiogenic Hf isotope composi-
tions is best explained as mixing between a melt associated
with the Hawaiian plume, and a melt from a previously de-
pleted component. We suggest that this depleted component is
intrinsic to the Hawaiian plume, and most likely represents a
recycled oceanic lithosphere. This depleted component could
be dispersed within the plume but it is more likely to be
recognized during the waning stages of volcanism where low
volume melts with isotopically depleted signatures can survive
mixing with the voluminous and isotopically enriched tholeiitic
stage melts. Our data supports the suggestion that the Hawaiian
plume contains fragments representing the whole spectrum of
lithologies within a subducting oceanic slab, including sedi-
ments, basalt, gabbros and depleted lithosphere. The ability to
recognize all these components in either the lavas or xenoliths
suggests that the heterogeneities introduced in the mantle by
subduction can survive storage and mixing in the convective
mantle, probably in the order of a billion years.
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