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[1] Abyssal peridotites, the depleted solid residues of ocean ridge melting, are the most
direct samples available to assess upper oceanic mantle composition. We present detailed
isotope and trace element analyses of pyroxene mineral separates from Southwest Indian
Ridge abyssal peridotites and pyroxenites in order to constrain the size and length scale of
mantle heterogeneity. Our results demonstrate that the mantle can be highly heterogeneous
to <1 km and even <0.1 m length scales. Examination of Nd isotopes in relation to modal,
trace, and major element compositions indicate that the length scales and amplitudes of
heterogeneities in abyssal peridotites reflect both ancient mantle heterogeneity and recent
modification by melting, melt-rock reaction and melt crystallization. The isotopic and trace
element compositions of pyroxenite veins in this study indicate that they are not direct
remnants of recycled oceanic crust, but instead are formed by recent melt crystallization.
Combined with existing data sets, the results show that the average global isotopic
composition of peridotites is similar to that of mid-ocean ridge basalts, though peridotites
extend to significantly more depleted 143Nd/144Nd and 87Sr/86Sr. Standard isotope evolution
models of upper mantle composition do not predict the full isotopic range observed
among abyssal peridotites, as they do not account adequately for the complexities of ancient
and recent melting processes.
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1. Introduction

[2] The mantle is the largest geochemical reservoir on the
planet; its compositional heterogeneities are of fundamental
importance to understanding mantle dynamics and long-term
evolution of the Earth’s interior. In this study, we use abyssal
peridotites to assess the amplitudes and length scales of
chemical and isotopic heterogeneities within the upper man-
tle. Abyssal peridotites are the depleted solid residues of
mantle melting that are exposed on the seafloor at ocean
ridges. Due to their geochemically depleted character and the
scarcity of seafloor samples, abyssal peridotites have been
under utilized as tracers of mantle composition and evolution.
However, recent sampling of peridotites from ultraslow
spreading ridges [e.g., Dick et al., 2003], combined with
improved analytical techniques, increasingly allow the man-
tle to be studied from the perspective of the solid residue,
in addition to that of basaltic melts.

[3] Studies of radiogenic isotope ratios in basalts from
mid-ocean ridges (MORB) and ocean islands (OIB) have
found that basalts are highly variable [e.g., Hart et al., 1973;
Hart, 1984; Meyzen et al., 2007], demonstrating that chem-
ical heterogeneity in the mantle has persisted for long periods
of time and indicating that convective mixing of the mantle
is relatively inefficient at removing heterogeneities [e.g.,
Zindler and Hart, 1986]. Ranges in isotopic compositions
for individual systems (such as a given OIB suite or a specific
mid-ocean ridge segment) have led to debate over the form
and size of the distinct mantle reservoirs involved. A still
significant gap exists between observational geochemistry
and numerical models of mantle dynamics [e.g., van Keken
et al., 2002], partly because geochemical observations of the
length scales and amplitudes of chemical and isotopic heter-
ogeneities in the mantle are inadequate. At small length
scales, basalts effectively ‘‘smooth-out’’ heterogeneities, as
they are mixtures of melt fractions derived from large areas of
the mantle that have undergone variable degrees of melting.
Nevertheless, basalts from individual dredges at some mid-
ocean ridge localities reveal significant variations in isotopic
compositions, suggesting that high-amplitude heterogene-
ities exist at length scales <2 km [Dosso et al., 1999]. Large
variations in Pb isotopic compositions among olivine-hosted
melt inclusions from individual MORB and OIB samples
[Saal et al., 1998; Shimizu and Layne, 2003; Kobayashi
et al., 2004; Shimizu et al., 2005; Maclennan, 2008] pro-
vide additional clear evidence for the existence of higher-
amplitude heterogeneities at small length scales.
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[4] As the solid residues of melting, abyssal peridotites are
ideal for looking at scales and amplitudes of mantle hetero-
geneity, as well as the lithological identities of heterogene-
ities. Abyssal peridotites are among the few direct samples
available of the Earth’s interior, providing a window into the
oceanic upper mantle. While they come from the uppermost
extreme of the subaxial melting regime, their isotopic com-
position should reflect preexisting variations in astheno-
spheric mantle composition. In addition, at ultraslow
upwelling rates (equivalent to <20mm/yr full ridge spreading
rate), conductive cooling limits mantle melting [Sleep, 1975;
Reid and Jackson, 1981; Bown and White, 1994; Dick
et al., 2003]. Hence, peridotites exposed on the seafloor at
ultraslow ridges, such as the Southwest Indian Ridge (SWIR)
and Gakkel Ridge, are expected to have experienced limited
degrees of melting. Thus, ultraslow spreading peridotites
should represent the closest approach to asthenospheric
mantle composition.
[5] Previous studies of abyssal peridotites have demon-

strated that the mantle is highly heterogeneous in some
regions, similar to conclusions reached from basalts. Major
element and mineralogical variations in peridotites from the
easternmost SWIR have been interpreted as indicating initial
mantle heterogeneity, consisting of refractory peridotite with
some fertile regions [Seyler et al., 2003, 2004]. Osmium
isotopic data of bulk peridotites from the Gakkel Ridge and
the Mid-Atlantic Ridge (MAR) also indicate heterogeneous
mantle, some of which has undergone ancient depletion
events [Brandon et al., 2000; Liu et al., 2008]. Harvey et al.
[2006] found considerable osmium isotopic heterogeneity
among individual sulfide grains from a MAR peridotite,
indicating a component of ancient depletion. However, as
the majority of Os is hosted in sulfides in peridotites [Burton
et al., 1999], constraints on long-term evolution of the silicate
mantle are best provided by Nd and Sr isotopes.
[6] Due to hydrothermal alteration and the geochemically

depleted character of abyssal peridotites, Nd and Sr radio-
genic isotope data have been collected in only four previous
studies: Snow et al. [1994], Kempton and Stephens [1997],
Salters and Dick [2002], and Cipriani et al. [2004]. These
studies attempted to reconcile the isotopic composition of
peridotites to regionally associated basalts, generally over
length scales of 10–1000 km. From analysis of SWIR
peridotites, Salters and Dick [2002] suggested that a ‘‘miss-
ing’’ pyroxenite component is present in the mantle, in order
to explain differences in the isotopic compositions of peri-
dotites and basalts. In contrast, Snow et al. [1994] and
Cipriani et al. [2004] concluded that the isotopic range of
MORBs is matched by the peridotite isotopic range. In
addition, Cipriani et al. [2004] found small-scale (<10 km)
Nd isotopic heterogeneity, which they related to recent melt-
rock reaction with enriched melts.
[7] In this study, we present a detailed analysis of Nd and

Sr isotope variations at the subdredge and subsample scales,
to constrain the origin of compositional anomalies in the
mantle. The present study is different from previous abyssal
peridotite studies in two important ways. First, we focus on
lithologically mixed samples that include some of the very
few peridotites recovered from a ridge axis and one of the
only sets of abyssal pyroxenites. Second, we describe in
detail geochemical variations among and within peridotite
samples from individual dredges. Sampling length scales of

individual dredges can be estimated from dredge wire tension
records and the dredges in this study represent length scales
of <1 km. At this length scale, in an upwelling and partially
melting system, mantle peridotites experience the same
pressure and temperature conditions. Any chemical and
isotopic variations observed among peridotites from a single
dredge must be due to either initial (premelting) heterogene-
ities or recent melt-rock reaction.
[8] Finally, to look at the evolution of mantle heterogene-

ity, we compare all existing isotope data for abyssal perido-
tites to mantle isotope evolution models. As discussed above,
studies of both peridotite and basalt compositions indicate
that the mantle is heterogeneous in composition. However,
MORB generation is often discussed with reference to a
single, average upper mantle composition: the depleted
MORB mantle (DMM). Mantle isotopic evolution is then
modeled using DMM as a constraint. We assess the degree to
which models of this type can predict the entire spectrum of
mantle compositions, as observed among abyssal peridotites.
The composition of DMM has most recently been estimated
by Salters and Stracke [2004] andWorkman andHart [2005],
using the average isotopic composition of MORB to con-
strain the composition of DMM. As the estimate ofWorkman
and Hart [2005] includes determinations of the trace and
major element compositions of individual mineral phases,
we use their DMM estimate as a benchmark for average
source composition, for comparison to abyssal peridotite
compositions.

2. Geologic Setting

[9] Samples in this study are from two areas of the
ultraslow spreading SWIR: the Oblique 9�–16�E Segment
and the Atlantis II Fracture Zone (Figure 1). Peridotites are
relatively abundant in both localities, due to the local geo-
dynamic setting. Along the Oblique Segment, the obliquity
of the angle of spreading to the direction of plate motion
(Figure 1) results in slower upwelling and a thicker litho-
spheric lid, and thus reduced degrees of melting. The effec-
tive full spreading rate (the component of spreading
perpendicular to the ridge trend) varies along the segment
from 7.5 to 14 mm/yr, at the lowest end of the spectrum of
global ridge spreading rates. Peridotites from the Atlantis II
Fracture Zone (14 mm/yr full spreading rate) are also
expected to have undergone low degrees of melting, due
to an ultraslow spreading rate combined with the thermal
influence of the old lithospheric plate at the ridge-transform
intersection.
[10] Both the Oblique Segment and the Atlantis II Fracture

Zone have been extensively sampled. Figure 1 shows the
locations and lithologies of dredges from each area and
Table 1 lists the locations of the five dredges used in this
study. We focus in detail on two on-axis Oblique Segment
dredges, one of which contains abundant pyroxenite (dredge
Van7-96), while the other contains typical depleted peridotite
(dredge Van7-85). In addition, we look at one Atlantis II
Fracture Zone dredge in detail, RC27-9-6, as it contains a
clinopyroxenite-veined peridotite. The regional-scale isoto-
pic variations for peridotite mineral separates from the
Oblique Segment and the Atlantis II Fracture Zone were
determined by Salters and Dick [2002] and provide a frame-
work for our dredge-scale data sets.
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[11] The Oblique Segment was sampled during the 1976
ARA Islas Orcadas IO11/76 cruise, the 1981 SA Agulhas
AG22 cruise, the 1986 R/VPolar Stern PS86 cruise, the 2001
R/V Knorr Kn162 cruise, and the 2003 R/V Melville Van7
cruise. Basalts from these cruises have been analyzed by
le Roex et al. [1983, 1992], Mahoney et al. [1992], Janney

et al. [2005], Standish [2006], and Standish et al. [2008]. As
shown in Figure 1, the western end of the Oblique Segment is
coincident with the path of the Bouvet Hotspot, which passed
along this region at 15–25Ma [Hartnady and le Roex, 1985].
[12] The Atlantis II Fracture Zone was sampled during the

1976 R/V Atlantis II AII93-5 cruise, the 1986 R/V Conrad

Figure 1. Maps of the Southwest Indian Ridge, Oblique Segment, and Atlantis II Fracture Zone. Bouvet,
Marion, and Crozet are hot spots associated with the SWIR. The dashed-dotted line indicates the path of
Bouvet Hotspot, calculated byHartnady and le Roex [1985] using finite reconstruction poles fromMorgan
[1983]. Bouvet Hotspot passed along the trace of the Shaka Fracture Zone (dashed line) at the eastern end of
the Oblique Segment from 15–25 Ma. No hot spot tracks are associated with the Atlantis II Fracture Zone.
Atlantis Bank is an uplifted gabbroic massif located under the large cluster of dredges along the Atlantis II
Fracture Zone. Solid arrows indicate the direction of plate motion. On the Oblique Segment, dashed arrows
indicate the obliquity of the spreading direction to the plate direction.
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RC27-9 cruise, and the 1998 RRS James Clark Ross JR31
cruise. Atlantis Bank, an uplifted gabbromassif located along
the transform fault, formed by detachment faulting between
9.5 and 13Ma [Dick et al., 1991], has been the focus of Ocean
Drilling Program (ODP) Leg 118 in 1987, Leg 176 in 1997
and Leg 179 in 1998 and of dives using the manned
submersible Shinkai 6500 in 1998 and 2001 and the remotely
operated vehicle Kaiko in 2000. Atlantis II Fracture Zone
basalts have been analyzed by Mahoney et al. [1989], Dick
et al. [1991], Kempton et al. [1991], Snow [1993], and
Coogan et al. [2004]. In addition, 1.5 km of gabbro from
Hole 735B (drilled on Atlantis Bank during ODP Legs 118
and 176) have been analyzed for isotopic compositions by
Kempton et al. [1991], Hart et al. [1999], and Holm [2002].

3. Methods

[13] Analysis of modal compositions, trace element con-
centrations, and Nd and Sr isotopes were carried out on
sixteen samples: eleven peridotites, three pyroxenite veined
peridotites, and two pyroxenites. Clinopyroxene (Cpx) min-
eral separates were analyzed for isotopes in all samples and
orthopyroxene (Opx) for isotopes in six samples. In the
veined samples, Cpx from the vein andmatrix weremeasured
separately. Cpx from three peridotites were successfully
analyzed for Pb isotopes. The only basalt recovered in any
of the same dredges as the peridotites (a glass fragment in a
breccia from dredge Van7-96) was also analyzed. Trace
element and isotope analyses were carried out at the Pheasant
Memorial Laboratory at the Institute for Study of the Earth’s
Interior in Japan.

3.1. Sample Selection and Characteristics

[14] Peridotites were analyzed from five dredges, listed in
Table 1, with a focus on two dredges: Van7-85, which
contains typically depleted peridotites, and Van7-96, con-
taining pyroxenite-veined peridotites. Also analyzed were
one peridotite from dredge PS86-6, for interlab comparison
to Salters and Dick [2002], and one peridotite from dredge
Van7-86, a more altered peridotite dredge adjacent to dredge
85, for determination of the effects of alteration on Sr isotopic
composition. From the Atlantis II Fracture Zone, we ana-
lyzed sample RC27-9-6-2, which contains a clinopyroxenite

vein. Other samples from dredge RC27-9-6 were analyzed
previously by Salters and Dick [2002].
[15] Dredge 85 is from a relatively amagmatic region of the

Oblique Supersegment (Figure 1) and contains 65 kg peri-
dotite, 11 kg dunite, and 2 kg diabase. The peridotites are
‘‘typical’’ in appearance (Figure 2a), consisting of Opx and
Cpx porphyroclasts in an altered olivine matrix, no veins and
2%–6% modal Cpx. As shown in Figure 4, trace element
concentrations are characteristic of depleted abyssal perido-
tites [e.g., Johnson et al., 1990]. Two harzburgites (Van7-85-
27 and Van7-85-30) and three lherzolites (Van7-85-42, Van7-
85-47, and Van7-85-49), representative of the modal Cpx
range of the dredge, were chosen for isotope analysis.
[16] Dredge 96 consists predominantly of lherzolites and

harzburgites with pyroxenite veins (Figures 2b–2f). The
dredge is from the inside corner high of the ridge with the
Shaka Fracture Zone (Figure 1) and consists of 36 kg
peridotite, 44 kg pyroxenite-veined peridotites, 3 kg pyrox-
enites, 39 kg polymict breccias and 8 kg diabase. Pyroxenite
veins range in width from 1 to 10 cm and either crosscut
larger peridotites samples (Figure 2c) or occur as individual
samples with thin peridotite skins (Figure 2e). The veins
themselves are crosscut by narrower veins (Figure 2e) pre-
dominantly composed of altered plagioclase and olivine. The
absence of plagioclase in the coarser-grained regions of the
pyroxenites and the presence of Opx, which does not appear
with plagioclase on the low pressure liquidus of basalt
[Stolper, 1980], indicate that plagioclase is related to a
second, shallow level melt intrusion event. In addition, rims
of Cpx grains have Eu anomalies whereas Cpx cores do not
(J. M. Warren, unpublished ion probe data, 2009), further
evidence for the later crystallization of plagioclase. Samples
selected for analysis from this dredge include pyroxenites
with little associated peridotite (Van7-96-09 and Van7-96-
16), peridotites with pyroxenite veins (Van7-96-19 and Van
7-96-21), vein-free peridotites (Van7-96-25, Van7-96-28,
Van7-96-35 and Van7-96-38) and basalt from a breccia
(Van7-96-68).
[17] Sample RC27-9-6-2 from Atlantis II Fracture Zone

was selected for detailed analysis due to the presence of an
unusual clinopyroxenite vein (Figures 2g–2h) and also due
to the preexisting data set for other peridotites from the same
dredge. While the sample was investigated by Snow et al.

Table 1. Dredge Locations

Dredge Contents Wt (kg)

On/Off Bottom FSRa

(mm/yr) Anglea
ESRa

(mm/yr) LocationLatitude (�S) Longitude (�E) Depth (m)

Oblique Supersegment, SWIR
Van7-85 Peridotite, dunite,

diabase
90 52.25/52.27 15.23/15.23 4190/3547 14.22 32.5� 11.99 S wall of axial trough,

east of Narrowgate
Van7-86 Dunite, peridotite 146 52.14/52.13 15.16/15.15 3765/3128 14.21 32.6� 11.97 N wall of axial trough,

east of Narrowgate
Van7-96 Cataclastites, perid,

pyroxenite, diabase
81 53.14/53.15 9.98/9.97 3134/2527 14.06 28.5� 12.36 SW wall of axial trough

at Shaka FZ intersection
PS86-6 Peridotite, basalt,

gabbro-veined perid
187 52.44/52.33 13.13/13.15 4509/3073 14.14 51.4� 8.82 N wall of axial trough,

midway along segment

Atlantis II Fracture Zone, SWIR
RC27-9-6 Peridotite, dunite 37 31.92/31.93 57.18/57.18 4010/3500 14.00b 0.0� 14.00 E wall of transform,

at ridge intersection
aThe effective spreading rate (ESR) is calculated from the full spreading rate (FSR) and angle of obliquity, following the method of Abelson and Agnon

[1997].
bDue to asymmetrical spreading, the half spreading rate is 8.5 mm/yr to the south [Hosford et al., 2003].
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[1994] and Lee [1997], we present here isotopic analyses for
vein and matrix minerals measured separately. The sample
is unusually Cpx rich (12%) and clinopyroxenite veins are
rarely sampled among abyssal peridotites (one other occur-
rence has been reported byConstantin et al. [1995] in an East
Pacific Rise peridotite). In contrast, websterites (mixtures of
Opx and Cpx, with or without olivine) have been reported
from most ridges [Dick et al., 1984; Kempton and Stephens,
1997; Dantas et al., 2007]. These typically have depleted
trace element compositions, in contrast to both the RC27-9-6-
2 clinopyroxenite and the dredge 96 pyroxenites.

3.2. Modal Analyses

[18] All samples were point counted for mineral modes
(Table 2) under an optical microscope using large, 51 �
75 mm thin sections and a grid spacing of 1 mm. For the
peridotites, a minimum of 1700 points were counted. The
pyroxenites, due to their limited size, have fewer points and
hence larger associated errors.

3.3. Chemical Analyses

[19] Mineral separates of Opx and Cpx were obtained
by lightly crushing thin slices of the peridotite samples,

Figure 2. (a) Depleted lherzolite, Van7-85-49, with 5% Cpx. (b) Enriched peridotite, Van7-96-28, with
5%Cpx. Apart from the different alteration style, this peridotite has no visual characteristics that distinguish
it from the dredge 85 peridotite. (c) Pyroxenite veined peridotite, Van7-96-21, with the vein outlined in
white. (d) Cross-polarized photomicrograph of the same sample. (e) Pyroxenite, Van7-96-16, with a thin,
altered, orange peridotite skin at the top. A particularly large Cpx grain is outlined in white. The pyroxenite
is crosscut by two later stage veins of fine-grained Ol-Plag-Cpx, outlined with dashed lines. (f) Cross-polarized
photomicrograph of a pyroxenite, Van7-96-09, consisting of coarse-grained Cpx and Opx with minor
olivine. The fine-grained, cross-cutting assemblage of Ol-Plag-Cpx is from the later stage melt infiltration
event. (g) RC27-9-6-2, the clinopyroxenite veined lherzolite. (h) Cross-polarized photomicrograph of the
same sample, with the vein outlined in white. Photos of hand samples are courtesy of Tom Kleindinst.

B12203 WARREN ET AL.: ABYSSAL PERIDOTITE ISOTOPIC COMPOSITIONS

5 of 36

B12203



handpicking under a binocular microscope and then repick-
ing to ensure purity of the concentrate. All grains were
visually free of inclusions and uniform in color, except for
a less pure separate of Van7-96-16, included for comparison
to an optically pure separate of the same sample. Unleached
concentrate weights were in the range 25–900 mg. Concen-
trates were leached ultrasonically in 6M HCl overnight and
rinsed in water. Further light crushing in a SiN mortar and
pestle exposed cleavage alteration surfaces. Concentrates
were then leached ultrasonically for 5 min in 0.1MHF, rinsed
with water, leached ultrasonically twice more with 6M HCL
for 8 h each, rinsed with water and finally leached ultrason-
ically with 0.5M HNO3 for 5 min. Following a final rinsing
with water, samples were dried on a hot plate in a draft
chamber with clean air. After leaching, 15–700 mg material
remained per mineral separate. Prior to dissolution for high
field strength elements (HFSE) and isotope analyses, con-
centrates were crushed to powder in a SiN mortar and pestle.
3.3.1. ICP-MS Analyses of Trace Elements
[20] Samples were analyzed by ICP-MS for 28 trace

element concentrations (Table 3), of which the HFSE were
prepared and measured independently of the other trace
elements. In addition, blanks and the external rock standard
JB-2 (tholeiitic basalt, Geological Survey of Japan) were
prepared with the samples. For analyses of Li, Be, Rb, Sr, Y,
Cs, Ba, rare earth elements (REEs), Pb, Th, and U, from 2
to 10 mg of weighed sample was spiked with 149Sm and
dissolved in two stages following the method of Makishima
and Nakamura [1997]. In the first stage, samples were
decomposed in 7MHClO4 and 30MHF using a combination
of ultrasonic bath and hotplate heating for several days,
followed by stepwise drying. In the second stage, the samples
were heated overnight after addition of 6M HCl, followed by
stepwise drying. Finally, the samples were dissolved in 16M
HNO3 to a dilution factor of 1000 prior to analysis.
[21] Analyses of HFSE (Zr, Nb, Hf, and Ta) used weighed

sample amounts of 3–12 mg and a mixed 91Zr-179Hf spike.
Full recovery of HFSE following dissolution requires disso-
lution in HF. However, in Ca-rich materials, HF leads to the
precipitation of fluoride compounds containing HFSE. To
suppress the coprecipitation of HFSE, a solution of Al metal
dissolved in HF and HCl was added prior to dissolution. The

amount of Al solution added per sample was calculated
to bring the Al/(Al + Ca) ratio of the pyroxene to 0.9, which
has been shown to effectively limit HFSE coprecipitation in
fluoride compounds [Tanaka et al., 2003]. Following the
Teflon bomb method of Tanaka et al. [2003], samples were
dissolved in 30M HF at 245�C for 48 h. After dissolution,
mannitol was added to sample solutions, which were then
placed overnight in ultrasonic baths before being dried at
80�C in a clean air system. Prior to analysis, samples were
dissolved in 30M HF to a dilution factor of 800, centrifuged
and transferred to new containers to remove any remaining
fluorides from the solutions.
[22] Trace elements were analyzed using an Agilent

7500cs Q pole–type ICP-MS, following the procedures of
Makishima andNakamura [1997, 2006] andMakishima et al.
[1999]. Samples were introduced via fluid injection using
a microconcentric nebulizer. Every two samples were brack-
eted by analysis of the JB-2 unspiked standard. Data reduc-
tion followed the isotope dilution internal standardization
method ofMakishima and Nakamura [2006], using 149Sm as
the internal standard. For HFSE, the internal standard 91Zr
was used for Zr and Nb and the internal standard 179Hf was
used for Hf and Ta. The 2s reproducibility of the rock
standard JB-2 is 1.4–6.6%, blanks were <20 pg and detection
limits 10–100 ppb (Table 3). The elements Rb, Cs, and Ta
were below detection limits for the samples in this study and
are not reported here.
3.3.2. TIMS Analyses for Sm-Nd and Rb-Sr
[23] Analyses of Sm-Nd and Rb-Sr isotope ratios and

concentrations by TIMS followed the techniques of
Nakamura et al. [2003]. Sample amounts ranged between 9
and 240 mg (Table 4), with the amount used determined by
the Nd and Sr concentrations of the sample. Sample powders
were spiked with 84Sr, 87Rb, 150Nd and 149Sm prior to
addition of 7M HClO4, 30M HF, 16M HNO3, and 6M HCl
for dissolution. A combination of ultrasonic bath and heating
on a hotplate was used to achieve dissolution. The dissolved
minerals were stepwise dried using closed system evapora-
tors to limit contamination; this evaporation system was used
in all subsequent drying steps. A combination of HClO4

addition and additional stepwise drying were used to com-
pletely decompose insoluble fluorides. The first separation

Table 2. Peridotite Modal Compositions

Sample Lithology Oliv Opx Cpx Spin Plag Sum Points

Van7-85-27 Harzburgite 68.6 27.5 3.1 0.9 0.0 100.0 2506
Van7-85-30 Harzburgite 67.4 29.2 2.1 1.2 0.2 100.0 2483
Van7-85-42 Lherzolite 67.1 25.6 6.2 1.0 0.0 100.0 2825
Van7-85-47 Lherzolite 68.7 24.7 5.1 1.5 0.0 100.0 2594
Van7-85-49 Lherzolite 71.6 22.2 5.3 0.9 0.1 100.0 2607
Van7-86-27 Lherzolite 55.8 34.0 9.6 0.6 0.0 100.0 2566
Van7-96-09V Pyx Vein 9.3 25.8 48.5 1.9 14.6 100.0 756
Van7-96-16V Pyx Vein 11.6 34.0 24.4 1.6 28.4 100.0 697
Van7-96-19M Lherz w/Pyx Vein 64.8 17.9 13.3 0.8 3.1 100.0 1883
Van7-96-19V Pyx Vein in Lherz 7.2 26.4 57.2 2.8 6.3 100.0 318
Van7-96-21M Harz w/Pyx Vein 76.2 18.1 4.6 0.6 0.4 100.0 1894
Van7-96-21V Pyx Vein in Harz 19.7 39.3 37.5 2.2 1.3 100.0 461
Van7-96-25 Lherzolite 66.2 25.6 6.8 1.4 0.0 100.0 2215
Van7-96-28 Lherzolite 76.7 17.2 5.4 0.7 0.0 100.0 2738
Van7-96-35 Lherzolite 70.4 16.7 10.5 2.3 0.1 100.0 1765
Van7-96-38 Lherzolite 64.2 24.1 9.9 1.6 0.2 100.0 2278
PS86-6-38 Lherzolite 56.7 29.0 12.6 1.7 0.0 100.0 3124
RC27-9-6-2M Lherz w/Cpx Vein 67.5 19.5 11.9 0.9 0.2 100.0 2194
RC27-9-6-2V Cpx Vein in Lherz 7.6 9.2 82.6 0.7 0.0 100.0 436
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step for Rb, Sr and REE used 1 mL columns with Bio-Rad
AG-50WX10 cation exchange resin andHCl [Yoshikawa and
Nakamura, 1993; Nakamura et al., 2003]. Rb and Sr were
separated using a second cation exchange columnwith 0.5mL
of Muromac AG-50WX8 cation exchange resin and HCl. Nd
and Sm were separated in a second column with 0.3 mL of
Muromac AG-50WX8 resin and using a-hydroxyisobutyric
acid for elution.
[24] Sr and Nd isotopic compositions and Rb, Sr, Nd and

Sm concentrations were determined on a Finnigan-MAT262
solid source thermal ionization mass spectrometer equipped
with 5 Faraday cups. In addition, some Sr analyses were run
on a Finnigan-Triton mass spectrometer with 9 Faraday cups.
Analytical procedures followed Nakamura et al. [2003]. Sr
was dissolved in dilute HNO3 and loaded with a Ta2O5

activator on trapezoid shaped single W ionization filaments.
Data are fractionation corrected to 86Sr/88Sr = 0.1194 and
reported relative to 87Sr/86Sr = 0.710250 for the NBS 987
standard [Faure andMensing, 2005]. Rb concentrations were
measured using a Ta-Re double filament with Rb dissolved in
dilute HNO3 prior to loading on the Ta filament. The 2s
analytical reproducibility for 1 pg of Rb by this method is
better than 1%, based on 10 replicate analyses [Nakamura
et al., 2003].
[25] Nd isotopic analysis used Re double filaments, with

Nd dissolved in dilute HNO3 prior to loading onto the Re ion-
ization filament. Data were collected relative to the internal
PML Nd standard, which has a value of 143Nd/144Nd =

0.511769 ± 0.000011 (2sm, n = 5) with respect to 0.511892 ±
0.000007 (2sm, n = 8) for the La Jolla Nd standard. Data are
fractionation corrected to 146Nd/144Nd = 0.7219 and reported
relative to 143Nd/144Nd = 0.511858 for the La Jolla standard
[Lugmair and Carlson, 1978]. Determination of Sm concen-
trations followed the same Ta-Re double filament method
used for Rb, with a 2s analytical reproducibility of 1% for
1 pg Sm, based on 10 replicate analyses [Nakamura et al.,
2003].
[26] The average blank for Rb is 4 pg, for Sr is 20 pg, for

Sm is 0.4 pg and for Nd is 3 pg. The Nd average excludes two
blanks of 37 pg and 200 pg, which are associated with a group
of 5 samples. Propagating these values into the composition
of the relevant samples does not greatly alter their calculated
isotopic composition or trace element concentrations. Over-
all, the blank effect on Nd and Sr isotopic compositions is
<0.05% for the majority of samples. For the few samples with
a high blank or for which a small sample volume was used,
the blank effect is higher, but never more than 1.4%.
3.3.3. TIMS Analyses for Pb
[27] For Pb analyses, 50–600 mg of weighed mineral

separates were dissolved in equal amounts of 8M HBr and
30M HF, with HBr used to suppress fluoride coprecipitation
of Pb. Samples were heated and placed in ultrasonic baths
for 3–7 days, and then centrifuged before transferring to new
containers. The material remaining in the old containers was
further treated with HBr, with an additional day of heating or
placement in the ultrasonic bath to promote fluoride disso-

Table 4. Nd and Sr Isotopic Compositions of Peridotite Cpx and Opx

Samplea Phase Wt (mg) 87Sr/86Srb Rbc (ppb) Src (ppm) 143Nd/144Ndb eNd Smc (ppm) Ndc (ppm)

Van7-85-27 Cpx 41.47 0.702855(25) 6.52 1.010 0.513297(25) 12.85 0.465 0.4199
Van7-85-30 Cpx 15.41 0.704301(27) 1.20 0.259 0.513133(100) 9.65 0.407 0.2490
Van7-85-42 Cpx 190.99 1.13 0.513335(27) 13.59 0.352 0.2065
Van7-85-47 Cpx 149.60 0.702286(22) 1.51 0.156 0.513322(27) 13.34 0.336 0.2128
Van7-85-47Rd Cpx 139.74 0.702176(25) 0.29 0.154 0.513330(24) 13.50 0.3849 0.2482
Van7-85-49 Cpx 43.30 0.702844(24) 0.50 0.497 0.513249(25) 11.92 0.339 0.2247
Van7-86-27 Cpx 105.32 0.704431(24) 24.03 1.254 0.513060(31) 8.23 0.2983 0.1687
Van7-96-09V Cpx 19.65 0.703421(24) 0.65 5.888 0.513050(24) 8.04 1.401 2.8771
Van7-96-09V Opx 204.86 0.703631(25) 0.28 0.079 0.513061(29) 8.25 0.0696 0.0899
Van7-96-16V Cpx 29.44 0.703432(24) 15.58 2.214 0.512844(24) 4.01 1.581 2.8256
Van7-96-16V CpxIIe 37.25 0.703282(24) 27.2 1.622 0.512798(24) 3.12 0.259 0.5812
Van7-96-19M Cpx 9.89 0.703052(14) 7.22 7.536 0.513018(26) 7.41 2.635 5.801
Van7-96-19M Opx 79.30 0.703151(15) 13.72 0.823 0.512982(27) 6.71 0.1139 0.1854
Van7-96-19V Cpx 9.49 0.703097(14) 31.1 10.584 0.512993(27) 6.92 2.723 6.349
Van7-96-21M Cpx 241.45 0.703709(24) 0.33 23.887 0.513069(22) 8.41 1.978 5.4349
Van7-96-21M Opx 100.80 0.703701(24) 0.09 0.502 0.513096(25) 8.94 0.086 0.1653
Van7-96-21V Cpx 66.42 0.703715(25) 2.30 20.138 0.513107(23) 9.15 2.007 5.7292
Van7-96-25 Cpx 12.89 0.702480(13) 0.52 12.384 0.513184(27) 10.65 1.555 3.277
Van7-96-28 Cpx 191.22 0.703061(24) 0.25 82.843 0.512938(23) 5.85 1.224 3.4344
Van7-96-28 Opx 137.78 0.703046(24) 0.08 1.601 0.513053(34) 8.09 0.0459 0.0845
Van7-96-35 Cpx 10.15 0.703732(15) 1.10 43.607 0.512936(27) 5.81 1.831 4.427
Van7-96-38 Cpx 91.37 0.702096(24) 5.67 10.893 0.513205(22) 11.06 1.411 2.6592
Van7-96-38 Opx 224.64 0.702102(24) 2.32 0.263 0.513098(29) 8.97 0.0578 0.0715
Van7-96-68 Basalt 21.85 0.702735(24) 9890 261.0 0.513015(22) 7.35 4.709 18.127
PS86-6-38 Cpx 11.91 0.702593(13) 5.693 0.513032(27) 7.68 1.319 2.2341
PS86-6-38Sf Cpx 0.702598(13) 0.513044(10)
RC27-9-6-2M Cpx 19.53 0.704993(13) 4.29 74.815 0.512915(27) 5.40 0.634 2.317
RC27-9-6-2M Opx 170.89 0.704987(14) 1.94 2.531 0.512937(43) 5.83 0.0375 0.1053
RC27-9-6-2V Cpx 21.61 0.704447(14) 1.76 16.951 0.513099(27) 8.99 0.685 1.3526

aM indicates the peridotite matrix of a veined sample and V indicates a pyroxenite vein.
bData are fractionation corrected to 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194 and reported relative to La Jolla 143Nd/144Nd = 0.511858 and NBS987

87Sr/86Sr = 0.710271. Number in parenthesis indicates the 2s error in the last digits.
c2s error is ±1 in the last digit.
dRepeat analysis.
eLess pure Cpx separate: nonoptically pure grains that contain small black inclusions and white alteration material.
fAnalysis by Salters and Dick [2002], renormalized to above standard values and included for comparison.
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lution and Pb removal from fluorides. In none of the samples
were fluorides completely dissolved. Samples were dried in
closed system evaporators and diluted with HBr prior to
column loading. Following the method of Kuritani and
Nakamura [2002], a column with 0.1 mL of Bio-Rad AG-
1X8 anion exchange resin was used to remove most elements
apart from Pb, which was eluted in H2O. A second column,
with 0.01 mL Bio-Rad AG-1X8 resin, was used to remove
trace contaminants from the Pb fraction, which was again
eluted using H2O.
[28] Following column separation, Pb concentrations

were estimated from Pb count rates on the Agilent 7500cs
ICP-MS. Of the 22 Cpx and Opx samples for which Pb was
separated, only 3 Cpx samples yielded >1 ng Pb, which is
sufficient for measurement of isotope ratios. The low Pb
yields are probably due to the large amount of fluoride
coprecipitation during dissolution, which was not adequately
suppressed by HBr addition. Three basalt samples, one from
dredge Van7-96 and two repeat analyses (Van7-92-03 and
Kn162-61-71) from Standish [2006], were also prepared and
these all yielded >5 ng Pb.
[29] Analytical procedures for the three Cpx samples

followed the two double spikes method of Kuritani and
Nakamura [2003]. A double spike enriched in 207Pb and
204Pb was added to a quarter of the sample and a double spike
enriched in 205Pb and 204Pb was added to the remainder of
the sample. For the basalts, analytical procedures followed
the normal double spike method [e.g., Hamelin et al., 1985;
Galer, 1999], by adding a spike enriched in 207Pb and 204Pb
to a quarter of the sample. The dried samples were dissolved
in silicic acid and loaded on single Re filaments. All samples
were analyzed on a Finnigan-MAT261 mass spectrometer
equipped with 6 Faraday cups. Pb blanks were 15–30 pg
and recovered sample Pb was 1–5 ng. Replicate analyses of
the NBS 981 standard gave values of 206Pb/204Pb = 16.942 ±
0.002 (2sm),

207Pb/204Pb = 15.500 ± 0.002 (2sm) and
208Pb/204Pb = 36.727 ± 0.004 (2sm). Data are reported rela-
tive to the values of NBS 981 from Todt et al. [1996], con-
sistent with the Standish [2006] Oblique Segment basalt data
set.

4. Results

4.1. Data Quality

[30] To assess the effect of mineral separate purity, we
analyzed two Cpx mineral separates from pyroxenite sample
Van7-96-16. While one separate consisted of optically pure
grains, the other consisted of Cpx which were not optically
pure and contained inclusions of both black and white
material. The REE compositions of both mineral separates
are plotted in Figure 4b, with the impure separate shown as a
dashed line. The pure Cpx separate is indistinguishable from
the other pyroxenites. The impure separate has low REE
concentrations with a positive Eu anomaly, indicative of
plagioclase contamination of the Cpx. The Nd isotope ratios
for these two separates are within error, while the pure
separate has a higher Sr isotope ratio than the impure
separate. Hence, the purity of the separate appears to affect
trace element concentrations but not the Nd isotopic ratio.
[31] To test the precision of our analyses and for interlab

comparison, we repeated the analysis of PS86-6-38 from
Salters and Dick [2002]. As indicated in Table 4, our values

for 143Nd/144Nd and 87Sr/86Sr agree within error with the
Salters and Dick values. For Pb isotopes, we ran replicate
analyses of two basalt samples from Standish [2006].
206Pb/204Pb agree within error, but our samples have
207Pb/204Pb and 208Pb/204Pb offset to lower values (Figure 6),
despite normalization of all data to the same standard values
for NBS 981. To check internal reproducibility, we ran a
duplicate analysis of Van7-85-47, starting from a split of the
same powdered mineral separate. Table 4 shows that the
duplicate analyses agree within error for 143Nd/144Nd, but
not for 87Sr/86Sr (0.702286 vs 0.702176). The discrepancy
between Sr isotope ratios may be the result of heterogeneous
Sr distribution due to alteration phases not completely re-
moved by leaching. We interpret the lower 87Sr/86Sr as the
more representative value, as seawater alteration increases
the Sr isotope ratio.
[32] Abyssal peridotites are generally severely altered by

hydrothermal processes at the ridge and our samples are no
exception. The majority of olivine is either serpentinized or
altered to brownish orange clay minerals. Opx and Cpx are
typically much fresher than olivine, but alteration occurs
occasionally along rims and cleavage planes or as low-
temperature amphibole alteration pseudomorphs. The alter-
ation process results in isotopic exchange between minerals
and fluid, and the precipitation of fluid-derived carbonates.
Nd isotopic exchange is negligible due to low Nd concen-
trations in seawater, but Sr isotopic exchange and carbonate
precipitation shift the 87Sr/86Sr of peridotite toward 0.709,
the isotopic composition of seawater. In order to eliminate the
seawater Sr signature, we followed a multiday, multistage
leaching procedure using HCl, HF, and HNO3, with an
intermediate step of additional crushing, to remove alteration
phases from the rims and cleavage planes of pyroxene grains.
This procedure was effective in significantly reducing the
seawater alteration signature based on the following three
observations:
[33] 1. With a few exceptions, data plot on the same Nd-Sr

isotope trend defined by basalts from the Oblique Segment
[Standish, 2006], as illustrated in Figure 5.
[34] 2. Coexisting Cpx and Opx have similar 87Sr/86Sr

ratios. As Opx is more susceptible to hydrothermal alteration
due to its lower Sr concentrations, this result strongly sup-
ports our contention that alteration affects were minimized by
our analytical technique.
[35] 3. Our results include a 87Sr/86Sr ratio of 0.702096 in

Cpx from Van7-96-38, the most depleted value measured to
date in abyssal peridotites and among the lowest measured in
any basalt, thus attesting to the effectiveness of our leaching
procedure.
[36] Despite extensive leaching, the two most visibly

altered samples have 87Sr/86Sr > 0.704 (Van7-85-30 and
Van7-86-27) and do not plot on the basalt Nd-Sr isotope
trend (Figure 5). We conclude that pristine 87Sr/86Sr values
were not recovered for these samples. The only sample in
which a high ratio does not appear to be due to visible
alteration is RC27-9-6-2, which is relatively unaltered for
an abyssal peridotite (Figures 2g–2h). This sample is unusual
in various ways, including the greater isotopic and trace
element enrichment in the peridotite matrix than in the
clinopyroxenite vein. However, until 87Sr/86Sr can be mea-
sured in situ, the origin of 87Sr/86Sr enrichment in this sample
cannot be conclusively identified.
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4.2. Modes and Petrography

[37] The unveined peridotites in this study (Figures 2a and
2b) are typical abyssal peridotites [Dick, 1989], ranging in
modal Cpx content from 2% to 13%, as shown in the ternary
diagrams in Figure 3. Mineral major element compositions,
discussed in Appendix A, are also typical of abyssal peri-
dotites. The variations of spinel Cr # (Cr/(Cr + Al) = 10–52),
Mg # (Mg/(Mg + Fe) = 52–78) and TiO2 (up to 0.5 wt%)
suggest variable degrees of melting and, among veined
peridotites, melt refertilization (Figure A1). The most un-
usual feature among Cpxmajor element compositions are the
low Mg # (88.6–91.6) and Cr # (3–15) of Cpx in the dredge
96 pyroxenites (Figure A2). In contrast, Cpx in the clinopyr-
oxenite vein in RC27-9-6-2 has relatively high Cr # (16–19,
Figure A2).
[38] Dredge 96 pyroxenites consist of 25–39% Opx and

24–57% Cpx, with minor amounts of olivine, hence they are
properly classified as websterites and Ol-websterites. The
boundaries of narrower veins are difficult to distinguish in
thin section, as veins are sometimes the width of a single
pyroxene porphyroclast (Figure 2d). Veins of finer grained
Ol-Plag-Cpx crosscut the coarser grained pyroxenites
(Figure 2e) and plagioclase forms rims around spinels. As
discussed earlier, we interpret the Ol-Plag-Cpx assemblage to
be a late stage gabbroic melt which crystallized at shallow
depths, whereas the original pyroxenites formed at depths
greater than the plagioclase stability field.
[39] The clinopyroxenite vein in RC27-9-6-2 is composed

of 82% large, bright green, Cr-rich Cpx (Figure 2e). Plagio-
clase is present in trace amounts (0.01–0.2%) in the vein and
peridotite matrix. The Na content of plagioclase is higher
in the peridotite matrix (An56; Data Set S1 of the auxiliary
material) than the vein (An74).

1 Plagioclase is most likely
the result of later melt impregnation related to a late stage,
0.5 mm wide, magmatic vein in the peridotite matrix that is

unconnected to the clinopyroxenite vein. The clinopyroxen-
ite vein boundaries are sharply defined by a transition
from large Cpx porphyroclasts, with associated small olivine,
Cpx and Opx grains, to the coarse grained olivine matrix
(Figures 2g–2h). The modal composition of the matrix
peridotite is slightly enriched in Cpx, suggesting addition
of Cpx to the peridotite in addition to crystallization of the
clinopyroxenite vein.

4.3. Trace Elements

[40] Peridotite Cpx in this study cover the range of trace
element compositions previously observed in abyssal peri-
dotite Cpx [e.g., Johnson et al., 1990]. Trace element data for
Cpx and Opx are presented in Table 3, and REE patterns,
normalized to primitive upper mantle (PUM) [McDonough
and Sun, 1995], are plotted in Figure 4. For comparison, the
abyssal peridotite Cpx data sets from Johnson et al. [1990]
and Johnson and Dick [1992] are also shown, excluding
samples near hot spots. SWIR Oblique Segment samples
from dredge 85 and dredge 86 have typical, depleted REE
patterns for abyssal peridotites, with Cpx falling in themiddle
of the range of Cpx compositions from Johnson et al. [1990].
In contrast, the dredge 96 samples have higher overall REE
concentrations and less depleted patterns. The sample from
dredge PS86-6 is also relatively undepleted, with a similar
composition to the most light REE (LREE) depleted of the
dredge 96 samples.
[41] Both the peridotites and pyroxenites from dredge 96

have enriched compositions, with almost flat patterns, except
for variable LREE depletion. LREE vary by over an order of
magnitude among samples, with both peridotites and pyrox-
enites spanning the same range of concentrations. The most
notable feature of the dredge 96 samples is that the pyrox-
enites do not have a distinct trace element composition from
the peridotites. The basalt from dredge 96 is LREE enriched
and has only slightly higher heavy REE (HREE) concentra-
tions than the peridotite Cpx. The basalt REE pattern is close
to the calculated composition of melts in equilibrium with
peridotites and pyroxenites from dredge 96.

Figure 3. Modal composition of abyssal peridotites in this study compared to regionally associated
abyssal peridotites. Data for other SWIR peridotites are fromDick et al. [1984],Dick [1989], Johnson et al.
[1990], Johnson and Dick [1992], Snow [1993],Kumagai et al. [2003],Morishita et al. [2007], andDantas
et al. [2007]. The modal composition of DMM is from Workman and Hart [2005].

1Auxiliary materials are available at ftp://ftp.agu.org/apend/jb/
2008JB006186.
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[42] Sample RC27-9-6-2 from the Atlantis II Fracture
Zone has a distinctive, nearly flat REE pattern. In comparison
to residual abyssal peridotite Cpx from the fracture zone
[Johnson and Dick, 1992], this sample has a relative deple-
tion in HREE and enrichment in LREE. In addition, the REE
pattern of the matrix peridotite Cpx crosses that of the vein
Cpx. The matrix Cpx REE pattern is almost identical to PUM
in composition. Vein Cpx is less enriched in LREE, but more
enriched in HREE compared to matrix Cpx.

4.4. Isotopes

[43] Results of Nd, Sr and Pb isotope analyses are pre-
sented in Tables 4 and 5, revealing variations both within and
between dredges and down to the subsample scale. In
Figure 5, we plot the variation in 143Nd/144Nd against the
variation in 87Sr/86Sr for both localities. Pb isotope data are
shown for the three Cpx separates successfully analyzed in
Figure 6. In addition, we plot published peridotite Cpx
compositions from the same localities [Snow et al., 1994;

Figure 4. ICPMS rare earth element data for Cpx and Opx, normalized to PUM [McDonough and Sun,
1995]. (a–c) The grey shaded field is the range for abyssal peridotite Cpx from Johnson et al. [1990]. Note
that data in Figure 4a are for unveined peridotites and for minerals from the matrix of veined peridotites,
whereas the data in Figure 4b are for the veins themselves. (d) The grey shaded field is the range for
peridotite Cpx from the Atlantis II Fracture Zone [Johnson and Dick, 1992].

Table 5. Pb Isotopic Compositions of Peridotite Cpx and Basalt Glasses

Sample Phase 206Pb/204Pba 2s 207Pb/204Pba 2s 208Pb/204Pba 2s

Van7-96-21M Cpx 19.032 0.015 15.537 0.012 38.423 0.025
Van7-96-28 Cpx 19.598 0.016 15.570 0.012 39.096 0.026
RC27-9-6-2M Cpx 17.221 0.002 15.446 0.002 37.201 0.005
Van7-96-68 Basalt 18.789 0.015 15.493 0.012 38.426 0.025
Van7-92-03 Basalt 19.068 0.002 15.582 0.002 38.866 0.006
Van7-92-03Sb Basalt 19.065 0.002 15.601 0.001 38.893 0.004
Kn162-61-71 Basalt 19.270 0.002 15.617 0.002 39.297 0.006
Kn162-61-71Sb Basalt 19.288 0.001 15.642 0.001 39.368 0.002

aAll data are normalized to the NBS981 values from Todt et al. [1996]: 206Pb/204Pb = 16.936, 207Pb/204Pb = 15.489 and 208Pb/204Pb = 36.701.
bValues from Standish [2006], for interlaboratory comparison.
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Salters and Dick, 2002] and related basalts and gabbros from
a compilation of published data (see Figure 5 caption for
references).
4.4.1. Oblique Segment
[44] On the Oblique Segment, dredge 85 samples are

isotopically depleted, except for alteration-related enrich-
ment of Sr in some samples. One dredge 85 sample is more

depleted in both Nd and Sr than the estimated isotopic
composition of DMM, which is derived from the average
composition of MORBs [Su and Langmuir, 2003]. This
sample is also more depleted than depleted-DMM (D-DMM),
defined as the isotopic composition that is 2s depleted from
average MORB [Su and Langmuir, 2003; Workman and
Hart, 2005]. Similarly, in dredge 96, Van7-96-38 is more

Figure 5. Nd and Sr isotopic variations in peridotites from this study and the literature, in comparison to
associated basalts and gabbros and to global MORB. All data are corrected to 87Sr/86Sr = 0.71025 for
NBS987 and 143Nd/144Nd = 0.511858 for La Jolla. The two outlined Oblique Segment samples are the most
altered peridotites from this study. Note that data for dredge RC27-9-6, including sample RC27-9-6-2, is
from this study, Snow et al. [1994], Lee [1997], and Salters and Dick [2002]. In addition, the Cpx referred to
as RC27-9-6 M + V is a combined analysis of matrix and vein Cpx from RC27-9-6-2 [Snow et al., 1994].
Additional data sources are DMM from Su and Langmuir [2003], D-DMM from Workman and Hart
[2005], MORB from a PetDB compilation by M. Collier (personal communication, 2007). (a) Oblique
Segment peridotites from Snow et al. [1994] and Salters and Dick [2002]; Shaka Fracture Zone peridotites
from Snow [1993]; Bouvet regional peridotites from Snow et al. [1994]; Oblique Segment basalts from
le Roex et al. [1983, 1992],Mahoney et al. [1992], Janney et al. [2005], and Standish [2006]; Shaka Fracture
Zone basalts from le Roex et al. [1983]; Bouvet basalts fromO’Nions and Pankhurst [1974],O’Nions et al.
[1977], Sun [1980], Kurz et al. [1998], Prestvik et al. [1999], Janney et al. [2005], and Barry et al. [2006].
(b) Atlantis II Fracture Zone peridotites from Snow et al. [1994] and Salters and Dick [2002]; gabbros, all
fromHole 735B onAtlantis Bank, fromKempton et al. [1991],Hart et al. [1999], andHolm [2002]; fracture
zone and transform volcano basalts from Mahoney et al. [1989] and Snow [1993]; basalts from adjacent
ridge segments from Hamelin and Allègre [1985], Snow [1993], and Meyzen et al. [2005].
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depleted than DMM for both Nd and Sr, and has among the
lowest 87Sr/86Sr value ever measured in MORBs or abyssal
peridotites.
[45] The isotopic composition of dredge 96 ranges from

the extremely depleted composition of Van7-96-38
(unveined peridotite) to the enriched compositions of Van7-
96-16 (pyroxenite) and Van7-96-35 (unveined peridotite).
The pyroxenites and peridotites do not form two distinct
isotopic groups, though the unveined peridotites extend
to more depleted compositions than the pyroxenites. The
basalt from dredge 96 plots toward the depleted end of the
peridotite trend, close to DMM.
[46] In Figure 5a, we also plot the composition of Bouvet

Island basalts, located to the west of the Oblique Segment
near the Bouvet Triple Junction (Figure 1). Bouvet Island
is near the present-day location of Bouvet Hotspot, which
is presently located beneath Speiss Ridge, adjacent to the
Bouvet Triple Junction [Ligi et al., 1997]. The Bouvet Hotspot

track can be traced back to southern Africa at �80 Ma
and is estimated to have passed along the Shaka Fracture
Zone, which defines the western end of the Oblique Segment,
beneath the African plate at �15–25 Ma [Hartnady and
le Roex, 1985].
[47] Basalts and peridotites from the Shaka Fracture Zone

[le Roex et al., 1983; Snow, 1993] have similar Nd isotopic
compositions to Bouvet basalts (Figure 5a). The most
enriched dredge 96 samples fall within the range of Bouvet
basalt compositions. As a whole, dredge 96 peridotites,
Oblique basalts, and other Oblique peridotites form a trend
between Bouvet samples and DMM, with some peridotite
87Sr/86Sr exceptions due to seawater alteration. In contrast,
peridotites from the ridge near Bouvet Island [Snow et al.,
1994] have depleted compositions similar to DMM.
[48] The Pb isotopic variation of the two dredge 96 peri-

dotites, one veined and the other unveined, show significant
variation in 206Pb/204Pb and 208Pb/204Pb, but less variation in

Figure 6. Variation of 206Pb/204Pb with 208Pb/204Pb, 207Pb/204Pb, and 87Sr/86Sr in peridotite Cpx and
basalt glasses from the two study areas. Also shown are related basalts and gabbros, the estimated com-
positions of DMM and D-DMM, and global MORB (see Figure 5 for references). Data for the two repeat
analysis basalts from this study and Standish [2006] are shown with a connecting tie line (visible as a dot
when samples closely overlap). These basalts plot along the Oblique Segment trend, whereas the dredge
96 peridotites and basalt plot off the trend. Similarly, the Atlantis II Fracture Zone peridotite plots away
from the trend of associated basalts and gabbros.
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207Pb/204Pb (Figure 6). Van7-96-28 (unveined peridotite) is
similar in composition to Bouvet basalts. Van7-96-21 (veined
peridotite) and the dredge 96 basalt have less radiogenic
compositions, with the basalt close in composition to DMM.
All three samples are offset in 207Pb/204Pb from the trend
of the Oblique basalts from Standish [2006], whereas our
replicate analyses of two basalts from the Standish [2006]
data set plot on the trends (Table 5 and Figure 6).
4.4.2. Atlantis II Fracture Zone
[49] The peridotite matrix of RC27-9-6-2 is enriched in

143Nd/144Nd, while the clinopyroxenite vein is, surprisingly,
less isotopically enriched. Sr isotopes are enriched, also with
greater enrichment in the peridotite than in the vein. While
seawater alteration cannot be ruled out as the cause of
87Sr/86Sr enrichment, an isotopic range from 0.704 to 0.705
on a scale of �10 cm is unlikely for seawater alteration. The
isotopic composition of RC27-9-6-2 contrasts with other
Atlantis II Fracture Zone peridotites [Snow et al., 1994;
Salters and Dick, 2002], which extend from 143Nd/144Nd
compositions similar to DMM toward compositions more
depleted than D-DMM.
[50] In Figure 5b we plot three types of MORB data from

the Atlantis II Fracture Zone region for comparison to the
peridotites: samples from (1) the Atlantis II Fracture Zone,
(2) a transform volcano at the northern ridge-transform
intersection, and (3) the ridge segments on either side of
the fracture zone. While generally depleted in composition,
all three types of basalt have at least one sample with
143Nd/144Nd similar to RC27-9-6-2. The gabbros from Hole
735B on Atlantis Bank are all depleted in composition,
encompassing the range of depleted MORBs from the area.
In terms of Pb isotopes, basalts and gabbros from the fracture
zone are depleted, ranging between DMM and D-DMM in
composition. Cpx from the peridotite matrix of RC27-9-6-2
is more depleted in 206Pb/204Pb than the basalts and gabbros
but similar in terms of 207Pb/204Pb and 208Pb/204Pb.

5. Discussion

5.1. Radiogenic Ingrowth

[51] The characterization of residual peridotites by their
isotopic compositions requires assessment of the role of
radiogenic ingrowth following melt extraction. In particular,
at slow and ultraslow spreading rates, peridotites spend a
considerable amount of time between passing through their
closure temperature and their collection on rift valley or
transform fault walls. As residual peridotites have higher
Sm/Nd ratios than the initial mantle, ingrowth of 143Nd may
affect peridotite isotopic compositions. In contrast, 87Sr
ingrowth following melt extraction is negligible because
Rb concentrations in peridotite Cpx are extremely low.
[52] To calculate the magnitude of 143Nd ingrowth, we

define the ingrowth time, tI, as a combination of the seafloor
spreading time, tS, and the upwelling time, tU. Seafloor
spreading time is determined by dividing the distance of a
sample to the ridge axis, d, by the effective half-spreading
rate, vH. The upwelling time is the time between the peridotite
passing through its closure temperature and exposure on the
seafloor. We select the 1200�C isotherm as a nominal closure
temperature for REE diffusion in pyroxenes based on the
diffusion data of Van Orman et al. [2001] and Cherniak and

Liang [2007], as well as the discussion given by Van Orman
et al. [2002].
[53] To determine tU, we use the results of a numerical

model for the thermal structure of the ridge axis [Montési and
Behn, 2007] to determine the depth, L*1200, to the 1200�C
isotherm:

L1200* ¼ 5
k
vH

ð1Þ

where k is the thermal conductivity (10�6 m2 s�1). The
solution for corner flow beneath the ridge axis [Batchelor,
1967; McKenzie, 1969] provides the relationship between
upwelling velocity, vU, and spreading rate:

vU ¼
2

p
vH ð2Þ

leading to an expression for tU:

tU ¼
5p
2

k
v2H

ð3Þ

Thus, the time available for ingrowth is

tI ¼ tU þ tS ¼
5p
2

k
v2H
þ d

vH
ð4Þ

The results of these calculations are given in Table 6. For
dredge 85 and 96 samples, tU is �7 My; tS is 0.5 My for
dredge 85 and 4 My for dredge 96. On the Oblique Segment,
at locations where the ridge has a high angle of obliquity to
the spreading direction, tU approaches 18My. For ridges with
half spreading rates >10 mm/yr and no obliquity, tU � 1 My.
[54] In Figure 7a, we plot 143Nd/144Nd corrected for tI (the

‘‘age’’-corrected value) versus the measured 143Nd/144Nd
value. Samples plot on or to the right of the 1:1 line, with a
maximum deviation of 0.01% among our samples. The field
between DMM and D-DMM is shaded to demonstrate that
the age correction does not shift depleted peridotites back to
DMMvalues. In addition, in Figure 7a, we plot age-corrected
values calculated for the global abyssal peridotite Cpx data
set [Snow, 1993; Snow et al., 1994; Salters and Dick, 2002;
Cipriani et al., 2004]. The maximum change globally in
143Nd/144Nd composition is 0.04%, even among samples that
are�20Ma. The small amount of ingrowth in the global data
set indicates that ingrowth can be ignored when interpreting
peridotite isotopic data.
[55] The effect of 143Nd ingrowth as a function of time and

the Sm/Nd ratio can also be understood using �Nd notation,
as the absolute change in 143Nd/144Nd is small owing to the
long half-life of 147Sm. The difference between themeasured,
M, and corrected, C, values of �Nd is

D�Nd ¼ �MNd � �CNd ¼
143Nd
144Nd

� �
M
� 143Nd

144Nd

� �
C

143Nd
144Nd

� �
CHUR

� 104 ð5Þ

where CHUR is the chondritic uniform reservoir, which has
a present-day 143Nd/144Nd value of 0.512638. The amount of
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Figure 7. (a) Age-corrected 143Nd/144Nd compared to measured 143Nd/144Nd. Age correction accounts
for the time since the peridotites left the 1200�C isotherm. The solid line is a 1:1 correlation line. Samples
either plot on the line or toward higher measured values, due to ingrowth. Additional data for abyssal
peridotite Cpx are from Snow [1993], Snow et al. [1994], Salters and Dick [2002], and Cipriani et al.
[2004]. (b) The difference in �Nd between measured and corrected 143Nd/144Nd values as a function of time
since the sample left the 1200�C isotherm. Contours are for constant Sm/Nd ratios.

Table 6. Age-Corrected Isotopic Compositions for Peridotite Clinopyroxenes and Orthopyroxenes

Samplea Phase
L*1200

b

(km)
tU

c

(Ma)
dd

(km)
tS
e

(Ma)
tI
f

(Ma)

87Sr/86Sr
Ingrowth

87Sr/86Sr Age
Corrected

87Rb/86Sr Age
Corrected

143Nd/144Nd
Ingrowth

143Nd/144Nd Age
Corrected

147Sm/144Nd Age
Corrected

Van7-85-27 Cpx 26 6.9 3 0.5 7.4 0.000002 0.702853 0.0187 0.000032 0.513265 0.670
Van7-85-30 Cpx 26 6.9 3 0.5 7.4 0.000001 0.704300 0.0134 0.000048 0.513085 0.988
Van7-85-42 Cpx 26 6.9 3 0.5 7.4 0.000050 0.513285 1.031
Van7-85-47 Cpx 26 6.9 3 0.5 7.4 0.000001 0.702175 0.0054 0.000045 0.513285 0.938
Van7-85-49 Cpx 26 6.9 3 0.5 7.4 0.000000 0.702844 0.0029 0.000044 0.513205 0.912
Van7-86-27 Cpx 26 6.9 10 1.7 8.6 0.000007 0.704424 0.0554 0.000060 0.513000 1.070
Van7-96-09 Cpx 26 6.5 22 3.6 10.0 0.000000 0.703421 0.0003 0.000019 0.513031 0.295
Van7-96-09 Opx 26 6.5 22 3.6 10.0 0.000001 0.703630 0.0105 0.000031 0.513030 0.468
Van7-96-16 Cpx 26 6.5 22 3.6 10.0 0.000003 0.703429 0.0203 0.000022 0.512822 0.339
Van7-96-19M Cpx 26 6.5 22 3.6 10.0 0.000000 0.703052 0.0028 0.000018 0.513000 0.275
Van7-96-19M Opx 26 6.5 22 3.6 10.0 0.000007 0.703144 0.0482 0.000024 0.512958 0.372
Van7-96-19V Cpx 26 6.5 22 3.6 10.0 0.000001 0.703096 0.0085 0.000017 0.512976 0.259
Van7-96-21M Cpx 26 6.5 22 3.6 10.0 0.000000 0.703709 0.0000 0.000015 0.513055 0.220
Van7-96-21M Opx 26 6.5 22 3.6 10.0 0.000000 0.703701 0.0005 0.000021 0.513075 0.315
Van7-96-21V Cpx 26 6.5 22 3.6 10.0 0.000000 0.703715 0.0003 0.000014 0.513093 0.212
Van7-96-25 Cpx 26 6.5 22 3.6 10.0 0.000000 0.702480 0.0001 0.000019 0.513165 0.287
Van7-96-28 Cpx 26 6.5 22 3.6 10.0 0.000000 0.703061 0.0000 0.000014 0.512924 0.216
Van7-96-28 Opx 26 6.5 22 3.6 10.0 0.000000 0.703046 0.0002 0.000022 0.513031 0.329
Van7-96-35 Cpx 26 6.5 22 3.6 10.0 0.000000 0.703732 0.0001 0.000016 0.512920 0.250
Van7-96-38 Cpx 26 6.5 22 3.6 10.0 0.000000 0.702096 0.0015 0.000021 0.513184 0.321
Van7-96-38 Opx 26 6.5 22 3.6 10.0 0.000004 0.702098 0.0254 0.000032 0.513066 0.489
PS86-6-38 Cpx 36 12.7 16 3.6 16.4 0.000038 0.512994 0.357
RC27-9-6-2M Cpx 19 3.4 6 0.6 4.1 0.000000 0.704993 0.0002 0.000004 0.512911 0.166
RC27-9-6-2M Opx 19 3.4 6 0.6 4.1 0.000000 0.704987 0.0022 0.000006 0.512931 0.215
RC27-9-6-2V Cpx 19 3.4 6 0.6 4.1 0.000000 0.704447 0.0003 0.000008 0.513091 0.307

aM indicates the peridotite matrix of a veined sample and V indicates a pyroxenite vein.
bDepth to the 1200�C isotherm (see text).
cUpwelling time.
dDistance from ridge axis.
eSeafloor spreading time.
fIngrowth time.
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the age correction for variable Sm/Nd ratios can be calculated
independently of the measured 143Nd/144Nd in a sample:

D�Nd ¼
ltI c Sm

Nd
143Nd
144Nd

� �
CHUR

� 104 ð6Þ

where c is the conversion factor of 0.6049 between Sm/Nd
and 147Sm/144Nd. The results of calculations using equa-
tions (5) and (6) are shown in Figure 7b. For samples in our
study, the ingrowth time is generally �10 Ma, Sm/Nd is <2
and D�Nd is <1.
[56] The isotopic variations observed in this study are

clearly not created in the time since melting beneath the
ridge and are thus related to either long-term mantle hetero-
geneities or recent reaction with a melt with distinct isotopic
composition. Figure 7 also includes samples from the global
data set, demonstrating that those with longer ingrowth times
are either far from the ridge axis or have a very low effective
spreading rate. Samples with the highest amounts of in-
growth (D�Nd� 3–4) have both high Sm/Nd ratios and long
ingrowth times. However, even for these samples, the amount
of ingrowth is significantly less than the overall 143Nd/144Nd
isotopic variation among abyssal peridotites, which have a
global range of D�Nd = 16.

5.2. Reconstructed Whole Rock Compositions

[57] The TIMS measurements of Sr, Rb, Nd and Sm
represent the first time that these elements have been mea-
sured in both Cpx and Opx in abyssal peridotites. We use the
six samples with paired measurements of Cpx and Opx and
the modal compositions of these samples to construct peri-
dotite whole rock compositions. The result of this calculation
is given in Table 7. We have not included concentrations of
Sr, Rb, Nd and Sm in olivine and spinel in the calculation as
these are negligible in abyssal peridotites, due to the greater
partitioning of these elements into Cpx by 2 or more orders of
magnitude [e.g., Kelemen et al., 2003]. Our calculations
indicate that the concentration of Sr, Nd and Sm in Opx
can also be considered negligible, as Cpx contains >85% of
these elements.
[58] The calculated bulk rock compositions demonstrate

that Cpx controls the isotopic and trace element composition
of peridotites and thus Cpx can be used as a proxy for the bulk
rock. Three of the reconstructed peridotites come from
veined samples and overall the six bulk rock compositions
span the range from depleted to enriched mantle. We find that
Cpx dominates the trace element budget and isotopic com-
position of the peridotite independently of the presence or

absence of veins and depletion or enrichment of the perido-
tite. This observation is also valid for more depleted peri-
dotites, such as those from dredge 85, for which the
calculation must be done using ICPMS data as TIMS data
is not available for Opx from this dredge.
[59] The control on peridotite trace element and isotopic

composition by Cpx is due to the high concentrations of trace
elements in Cpx, despite the low modal proportion of Cpx in
peridotites. Even in samples with higher modal Opx (i.e.,
harzburgites), the contribution of Cpx to the bulk rock Sr, Nd
and Sm budget remains >85%, due to depletion of these
elements in both Cpx and Opx. The effect of errors in the
mineral mode estimates is relatively unimportant. Assuming
a modal error of 5% for Cpx, the calculated Nd isotopic
composition of the whole rock is shifted by <0.1 �Nd and the
change in the contribution of Cpx to the whole rock isotopic
composition changes by only a couple percent.
[60] The amount of Rb contained in Cpx versus Opx varies

between 49% and 81% (Table 7). Overall, we find that Rb
concentrations in both Cpx andOpx in our samples are higher
than expected if abyssal peridotites have undergone onlymelt
depletion at the ridge axis. As Rb is extremely incompatible
in both Cpx and Opx, it should not be present in measurable
quantities in either mineral. Thus, we suggest that the vari-
ability of Rb concentrations reflects late stage melt percola-
tion through peridotite, which results in very small degrees of
refertilization. This would have a greater effect on the most
incompatible elements, as these have negligible concentra-
tions after melting. This type of weak refertilization has been
observed and modeled for Vema Fracture Zone peridotites by
Brunelli et al. [2006].
[61] In Figure 8, we plot age-corrected whole rock

143Nd/144Nd and 147Sm/144Nd for the SWIR samples. For
samples in which Opx was not measured, we calculate bulk
composition using Cpx composition, mineral modes and
mineral/melt partition coefficients, following the formulation
given by Workman and Hart [2005]. We find that the
difference between Cpx isotopic composition and the recal-
culated composition is greater than the difference observed
for the 6 samples with recalculated compositions based on
measured Cpx and Opx compositions. We conclude that the
Workman and Hart [2005] formulation overestimates the
contribution of other phases, specifically Opx, to the isotopic
and trace element composition of the bulk peridotite. Their
formulation uses Cpx/melt and Opx/melt partitioning data
instead of Cpx/Opx partitioning data. We suggest that the
high-temperature mineral/melt partition coefficients under-
estimate the Cpx/Opx partitioning of trace elements that con-
tinues to lower temperature in the mantle. In Appendix B, we

Table 7. Reconstructed Peridotite Whole Rock Isotopic Compositions From Mineral Modes and Measured Cpx and Opx Compositionsa

Sampleb
Rb
(ppb) 87Rb/86Sr

Cpxc

(%)
Sr

(ppm) 87Sr/86Sr
Cpx
(%)

Sm
(ppm) 147Sm/144Nd ACd

Cpx
(%)

Nd
(ppm) 143Nd/144Nd ACd

Cpx
(%)

Van7-96-09V 0.45 0.00223 81 3.369 0.703423 99 0.817 0.299 97 1.662 0.513031 98
Van7-96-19M 3.53 0.03544 28 1.189 0.703065 87 0.384 0.280 95 0.832 0.512998 96
Van7-96-21M 0.03 0.00028 49 1.206 0.703709 92 0.108 0.234 86 0.284 0.513057 89
Van7-96-28 0.03 0.00008 49 4.785 0.703060 94 0.075 0.228 89 0.201 0.512932 93
Van7-96-38 1.12 0.01345 50 1.142 0.702096 94 0.154 0.336 91 0.281 0.513177 94
RC27-9-6-2M 0.89 0.00103 58 9.445 0.704993 95 0.083 0.170 91 0.298 0.512912 93

aModes have been normalized to remove late stage plagioclase.
bM indicates the peridotite matrix of a veined sample and V indicates a pyroxenite vein.
cContribution of Cpx to whole rock concentration and isotopic composition.
dAge-corrected isotopic composition (see text).
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present Cpx/Opx partition coefficients calculated from the
bulk mineral ICP-MS analyses in this study. Overall, as our
data suggests that Cpx is a good proxy for peridotite bulk
composition, we use Cpx data in our analysis below, instead
of the reconstructed whole rock compositions.
[62] On the isotope plot in Figure 8, we also plot model

isochrons for depletion from bulk silicate Earth starting at
3 Ga, 1 Ga, 300 Ma and 30 Ma, following the continuous
depletion model of Workman and Hart [2005]. The contin-
uous depletion model, discussed in more detail below,
predicts the isotopic evolution of the mantle based on the
composition of bulk silicate Earth and DMM, assuming that
the only process affecting the mantle is removal of material to
form continental crust. The scatter of peridotite data away
from the 3 Ga isochron immediately demonstrates that the
mantle system is affected by other processes. While some
peridotites, e.g., from dredge 96, appear to have a limited
range, they actually cover the range 1–3 Ga, as older
isochrons plot closer together. In addition, one point from
dredge 96 plots close to 300 Ma.
[63] The scatter in Figure 8 demonstrates that the perido-

tites are not simple mixtures between enriched and depleted
sources, as this should produce an inverse linear mixing line
on a plot of 143Nd/144Nd versus 147Sm/144Nd. The noniso-
chronous relationship between spatially related peridotites
and the lack of a mixing relationship indicates the compli-
cated nature of the oceanic upper mantle, which we address in
detail below.

5.3. Origin of the Pyroxenite Veins

[64] The coexisting pyroxenites and peridotites in dredge
96 were selected for analysis to determine whether the pyrox-
enites are direct samples of recycled oceanic lithosphere,

following the marble cake model for the mantle proposed by
Allégre and Turcotte [1986]. The presence of recycled
material in the mantle has been invoked to explain isotopic
variations in OIBs [e.g., White and Hofmann, 1982; Zindler
and Hart, 1986] and MORBs [e.g., Allégre et al., 1984;
Kellogg et al., 2002]. In addition, the presence of pyroxenites
in the upper mantle has been proposed as a mechanism to
explain geochemical signatures in MORB of melting in the
presence of garnet, as the thickness of oceanic crust is too thin
for what should be produced if peridotite melting com-
menced at the depth of garnet stability [Hirschmann and
Stolper, 1996]. However, despite the general consensus that
isotopic heterogeneities in basalts are explained by recycled
oceanic lithosphere and sediments [e.g., Hofmann, 1997], no
consensus exists as to the form that recycled crust takes in the
mantle following millions of years of convection. In addition,
no consensus exists as to the degree of variability of upper
mantle composition and the degree to which it is veined.
[65] The occurrence of pyroxenites in peridotite massifs

led Allégre and Turcotte [1986] to suggest the marble cake
mantle hypothesis, in which recycled crust has been stretched
and boudinaged to length scales below meaningful thermo-
dynamic integrity and absorbed into the peridotitic lithology.
While numerous studies have documented mineralogical,
chemical and isotopic variations among pyroxenites from
ophiolites and orogenic lherzolites [e.g., Frey and Prinz,
1978; Polvé and Allègre, 1980; Zindler et al., 1983; Hamelin
and Allègre, 1988; Piccardo et al., 1988; McDonough and
Frey, 1989;Mukasa et al., 1991; Shervais andMukasa, 1991;
Pearson et al., 1993; Python and Ceuleneer, 2003], these
pyroxenites have all been identified as representing recent
magmatic addition to the host peridotite, rather than direct
samples of ancient recycled crust older than the host. Only

Figure 8. Variation of 143Nd/144Nd as a function of 147Sm/144Nd for the Oblique Segment and the Atlantis
II Fracture Zone. Data are reconstructed whole rock (WR) compositions with the age correction applied, as
discussed in the text. For the six samples that have measured Cpx and Opx compositions, the whole rock
reconstruction is based on this and mineral modes. For the remaining samples, the reconstruction is based
on Cpx composition, mineral modes, and mineral/melt partition coefficients, following the formulation
given by Workman and Hart [2005, equation (1)]. Model isochrons are calculated using a continuous
depletion model [Workman and Hart, 2005] with an initial composition constrained by BSE. Data for other
SWIR Cpx are from this study, Snow et al. [1994], and Salters and Dick [2002].
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studies which include d18O analyses have made a compelling
case for recycled ancient crust in the mantle as the original
source of present-day pyroxenites or eclogites in massifs and
xenoliths [Pearson et al., 1993; Jacob et al., 1994; Barth
et al., 2001].
[66] In abyssal peridotites from ridges, recycled oceanic

lithosphere in the form of pyroxenite veins has not been
observed, despite models for mid-ocean ridge melting
that invoke them [e.g., Phipps Morgan and Morgan, 1999;
Salters and Dick, 2002]. The existing literature on abyssal
pyroxenites is limited to descriptions of less than ten samples
combined from the East Pacific Rise [Constantin et al.,
1995], MAR [Serri et al., 1988; Juteau et al., 1990; Kempton
and Stephens, 1997] and SWIR [Dantas et al., 2007]. All
these occurrences describe pyroxenites with depleted com-
positions similar to adjacent peridotites, suggesting that these
abyssal pyroxenites are not direct samples of recycled oce-
anic crust. Instead, they are likely the result of variable
amounts of melt crystallization in the mantle at various
depths. In the OIB setting, two suites of pyroxenites have
been studied in detail: garnet pyroxenite xenoliths from
Hawaii [Bizimis et al., 2005] and garnet clinopyroxenite
xenoliths from the Ontong Java Plateau [Ishikawa et al.,
2007]. Both are suggested to be of cumulate origin, though
their isotopic compositions indicate the presence of recycled
lithosphere within their source regions.
[67] Various aspects of the pyroxenites from dredge 96

suggest that they are not direct pieces of recycled oceanic
crust. Texturally, if the pyroxenites were part of the convect-
ing mantle, they should have acquired a lattice preferred
orientation and the veins should be aligned with the peridotite
foliation. However, pyroxenes are not aligned and in Figure 2
the pyroxenites are observed to crosscut the peridotites. If the
pyroxenites were direct remnants of recycled ancient oceanic
crust, then they should have less radiogenic Nd isotopic
compositions and more enriched trace element compositions
relative to the host peridotites. However, in Figures 4 and 5,
the pyroxenites and peridotites from dredge 96 have over-
lapping compositions. Isotopically, as shown in Figure 5,
both peridotites and pyroxenites extend from depleted,
DMM-type compositions to enriched compositions that
overlap the field of Bouvet basalts. Additionally, three pairs
of Cpx from pyroxenites and host peridotites (Table 4) have
isotopic compositions that are identical, or the pyroxenite is
more depleted than the peridotite, unlike what is expected for
recycled ancient oceanic crust.
[68] We suggest that though the pyroxenites in this study

are not direct samples of recycled oceanic crust, their isotopic
enrichment could have been derived from a recycled crustal
component within the Bouvet plume. As shown in Figure 1,
Bouvet Hotspot passed along the Shaka Fracture Zone,
which bounds the western end of the Oblique Segment,
at 15–25 Ma [Hartnady and le Roex, 1985]. Dredge 96 is
located on the ridge axis adjacent to the Shaka Fracture Zone.
Assuming the present-day spreading rate when Bouvet
passed along the fracture zone at 15–25 Ma, the dredge
96 peridotites moved from 84 km depth to 45 km depth
during this time and crossed the peridotite solidus around
20 Ma (based on a dry peridotite solidus at �60 km
[Langmuir et al., 1992]). We suggest that melts generated
by the plume migrated through this upwelling, partially
melting mantle and locally reacted to produce the pyrox-

enites. This resulted in a wide array of reaction products on
the subkilometer scale, ranging from depleted unreacted
peridotite (Van7-96-38) to extensively reacted peridotite
(Van7-96-35) and pyroxenite (Van7-96-16). The observation
that the pyroxenites share chemical and isotopic composi-
tionswith associated peridotites suggests that near-equilibrium
conditions prevailed at temperatures close to but slightly
above the peridotite solidus.
[69] Recent infiltration of the upper mantle by Bouvet melt

is supported by the Pb isotopic compositions of peridotite
Cpx and sulfides from dredge 96. Cpx have similar radio-
genic compositions to Bouvet basalts (Table 5 and Figure 6).
Peridotite Cpx also have similar Pb isotopic compositions to
primary sulfide (monosulfide solid solution) grains in peri-
dotite Van7-96-28, as determined by in situ analyses with the
Misasa multicollector IMS 1270 (two-grain average:
207Pb/206Pb = 0.7907 and 208Pb/206Pb = 1.9984, compared
to 0.7947 and 1.9955 for Cpx, Table 5). The apparent isotopic
equilibrium between Cpx and sulfide in the peridotite must be
recent, as uranium is absent in sulfide, m (238U/204Pb) = 0,
whereas m = 18 in Cpx (Table 3). Hence, we suggest that the
radiogenic Pb signatures of both Cpx and sulfide were
formed by the migration of a Bouvet-derived melt through
the mantle. The peridotite, Van7-96-28, for which the sulfide
measurements were made is unveined. It is also the most
enriched sample from the dredge in terms of Nd and Sr
isotopic compositions and REE abundances (Figure 4).
Hence, the characteristics of this peridotite support a recent
derivation for the mantle enrichment.
[70] The results of our Nd isotopic analyses of coexisting

Cpx and Opx pairs are also consistent with recent melt-rock
reaction. Two of the four Cpx-Opx pairs analyzed from
dredge 96 peridotites, Van7-96-28 and Van7-96-38, display
significant 143Nd/144Nd disequilibrium (Figure 9). If a pyrox-
ene pair was in isotopic equilibrium above the Nd closure
temperature, then the pyroxenes are expected to form a two-
point isochron with a �10 My ingrowth age, based on the
estimated time since dredge 96 passed through the Nd closure
temperature. This assessment is correct if simple partial
melting and melt extraction occurred under isotopic equilib-
rium. It is also correct if a melt that originated from an
isotopically distinct source migrated through the peridotite
and reacted with the pyroxenes, as long as isotopic equilib-
riumwas attained during melt-rock reaction. The existence of
isotopic disequilibrium itself can then be taken as evidence
for interaction between an isotopically distinct peridotite and
melt that failed to reach isotopic exchange equilibrium.
[71] Van7-96-28, the most enriched lherzolite from dredge

96, forms a 165 Ma Cpx-Opx isochron, whereas Van7-96-38
is the most depleted lherzolite from the dredge and displays a
negative age. As discussed above, melt from the Bouvet
plume probably impacted the upwelling mantle at various
depths and hence variable amounts of time were available for
diffusive equilibration. For example, if melt-rock reaction did
not occur until a depth of 60 km, then only �6 My was
available for equilibration before the peridotite passed
through the REE closure temperature, estimated to be at
30 km depth from the Montési and Behn [2007] thermal
model. Using diffusion data for Nd in Cpx [Van Orman et al.,
2001] and Nd in Opx [Cherniak and Liang, 2007], we
calculate that 6 My is insufficient for typical peridotite
pyroxene grain sizes (�2 mm for Cpx and �10 mm for
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Opx) to reach isotopic exchange equilibriumwith the melt. In
contrast to the Nd isotopic data, 87Sr/86Sr among the Cpx-
Opx pairs is close to or at isotopic equilibrium (Figure 9).
Diffusion data for Sr in Cpx [Sneeringer et al., 1984]
indicates that Sr diffusion is faster than Nd diffusion in
Cpx. Estimates by Cherniak and Liang [2007] suggest that
Sr diffusion is also relatively fast in Opx. In general, the faster
diffusion of Sr than of Nd can explain the concomitant Sr
isotopic equilibrium but Nd isotopic disequilibrium in peri-
dotite Cpx-Opx pairs.
[72] Diffusion data further suggest that at temperatures

>1300�C,Nd diffusion in Opx is faster than in Cpx [Cherniak
and Liang, 2007] and that Opx could approach isotopic
exchange equilibriumwith melt faster than Cpx. This implies
that in peridotites with Cpx-Opx Nd isotopic disequilibrium,
Cpx is closest to the original prereaction composition of the
peridotite. As Van7-96-38 Cpx has the most depleted Nd
isotopic composition in dredge 96, this Cpx could represent
the closest approach to the original depleted end-member for
this dredge location. On the other hand, sample Van7-96-28
is chemically and isotopically among the most enriched
peridotite for this location, suggesting that reaction with an
enriched melt occurred relatively recently as full isotopic
equilibrium was not reached.

5.4. Relationship Between Peridotites and Basalts

[73] Previous studies of radiogenic isotopes in abyssal
peridotites have attempted to reconcile the isotopic compo-
sitions of peridotites with associated basalts, to determine if
they complement basalt compositions or whether they indi-
cate the existence of an additional mantle component. For
example, Snow et al. [1994] and Kempton and Stephens
[1997] found that abyssal peridotites locally have similar
isotopic compositions to MORBs and are from the same
depleted source. Salters and Dick [2002] looked in detail at
the Oblique Segment and the Atlantis II Fracture Zone and
concluded that peridotites are isotopically more depleted in

comparison to associated basalts. They advocated for the
existence of an enriched pyroxenite component in the man-
tle that is removed by melting and sampled by basalts, but
not preserved in the peridotites. Cipriani et al. [2004] ana-
lyzed basalts and peridotites from the Vema Lithospheric
Section on the MAR and found that the age-corrected aver-
ages for the two lithologies are not statistically different.
In addition, they observed significant isotopic variability
among peridotites from individual localities along the Vema
Fracture Zone.
[74] To provide improved constraints on the role of man-

tle lithology in generating MORB isotopic compositions, we
looked in detail at the mixed pyroxenite-peridotite samples
from dredge 96. In addition, to determine whether the sub-
dredge scale variability in peridotite isotopic compositions
observed by Cipriani et al. [2004] is a common occurrence,
we analyzed multiple peridotites per dredge. Finally, by com-
bining our data set with the existing data sets for peridotite
Cpx isotopic compositions, we can assess the degree to which
residual peridotites produce the isotopic range observed
among MORB.
[75] The peridotites and pyroxenites from dredge 96 rep-

resent the first detailed isotopic analysis of veined peridotites
in the oceanic setting. We found large isotopic variations
among peridotites and pyroxenites (Figure 5), which were
sampled over a distance of <1 km. The samples cover 46% of
the Nd isotopic range for Indian Ocean MORB and encom-
passes the Nd and Sr isotopic range of Oblique Segment
basalts [Standish, 2006]. However, as discussed in the
previous section, the pyroxenites do not have a distinct iso-
topic composition from the peridotites and we interpret the
pyroxenites and peridotites to have been strongly influenced
by Bouvet Hotspot.
[76] Other peridotites from the Oblique Segment suggest a

Bouvet influence beyond the vicinity of the Shaka Fracture
Zone. The variation in Nd and Sr isotopic compositions of
peridotites along the Oblique Segment is shown in Figure 10.

Figure 9. Comparison of Nd and Sr isotopic compositions for coexisting Cpx-Opx pairs. Error bars for Sr
are smaller than the symbol size. Samples Van7-96-28 and -38 are significantly out of equilibrium for
143Nd/144Nd.
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Peridotite Cpx from dredge PS86-6 (near 13�E) range from
143Nd/144Nd of 0.513202 (more depleted than DMM) to
0.512985 (similar to Bouvet basalts), as reported by Salters
and Dick [2002]. This dredge contains no veins, though the
relatively enriched Cpx trace element concentrations
(Figure 4) and high modal Cpx contents (Table 2) suggest
that these peridotites have undergone some form of metaso-
matism. In contrast, dredge 85 peridotite Cpx (near 13�E) are
depleted in terms of isotopes, Cpx modes and trace element
concentrations.
[77] Previous studies of SWIR basalts have identified

Bouvet as the source of isotopic heterogeneities for regions
to both the east and west of the Shaka Fracture Zone. For
example, the influence of the hot spot is observed in basalts
from the Shaka (located at 9�E) westward along the ridge to
the present-day location of the plume near Speiss Ridge at 0�

[le Roex et al., 1983; Kurz et al., 1998]. In basalts from the
Oblique Segment and the adjacent Orthogonal segment,
which extends to 25�E, Bouvet has been identified as the
source of isotopic, trace and major element variations [le
Roex et al., 1992; Standish, 2006; Standish et al., 2008]. The
Nd and Sr isotopic composition of Oblique Segment basalts
form a trend between DMM and Bouvet, as shown in
Figure 5. However, basalt isotopic compositions do not vary
systematically with distance from the Bouvet Hotspot track.
As shown in Figure 10, basalts from the Narrowgate region
(far to the east of the hot spot track, at 14.5�E), have the
greatest overlap with the Bouvet isotopic range [Standish,
2006]. In contrast, a sample just to the east of Joseph Mayes
Seamount (11.7�E) has Sr and Nd isotopic compositions
similar to DMM.

Figure 10. Variation of Nd and Sr isotopes along the SWIR Oblique Segment. Joseph Mayes Seamount
and Narrowgate are regions where spreading is approximately orthogonal, volcanic activity occurs and
significant basaltic crust is present. These features are largely absent along the rest of the Oblique Segment.
The two outlined samples around 15.2�E are the most altered samples in this study. Data for other peridotite
Cpx and basalts are from references in Figure 5; the Shaka Fracture Zone peridotites are whole rock
analyses of fresh mylonitized peridotites.

B12203 WARREN ET AL.: ABYSSAL PERIDOTITE ISOTOPIC COMPOSITIONS

20 of 36

B12203



[78] In the model proposed by le Roex et al. [1992], Salters
and Dick [2002] and Standish et al. [2008], the isotopic
signatures in basalts along the SWIR Oblique Segment are
due to pervasive infiltration of the mantle by melts from the
Bouvet plume, which resulted in crystallization of pyrox-
enites at depth in the asthenosphere. During upwelling
beneath the ridge axis, the pyroxenite component preferen-
tially melted, as pyroxenite has a lower melting point than
peridotite [Hirschmann and Stolper, 1996].
[79] Alternatively, the variability in basalt and peridotite

compositions is derived from preexisting heterogeneities in
the mantle. In this interpretation, Bouvet only influenced the
immediate mantle around the plume (e.g., it affected dredge
96, which sits adjacent to the hot spot track, but not
peridotites further to the east on the Oblique Segment).
Isotopically, the Bouvet signature is not extremely enriched
and thus not entirely distinctive as a plume signature. While
the mantle is typically treated as a single composition,
represented by DMM, the global variability of MORB
compositions [Lehnert et al., 2000; Su and Langmuir,
2003] indicates that the mantle is compositionally variable.
The forms that heterogeneities take in the upper mantle are
not well defined: they could be veins or they could be
variably enriched and depleted peridotite, or a combination
of both. The isotopically enriched component in the mantle
can be relatively minor, but as isotopic enrichment is asso-
ciated with trace element enrichment, it would dominate the
composition of a mixed melt. In addition, production of
basalts with a range of compositions is controlled both by
source composition and the degree to which melt interacts
with the mantle and other melts during extraction.
[80] Analysis of the Atlantis II Fracture Zone peridotites

provides additional constraints on the variability in source
mantle composition. The Atlantis II Fracture Zone is not
associated with any hot spot track, but some basalts are
isotopically enriched. This enrichment is matched by Nd
isotopic enrichment in peridotite RC27-9-6-2. This peridotite
is veined, but the clinopyroxenite vein is a cumulate feature
with more depleted isotopic and trace element compositions
than the host peridotite. Figure 11 compares the isotopic en-
richments along and across the fracture zone. The basalt
isotopic enrichment does not occur specifically on one side of
the fracture zone or at only one location along the fracture
zone. A transform volcano, located adjacent to the sampling
location of peridotite RC27-9-6-2 (Figure 1), ranges in
composition from DMM (143Nd/144Nd = 0.51313) to an
enriched composition (143Nd/144Nd = 0.51298). RC27-9-6-
2 ranges from an enriched composition in the peridotite
matrix (143Nd/144Nd = 0.512915) to a near-DMM composi-
tion in the clinopyroxenite vein (143Nd/144Nd = 0.513099).
Hence, in one peridotite sample we observe the entire iso-
topic range of basalts from the transform volcano. The ran-
domly distributed isotopic enrichment of the Atlantis II
Fracture Zone suggests that isotopic heterogeneities in the
mantle are ubiquitous and exist on a subkilometer scale.
[81] The range of isotopic compositions observed in

basalts from both the Oblique Segment and the Atlantis II
Fracture Zone are also observed in spatially associated
peridotites. Figure 12 demonstrates this observation with
histograms of 143Nd/144Nd for basalts and peridotites from
the Oblique Segment, the Atlantis II Fracture Zone, and the
global ridge system. The overlap between basalts and peri-

dotites is valid even if the veined peridotites from dredge
96 are excluded. While Oblique Segment dredges 85 and
86 have depleted isotopic compositions, dredge PS86-6
peridotites extend to both depleted and enriched isotopic
compositions.
[82] In Figure 12c, we compare the global data sets for

peridotites and basalts. The MORB data set consists of
1075 samples from all ridges. In contrast, the abyssal
peridotite data set consists of isotopic data on Cpx mineral
separates for 70 peridotites from three main areas: the Vema
Fracture Zone on the MAR, the Atlantis II Fracture Zone on
the SWIR and the SWIR Oblique Segment. While this data
set is not truly global, all three areas have similar composi-
tional ranges despite their different locations and different
proximities to hot spots. The similarity of the distribution of
the 70 peridotite analyses to the MORB data set suggests that
these peridotites are representative of the isotopic range of the
oceanic upper mantle.
[83] Salters and Dick [2002] emphasized that abyssal

peridotites have statistically more depleted Nd isotopic
compositions than MORB and advocated for a bimodal
mantle composed of peridotite and pyroxenites. However,
from the additional data presented in this study, we find that
peridotites have a similar isotopic range to that of MORB
(Figure 12) and we do not find unambiguous evidence for a
pervasive pyroxenite component everywhere in the oceanic
upper mantle. Given the continuous gradation in residual
peridotites and basalts from depleted to enriched isotopic
compositions, a bimodal mantle composition is not required
by our data. It is more likely that the mantle has been
metasomatized to various degrees, creating heterogeneous
mantle with variable scales of enrichment, both in space and
amplitude. For the western SWIR in proximity to the Bouvet
Hotspot track, the nature of the metasomatic enrichment is
likely directly related to Bouvet and similar to what we report
for dredge 96, consisting of a more fertile and isotopically
enriched mantle region rich in veins.
[84] Conversely, the finding of abyssal peridotites more

depleted than any MORB (Figure 12c) argues for mantle that
extends to more depleted compositions than previously
estimated. For peridotites to ingrow depleted isotopic com-
positions (e.g., dredge 85), they must have been chemically
depleted prior to entering the mid-ocean ridge melting
regime. Hence, the contribution of isotopically depleted
peridotites to the trace element concentrations in basalts is
small compared to the contribution from more enriched
peridotites. For this reason, peridotites should always extend
to more depleted isotopic compositions than basalts, but this
observation does not imply that basalts have formed from a
different source than that represented by abyssal peridotites.
[85] A straightforward calculation demonstrates the effect

of mixing melts from variably depleted mantle. Starting with
the composition of bulk silicate Earth (BSE), assume that one
region of mantle undergoes 0.01% modal fractional melting
at 2 Ga, whereas another region undergoes 5% melting at
2 Ga. The composition of these materials today will be �Nd =
+0.5 with a Nd concentration of 1.2 ppm for the 0.01%
melted mantle, versus �Nd = +95 and 0.3 ppm Nd for the 5%
melted mantle. Now, assuming these portions of mantle have
mixed together, allow them to undergo 3% fractional melting
at the ridge axis today. If equal volumes of melt from the two
sources are mixed to form basalt, the resulting mixture will
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have �Nd = +9.6 and 14 ppm Nd. This is the isotopic
composition of DMM with a Nd concentration typical of
MORB. While this calculation is clearly nonunique, it
demonstrates how a melt from a mantle source that has
previously undergone significant depletion can be hidden
in MORB.
[86] Finally, we find noteworthy the observation that

almost the entire spectrum of isotopic variation can be
observed in individual dredges (e.g., Van7-96 and PS86-6
from the Oblique Segment and RC27-9-6 from the Atlantis II
Fracture Zone), demonstrating that large amplitude mantle
heterogeneity in a single ultramafic lithology can occur on
length scales of <1 km. This indicates that the observation of
large variations in a dredge from the MAR by Cipriani et al.
[2004] is a general characteristic of some (but not all) abyssal
peridotite dredges. We suggest that melting, melt-rock reac-
tion, and melt crystallization (recent and old) are responsible
for creating mineralogical, chemical and isotopic heteroge-
neities and for refertilizing originally depleted asthenospheric

peridotites. In the following sections, we explore the general
implications of this for the composition of the oceanic upper
mantle.

5.5. Preexisting Mantle Heterogeneity Versus Recent
Ridge-Derived Heterogeneity

[87] Based on the preceding discussion, we observe that
abyssal peridotites are more complex than would be expected
for the products of simple melt extraction from a uniform
upper mantle at present-day ridges. Instead, we suggest that
the isotopic and compositional variations in peridotites
reflect a combination of recent ridge processes and preexist-
ing heterogeneities. Previous studies of peridotites have also
suggested that the mantle at some ridge localities has under-
gone earlier depletion and enrichment events [e.g., Seyler
et al., 2003;Cipriani et al., 2004; Liu et al., 2008]. In order to
access the extent to which oceanic upper mantle composi-
tions reflect long-term heterogeneity versus recent melting
systematics, we have compiled all available trace element,

Figure 11. Variation of Nd across and along the Atlantis II Fracture Zone. No systematic variation is
observed in either direction. Data for other peridotite Cpx (including additional data for dredge RC27-9-6),
gabbros, and basalts are from references in Figure 5 and additional 143Nd/144Nd basalt data from Coogan
et al. [2004].
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modal and major element data for peridotites with measured
Cpx isotopic compositions. If peridotites were not signifi-
cantly modified by recent ridge processes, then their isotopic
compositions should correlate with parameters of depletion
such as modal Cpx, Ce/Yb and spinel Cr # (i.e., isotopic
depletion or enrichment should be accompanied by long-
term compositional depletion or enrichment). In Figure 13,
plots of 143Nd/144Nd against these depletion parameters
demonstrate that no correlation exists. Long-term heteroge-
neity is required to explain isotopic variability, but peridotite
compositions have essentially all been affected by recent
melting.
[88] The lack of a correlation between isotopes and peri-

dotite compositions indicate the complexity of the effects of
melting and melt-rock reaction. For example, simple isotopic
exchange could occur when melt and pyroxenes are in
chemical equilibrium and dissolution or precipitation of

Cpx is inhibited. In such a case, the isotopic composition
of the peridotite would be modified without modal and
chemical changes. Alternatively, exchange dissolution or
exchange precipitation can occur, whereby isotopic and
chemical enrichments are accompanied by modal decrease
(exchange dissolution) or increase (exchange precipitation)
in Cpx. Finally, during melting, the isotopic composition of
the peridotite does not vary, while the chemical composi-
tion does. Figure 13 illustrates these possible scenarios for
the covariation of the isotopic and chemical compositions of
peridotites and compares them to the abyssal peridotite Cpx
data set.
[89] Dredge 96 peridotites indicate that past plume-ridge

interactions resulted in significant modification of the de-
pleted upper mantle through veining and metasomatism. On
the plot of 143Nd/144Nd against modal Cpx (Figure 13a),
dredge 96 samples are scattered, whereas on a plot of

Figure 12. Histograms of peridotite and basalt Nd isotopic ratios for (a) the Oblique Segment, (b) the
Atlantis II Fracture Zone, and (c) global abyssal peridotite andMORB. DMMand the 2s variation in DMM
(D-DMM and E-DMM) are shown by solid lines and global average peridotite composition by the dashed-
dotted line. Note that Oblique Segment basalts and peridotites are shifted to lower average 143Nd/144Nd due
to the influence of Bouvet Hotspot (dashed line). Data are from this study and references in Figure 5.
Peridotite data in Figure 12c also includes data from Kempton and Stephens [1997] and Cipriani et al.
[2004]; global MORB is a compilation from PetDB (http://www.petdb.org) [Lehnert et al., 2000].
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143Nd/144Nd against Ce/Yb they have a negative correlation
(Figure 13b). We suggest that this indicates both exchange
dissolution and precipitation with an enriched (Bouvet de-
rived) melt. In particular, sample Van7-96-38, with the most
depleted Nd isotopic composition, is a likely starting material
for the melt-rock reaction process, consistent with the previ-
ous discussion based on Cpx-Opx isotopic disequilibrium.
[90] Compared to dredge 96 samples, dredge 85 samples

possess more depleted Nd isotopic compositions and are
more depleted in modal Cpx (Figure 13a) and Ce/Yb ratios
(Figure 13b). This suggests that there exists a link between
long-term chemical depletion and present-day mineralogy
and mineral chemistry. However, the overall scatter in
Figure 13 illustrates the difficulty in separating the effects
of melt extraction, including melt-rock reaction, from the

preexisting compositional heterogeneity present in abyssal
peridotites.
[91] Samples from the Atlantis II Fracture Zone show a

large range of Nd isotopic compositions. The most isotopi-
cally enriched sample is also enriched in modal Cpx
(Figure 13a) as well as Ce/Yb (Figure 13b). This sample
(RC27-9-6-2) lies off the general Cpx depletion trend for
abyssal peridotites. This suggests that it underwent modifi-
cation through melt-rock reaction and precipitation, instead
of simply being a more fertile peridotite composition. As
noted earlier, there is ample evidence for reaction between
peridotite and enriched melt at this site. Two depleted
samples from the same dredge indicate heterogeneity in the
premelting depleted mantle Nd isotopic composition (e.g.,
Figure 11). However, despite large differences in the Nd

Figure 13. The variation of abyssal peridotite Cpx 143Nd/144Nd as a function of modal Cpx, Ce/Yb,
Sm/Nd, and spinel Cr #. 143Nd/144Nd values are age corrected to the 1200�C isotherm, as discussed in the
text; Cr # is calculated as Cr/(Cr +Al)� 100; the N subscript for REE ratios indicates normalization to PUM
[McDonough and Sun, 1995]. During melting, modal Cpx and Ce/Yb decrease with increasing degree of
melting, whereas spinel Cr # and Sm/Nd increasewith increasing degree ofmelting. Arrows in the top corners
of the plots indicate the direction of change for different processes: (1) melting, (2) isotope exchangewith an
enriched source, (3) exchange dissolution, and (4) exchange precipitation. Data for other SWIR Cpx are
from this study and references in Figure 5; data for MAR Cpx are from Cipriani et al. [2004] and Brunelli
et al. [2006]; values for DMM are from Su and Langmuir [2003] and Workman and Hart [2005].
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isotopic composition of these samples, the degrees of deple-
tion in terms of Cpx mode and Ce/Yb are similar.
[92] Overall, the variation of spinel Cr # in peridotites is

the only compositional parameter that suggests any correla-
tion with Cpx Nd isotopic composition (Figure 13d). In addi-
tion to our SWIR data, we plot the data from the MARVema
Lithospheric Section [Cipriani et al., 2004; Brunelli et al.,
2006]. Cipriani et al. [2004] noted that 143Nd/144Nd has a
negative correlation with spinel Cr # for the Vema peridotites,
but no corresponding correlation with Cpx trace element
concentrations. In Figure 13d, an overall (weak) negative
correlation exists between these two parameters for all peri-
dotites. As suggested by Cipriani et al. [2004], we interpret
the increase in Cr # with decreasing 143Nd/144Nd to indicate
interaction between depleted peridotite and a migrating
enriched melt.
[93] As recent interaction with enriched melt significantly

modifies the original depleted Nd isotopic signature of
abyssal peridotites, we suggest that similar processes in the
geologic past could have generated enriched signatures in the
upper mantle and that these peridotites were later entrained in
the upwelling mantle beneath an ocean ridge. Based on the
histograms in Figure 12, we favor a model for the upper
mantle which is heterogeneous at a variety of length scales,
due to repeated enrichment and depletion events. In addition,
we find significant the observation that depleted peridotites
from a single dredge (dredge 85) have no evidence for
reaction with enriched melt, but display significant Nd
isotopic heterogeneity. We conclude that various extents
of chemical depletion on length scales of <1 km have existed
for a sufficiently long period of time to produce isotopic
heterogeneity.
[94] The above discussion indicates that peridotite compo-

sitions reflect both recent ridge melting processes and pre-
existing heterogeneities. The distinction between long-term
depletion and recent depletion due to melt extraction cannot
be made easily on the basis of mineralogy, trace elements or
major elements. Only isotopes provide a clear indication of
preexisting heterogeneities in the mantle. Below, to under-
stand the long-term evolution of mantle composition, we
compare the abyssal peridotite data set to standard isotope
evolution models for the mantle.

5.6. Long-Term Evolution of Mantle Composition

[95] Results from the present study, combinedwith the data
of Salters and Dick [2002] andCipriani et al. [2004], suggest
that the asthenospheric mantle (DMM) is more isotopically
heterogeneous and extends to more depleted isotopic com-
positions than previously considered [e.g., Su and Langmuir,
2003;Workman andHart, 2005]. The histograms in Figure 12
demonstrate the isotopic range of peridotites, which is
comparable to MORBs and extends significantly beyond
the estimates of D-DMM and E-DMM ofWorkman and Hart
[2005].
[96] The most depleted SWIR peridotites are more de-

pleted than D-DMM, with 87Sr/86Sr as low as 0.702096 and
143Nd/144Nd up to 0.513417, requiring long-term depletion
of Rb relative to Sr and Nd relative to Sm. Such long-term
LREE depletion suggests that there exists, in the astheno-
spheric mantle, more strongly LREE-depleted regions than
suggested by MORBs. As discussed above, these concentra-
tion variations are not apparent in surveys of MORB compo-

sitions. Aggregated melts form by mixing of melt fractions
derived from variously depleted source peridotites, result-
ing in a Nd mass balance that is dominated by the least
depleted end-member. Hence, MORBs are skewed toward
more isotopically enriched compositions than peridotites
(Figure 12).
[97] The presence of ultradepleted mantle as observed here

requires a reassessment of current models for mantle deple-
tion. To demonstrate the degree to which current isotope
models to not replicate the abyssal peridotite data set, we
explore the continuous depletion model used by Workman
and Hart [2005] to model DMM. This model is representa-
tive of standard isotope evolution models for the Earth [e.g.,
Allégre, 1968; DePaolo and Wasserburg, 1976; Hofmann,
1997] that assume depletion occurs either at a specific time
(two-stage evolution model), repeatedly (multistage evolu-
tion model) or continuously from the initial depletion time
(continuous depletion model). Our purpose in using a model
of this type is not to replicate the abyssal peridotite data set by
adjusting model parameters. Instead, our goal is to demon-
strate the degree to which current models are unable to
explain the complexity observed in abyssal peridotite isotope
compositions and to explore the implications of this in terms
of mantle processes.
[98] The continuous depletion model predicts the present-

day parent-daughter ratios of DMM based on (1) the isotopic
ratios of DMM and BSE and (2) continuous depletion of the
parent-daughter ratio of BSE from the initial depletion time, t.
In this model, continuous removal of crust from the chon-
dritic mantle begins at t, in contrast to a two-stage model
where all depletion occurs at t. Workman and Hart estimate t
to be 3 Ga, as a best estimate for the start of significant con-
tinental crustal growth [Taylor and McLennan, 1995]. The
evolution of the isotopic composition of DMM is calculated
from the composition of BSE and the transport coefficient, k:

143Nd
144Nd

� �0

DMM

¼
143Nd
144Nd

� �t

BSE

þ
l

147Sm
144Nd

� �t
BSE

1� e� lþkð Þt� 	
lþ k

ð7Þ

The superscript 0 indicates present-day values, whereas the
superscript t indicates values at time t. The transport coef-
ficient is equivalent to an additional decay constant in the
decay equation and is calculated from the parent-daughter
ratios of BSE and DMM:

147Sm
144Nd

� �0
DMM

147Sm
144Nd

� �t
BSE

¼ e� lþkð Þt ð8Þ

[99] From equation (7), we can determine k for a given t
and 143Nd/144Nd composition of the mantle. For example,
taking the 143Nd/144Nd composition of DMM = 0.51313
[Workman and Hart, 2005] and t = 3 Ga, we calculate k =
�7.8� 10�11. The present-day composition of 147Sm/144Nd
is then calculated from equation (8); for DMM,Workman and
Hart [2005] found that 147Sm/144Nd = 0.249.
[100] In Figure 14a we plot isotopic growth curves for

different t to demonstrate the effect of initial depletion time on
147Sm/144Nd. Also in Figure 14a, we plot abyssal peridotite
data, using age-corrected Cpx 143Nd/144Nd and 147Sm/144Nd
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ratios and assuming that these are representative of the whole
rock. Initial depletion ages of�3 Ga are reasonable based on
our knowledge of early Earth evolution [e.g., Taylor and
McLennan, 1995]. In addition, the difference between 3 Ga
or an earlier initial depletion age is small. Hence, compared to
reasonable estimates for initial depletion ages, the abyssal
peridotite data are observed to trend toward higher Sm/Nd
ratios than predicted by the continuous depletion model.
[101] One way to understand the comparison of the abyssal

peridotite data set to the continuous depletion model is to
look at the role of k (the transport coefficient) in the model.
As k is a combined transport coefficient for Sm and Nd [Hart
and Brooks, 1970], the variability of k must be examined in

terms of the geochemical behavior of Sm and Nd during
mantle depletion. FollowingHart and Brooks [1970], mantle
depletion with respect to Nd can be written as

Nd0DMM ¼ NdtBSEe
�at ð9Þ

where NdDMM
0 is the number of Nd atoms in DMM today,

NdBSE
t is BSE at time t and a is the transport coefficient for

Nd. Using NdBSE
t of 1.25 ppm (PUM) [McDonough and Sun,

1995], NdDMM
0 of 0.581 ppm [Workman andHart, 2005] and t

of 3 Ga, we calculate a = 2.55 � 10�10. The transport coef-

Figure 14. (a) The continuous depletion model for the variation of �0 Nd as a function of
147Sm/144Nd, for

different initial depletion times. The preferred model ofWorkman and Hart [2005] is for depletion to begin
at 3 Ga (thick black line) and their estimates of DMM, D-DMM, and E-DMM lie on this line. Abyssal
peridotite Cpx data, from this study and the literature (see Figure 13 for references), extend over a larger
range of Sm/Nd compositions than predicted by the continuous depletion model for realistic initial
depletion times (e.g., �3 Ga). (b) The predicted variation of 147Sm/144Nd during modal fractional melting
of DMM that has evolved following the 3 Ga continuous depletion model. The spread in Cpx 147Sm/144Nd
can be explained by variable degrees of melting from an initial DMM composition, but the large variations
in 147Sm/144Nd, especially within individual dredges (e.g., dredge 85), cannot be explained by variable
degrees of melting.
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ficient for Sm, g, is calculated from the relationship [Hart and
Brooks, 1970]

k ¼ g � a ð10Þ

Using the value derived above for k for DMM,�7.8� 10�11,
we calculate g = 1.77 � 10�10.
[102] The higher transport rate for Nd compared to Sm

agrees with the greater incompatibility of Nd with respect to
Sm during melting. The Sm/Nd ratio of bulk partition
coefficients (Nd = 0.031; Sm = 0.045) [Workman and Hart,
2005] is 1.45, but the inverse ratio of 0.69 (the ratio of com-
patibilities inmelt) is the relevant parameter to compare to the
a/g ratio, which is also 0.69. Hence, the transport coefficients
reflect the mantle-crust transport of Nd and Sm via melting
and melt extraction. This analysis demonstrates that the
parameter k should always reflect the relative compatibility
of the parent and daughter elements. Therefore, k can only be
varied in the continuous depletion model such that the a/g
ratio is similar to the Sm/Nd melt/rock partitioning ratio.
While a young t and large negative k would best fit the
abyssal peridotite data (Figure 14a), this would require very
rapid, recent depletion of the mantle with huge volumes of
crust extracted. Thus, our knowledge of the differentiation
history of themantle and the geochemical behavior of Sm and
Nd are best fit when t is �3 Ga and k is ��7.8 � 10�11.
[103] One potential explanation for the divergence of the

peridotite data from the 3 Gamodel for DMMevolution is the
effect of recent partial melting on peridotite Cpx Sm/Nd
ratios. In Figure 14b, we contour the plot of 147Sm/144Nd
against 143Nd/144Nd for different degrees of modal frac-
tional melting from an initial DMM Sm/Nd ratio of 0.411
[Workman and Hart, 2005]. For consistency with Workman
and Hart [2005], we use modal melting instead of nonmodal
melting. This simple melting model can be taken as an
explanation for the variation in Sm/Nd among and within
peridotite dredges, especially if more sophisticated melt
focusing [e.g., Cannat et al., 2008] and residual porosity
[e.g., Brunelli et al., 2006] models are used. However,
variations in degree of melting and melt entrapment cannot
explain the large isotopic range of the peridotites and, in
particular, the variation within individual dredges (e.g., e0
Nd in dredge 85 varies from +8.7 to +12.6). Hence, the
Sm/Nd ratios of peridotites must partly reflect melt extrac-
tion event(s) that significantly predate recent melting at the
ridge.
[104] In Figure 15a, we attempt to explain the divergence

of observed peridotite compositions from the continuous
depletion model by adding removal of material at different
times to the model and calculating the present-day ratio of
this material. In this scenario, the 143Nd/144Nd ratio evolves
to compositions that lie between present-day BSE and DMM,
thus explaining enriched mantle components (i.e., recycled
slabs) but not the more depleted components in the mantle.
As demonstrated in Figure 15a, our model is limited in that it
cannot produce compositions outside of the BSE-DMM
range. Abyssal peridotites extend to higher Sm/Nd ratios,
but to evolve to these extremely depleted isotopic composi-
tions, the model would need to explicitly calculate changes in
Sm/Nd ratios during melting.
[105] To further explore the implications of the abyssal

peridotite isotope data set for mantle composition, we have

calculated the 147Sm/144Nd ratios predicted by the continu-
ous depletion model based on measured 143Nd/144Nd ratios.
The implication of this calculation is that the difference
between the calculated Sm/Nd ratio and the measured ratio
is due to recent melting. To demonstrate this calculation, in
Figure 15b we plot the �0 Nd compositions of the peridotites
against their measured 147Sm/144Nd ratios and compare this
to the 3 Ga continuous depletion model. We then use the 3 Ga
model in Figure 15c to calculate the 147Sm/144Nd ratio
necessary to produce the observed 143Nd/144Nd ratios of
the samples. Finally, in Figure 15d, we plot modeled versus
measured 147Sm/144Nd ratios and contour for degree of recent
melting necessary to produce the measured ratios from the
predicted ratios. As in the previous calculation for degree
of melting, this calculation can explain the large measured
Sm/Nd concentration range among peridotites. However, it
still does not satisfactorily explain the spread in isotopic
composition (represented by the modeled 147Sm/144Nd in
Figure 15d) of the peridotites, especially within dredges. The
peridotite isotopic range still requires ancient episodes of
melt extraction and recycling of enriched material.
[106] Our results indicate that evolution of the astheno-

sphere is more complicated than implied by depletion models
constrained by BSE and DMM alone. The continuous deple-
tion model results in calculated Sm/Nd ratios that are too low
to reconcile with measured values. Traditionally, this has
been interpreted as indicating that melt extraction at the ridge
axis produced the mismatch. However, the isotopic hetero-
geneity among peridotites suggests that heterogeneity with
respect to Sm/Nd was preexisting and down to length scales
<1 km for a considerable length of time. For example, the
depleted peridotites from dredge 85 can be explained by an
ancient, low-degree, melt extraction event (e.g., around 0.5–
1 Ga) that produced isotopic heterogeneity, followed by
recent melting and melt-rock reaction to produce present-
day Sm/Nd ratios. We have suggested above that peridotites
are mixtures of multiple depletion events and variable recent
melt extraction. Abyssal peridotites indicate that models need
to explicitly include ancient melting events if they are going
to reproduce the observed variations in mantle composition.

6. Conclusions

[107] This study uses detailed isotope and trace element
analyses of peridotites from individual dredges to constrain
the spatial scale and amplitude of heterogeneities in the
mantle. Isotopic heterogeneity was observed both among
samples from the same dredge and within samples them-
selves. On the basis of our data, we reach several conclusions:
[108] 1. The amount of radiogenic ingrowth following melt

extraction is negligible compared to the observed range of
peridotite isotopic compositions. In general, peridotites
spend �1–20 My from the time that they pass through their
closure temperature to the time that they are collected at
variable distances from the ridge axis. Radiogenic ingrowth
during this time results in <0.01% change among our
samples, despite slow upwelling rates along the SWIR. Thus,
the observed isotopic range of abyssal peridotites and the
extremely depleted compositions among some peridotites
reflect the composition of the asthenospheric mantle.
[109] 2. From our isotopic analyses of Cpx and Opx,

combined with modal analyses, we have reconstructed peri-
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dotite whole rock compositions. In general, >85% of the trace
element budget of peridotites is contained within Cpx.
Hence, Cpx is a good proxy for peridotite bulk composition.
[110] 3. Peridotites do not display isochronous relation-

ships among samples from the same dredge or for those
grouped by location. This indicates that peridotite composi-
tions have been modified by melting and melt-rock reaction
at the present-day ridge axis. However, the large range in
isotopic composition among peridotites from individual
dredges indicates that the mantle must have been heteroge-
neous before melting began.
[111] 4. Pyroxenite veins from two localities on the SWIR

are both interpreted as having formed by recent crystalliza-

tion of melt in a conductively cooling mantle. Veins do not
have the predicted compositions of recycled oceanic crust.
For example, at the Atlantis II Fracture Zone, the clinopyr-
oxenite vein in sample RC27-9-6-2 is more depleted than the
host peridotite. In dredge 96 on the Oblique Segment, the
major, trace and isotopic compositions of the pyroxenite
veins overlap those of coexisting peridotites. We suggest that
the variability among peridotites and basalts from this area
is due to veining of the upper mantle by Bouvet Hotspot,
though we cannot rule out an independent origin related to
preexisting mantle heterogeneity. In either case, the isotopic
composition of some dredge 96 samples require a recycled
oceanic crust component, but the pyroxenites are not direct
samples of recycled crust.

Figure 15. (a) Models of mantle Nd isotopic evolution through time. The thick solid line is a continuous
depletion model with gradual depletion beginning at 3 Ga; the thick dashed line is a two-stage model with
instantaneous depletion at 3 Ga. These models follow slightly different trajectories but are constrained to
produce the same present-day 143Nd/144Nd DMM ratio. Lines coming off the continuous depletion model
are for removal of material from the mantle at different times since 3 Ga, producing a range of present-day
compositions between DMM and BSE. (b) Variation of �0 Nd for abyssal peridotite Cpx against measured
147Sm/144Nd ratios. The solid line is the evolution of �0 Nd for the continuous depletion model with depletion
starting at 3 Ga. (c) Modeled 147Sm/144Nd ratios based on present-day peridotite Cpx 143Nd/144Nd ratios,
the composition of BSE and the 3 Ga continuous depletion model (solid line). (d) Comparison of modeled
and measured 147Sm/144Nd ratios, contoured for the degree fractional melting necessary to deplete the
predicted Sm/Nd ratios to the measured ratios.

B12203 WARREN ET AL.: ABYSSAL PERIDOTITE ISOTOPIC COMPOSITIONS

28 of 36

B12203



[112] 5. By combining our data set with existing data for
abyssal peridotites, we find that peridotites cover the same
isotopic range as MORBs, but also extend to more depleted
compositions. Nomissing component is required to reconcile
MORB isotopic compositions with peridotite compositions.
A few of our samples are relatively enriched, with
143Nd/144Nd as low as 0.512884. In particular, peridotite
RC27-9-6-2 provides evidence for enriched mantle unrelated
to any hot spot. Peridotites, however, extend to more depleted
compositions than basalts, with 87Sr/86Sr as low as 0.702096
and 143Nd/144Nd as high as 0.513335 among our samples.
This depleted end-member in peridotites is not observed in
basalts, as the mass balance of aggregated melts formed by
melt fractions from variably depleted sources is dominated by
the least depleted component.
[113] 6. The composition of abyssal peridotites reflects

both ancient depletion and enrichment events, and variable
recent melting, melt-rock reaction and melt crystallization. In
particular, the 143Nd/144Nd compositions of peridotites
requires long-term depletion, but the lack of a correlation
with parameters of melt depletion indicate recent modifica-
tion of peridotites at the ridge axis. The timing (or timings) of
previous depletions is difficult to determine due to the lack of
any isochronous relationships among abyssal peridotite min-
erals or recalculated whole rocks. The observed length scale
of heterogeneities extends to relatively small scales, down to
<1 km and even <0.1 m in some cases. We conclude that the
asthenospheric mantle is isotopically heterogeneous and
probably also heterogeneous in terms of major and trace
elements andmodal composition, in agreement with previous
work on abyssal peridotites [Brandon et al., 2000; Seyler
et al., 2003, 2004; Cipriani et al., 2004; Harvey et al., 2006;
Liu et al., 2008]. Hence, we caution against the prevailing
assumption that the entire range of chemical variations
observed among abyssal peridotites was generated by melt
extraction beneath the current set of ocean ridges.
[114] 7. The isotopic and trace element compositions of

peridotites cannot be reconciled with isotope evolution
models that are based only on the composition of DMM
and BSE, such as two-stage or continuous depletion models.
In addition to recent melt extraction, the combination of high
143Nd/144Nd and high Sm/Nd requires previous melt extrac-
tion episodes that are not accounted for by these types of
models. The complexities in peridotite compositions intro-
duced by recent melting processes must also have created
heterogeneous lithosphere in the past, which was eventually
subducted back into the mantle. We propose that the upper
mantle consists of variably depleted and enriched peridotites
and that this requires more complex mantle evolution models
to account for the observed variations in the isotopic, trace,
major and modal compositions of peridotites.

Appendix A: Major Elements

[115] In Data Set S1 of the auxiliary material, mineral
major element compositions are presented as both grain
and sample averages for Cpx, Opx, olivine, spinel and
plagioclase. Data for sample RC27-9-6-2 includes data from
Lee [1997]. Major element compositions of all primary
silicate phases were determined by electron microprobe,
using a JEOL JXA-733 at theMassachusetts Institute of Tech-
nology. For olivine, spinel and plagioclase, a focused 1 mm

beam was used and multiple points collected per grain. For
pyroxenes, to average out the effects of exsolution, a 10 mm
defocused beam was used and data were collected by line
traverses on grain cores and rims.
[116] Figure A1 shows the variation of spinel Cr # with

spinel Mg # and TiO2 in spinel. During melting, spinel Cr #
increases while Mg # decreases [Dick and Bullen, 1984]. TiO2

concentrations greater than DMM (�0.2 wt%) are indicative
of melt refertilization in peridotite. Dredge 85 peridotites
have low TiO2, reflecting melting and melt extraction only.
In contrast, spinels in dredge 96 and RC27-9-6-2 suggest
variable degrees of melting and fractional crystallization of
melt in the peridotite. In addition, dredge 96 pyroxenite
spinels often have plagioclase rims due to a later melt
infiltration event, and are thus not necessarily representative
of processes that occurred during pyroxenite formation.
[117] The variation of Mg # with Cr # and with Na2O for

individual Cpx grains is shown in Figure A2. Dredge 85 Cpx
fall in the range typical for abyssal peridotites. Cpx in dredge
96 peridotites and pyroxenites extend to unusually low Cr #
and Mg #. In addition, dredge 96 peridotite Cpx have high
Na2O, while pyroxenite Cpx have Na2O concentrations
similar to depleted abyssal peridotites. RC27-9-6-2 has high
Cr2O3, as evidenced by the bright green color of Cpx in this
sample (whereas dredge 96 Cpx have low Cr2O3 and are grey
in color; Figure 2). Variations in Cpx compositions in RC27-
9-6-2 do not correspond to lithology (clinopyroxenite vein
versus peridotite matrix) or to distance from the clinopyrox-
enite vein.

Appendix B: Partition Coefficients

[118] In Table B1, we present the first set of Cpx-Opx
partition coefficients measured for abyssal peridotites from
bulk mineral analyses. In addition, we calculate an average
set of Cpx-Opx partition coefficients, excluding outliers and
veins. The dominant valence state of each element in pyrox-
ene and their ionic radii [Shannon, 1976] in Cpx and Opx are
also listed in Table B1. The ionic radii provide a measure of
the relative compatibility of each element in Cpx and Opx
and we use these radii to order the elements in the spider
diagrams in Figure B1. In Cpx, trace elements vary between
sixfold and eightfold coordination, depending on whether
they occupy the M1 or M2 site, whereas elements in Opx are
in sixfold coordination in both the M1 and M2 sites. Thus
elements have the same ionic radii in Cpx and Opx if they
occupy the M1 site in Cpx: for example, the relatively small
cations Zr and Ti. Ordering elements in this way is more
relevant to intermineral behavior than the commonly used
element ordering from Hofmann [1988], which is based on
the partitioning of elements into melt.
[119] The range of partition coefficients from Witt-

Eickschen and O’Neill [2005] and from Hellebrand et al.
[2005] are shown on the spider diagrams in Figure B1. The
Witt-Eickschen and O’Neill data set consists of LA-ICP-MS
analyses of mineral separates from peridotite xenoliths that
equilibrated over a temperature range of 900–1250�C. Their
results constrain the systematic change in partition coeffi-
cients as a combined function of temperature and composi-
tion, the main variables controlling partitioning. These two
effects cannot be separated for pyroxenes with an immisci-
bility gap. Our results overlap the high-temperature end of the
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Figure A1. Variations in spinel Cr #, Mg #, and TiO2 in peridotites and pyroxenites from this study. Cr #
is calculated as Cr/(Cr + Al) � 100 and Mg as Mg/(Mg + Fe) � 100. Also shown are data for spatially
associated peridotites and pyroxenites from unpublished data and a literature compilation for these areas.
The composition of spinel in DMM is from Workman and Hart [2005].
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Witt-Eickschen and O’Neill data set. Our results also overlap
the 1300–1400�C partition coefficients for the more com-
patible trace elements as modeled from lattice strain theory
by Lee et al. [2007]. We have calculated temperatures for the
abyssal peridotites using the Brey and Köhler [1990] geo-
thermometers used byWitt-Eickschen and O’Neill and found
a general range of 1050–1250�C. However, some samples
have >200�C difference in temperature calculated using the
Ca in Opx thermometer versus the Cpx/Opx thermometer.
In addition, the difference between temperatures calculated
for pyroxene cores and rims varies by a similar amount.
[120] As the Brey and Köhler thermometers depend on the

CaO distribution in pyroxene, we compared pyroxene CaO to
calculated partition coefficients for various trace elements.
Whereas the Witt-Eickschen and O’Neill data set forms a
linear array, the abyssal peridotites have a large range of
pyroxene CaO values with limited variation in trace element
partition coefficient. Overall, we found no systematic varia-
tion in the calculated temperatures or the measured pyroxene
CaO contents of abyssal peridotites as a function of partition
coefficients. We conclude that the xenoliths in the Witt-
Eickschen and O’Neill data set are better at preserving mantle
temperatures due to the fast transport of xenoliths to the

surface, whereas the slow ascent of abyssal peridotites results
in incomplete reequilibration of pyroxene compositions.
However, we suggest that our measured partition coefficients
require only a small amount of extrapolation to be applica-
ble to temperatures relevant to mantle melting processes
(�1350�C). Despite this extrapolation, our partition coeffi-
cients have the advantage over the Witt-Eickschen and
O’Neill coefficients of being determined for pyroxene com-
positions relevant to the oceanic upper mantle.
[121] The second background data set plotted in Figure B1

is from Hellebrand et al. [2005] and consists of in situ ion
microprobe analyses of abyssal peridotite pyroxenes. The
Hellebrand et al. partition coefficients extend over a range of
up to 2 orders of magnitude, with a larger range among the
more incompatible elements. Most pyroxenes in abyssal
peridotites exsolve a second pyroxene phase during their
ascent to the seafloor, which redistributes the high-tempera-
ture trace element budget within the mineral. To account for
exsolution lamellae, Hellebrand et al. [2005] applied correc-
tion factors to their partition coefficients, with larger correc-
tions applied to the more incompatible elements. Application
of their correction factors shifts their partition coefficients to
higher temperature values, but does not reduce the overall

Figure A2. Variation of Mg # with Cr # and Na2O in Cpx for peridotites and pyroxenites from this study
and spatially associated samples (from a literature compilation and unpublished data). The composition of
Cpx in DMM is from Workman and Hart [2005].
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range for a given element. We suggest that the large range is
due to the difficulty of low concentration analyses on the 3f
ion microprobe.
[122] In general, the partition coefficients that wemeasured

vary smoothly as a function of ionic radius. The breaks in
slope on the spidergram correspond to large changes in
radius, changes in cation valence state, or changes in site
occupancy (e.g., between Li and Zr, cations switch from M2
to M1 site occupancy). Only Pb, the most incompatible
element, exhibits a large range of partition coefficients and
appears to be relatively compatible in Opx. This may be due
to measurement uncertainty or to sulfide microinclusions that
control the Pb system. However, we note thatWitt-Eickschen
and O’Neill [2005] also observed similarly low Pb partition
coefficients and they suggested that Pb might be more evenly
distributed between Cpx and Opx than other elements.
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Handt, and A. W. Hofmann (2008), Ancient, highly heterogeneous man-
tle beneath Gakkel ridge, Arctic Ocean, Nature, 452, 311 – 316,
doi:10.1038/nature06688.

Lugmair, G. W., and R. W. Carlson (1978), The Sm-Nd history of KREEP,
Proc. Lunar Planet. Sci. Conf., 9th(1), 689–704.

Maclennan, J. (2008), Lead isotope variability in olivine-hosted melt inclu-
sions from Iceland, Geochim. Cosmochim. Acta, 72, 4159 – 4176,
doi:10.1016/j.gca.2008.05.034.

Mahoney, J. J., J. H. Natland, W. M. White, R. Poreda, S. H. Bloomer, R. L.
Fisher, and A. N. Baxter (1989), Isotopic and geochemical provinces of
the western Indian Ocean spreading centers, J. Geophys. Res., 94(B4),
4033–4052, doi:10.1029/JB094iB04p04033.

Mahoney, J., A. P. le Roex, Z. Peng, R. L. Fisher, and J. H. Natland (1992),
Southwestern limits of Indian Ocean ridge mantle and the origin of low
206Pb/204Pb mid-ocean ridge basalt: Isotope systematics of the central
Southwest Indian Ridge (17�– 50�E), J. Geophys. Res., 97(B13),
19,771–19,790, doi:10.1029/92JB01424.

Makishima, A., and E. Nakamura (1997), Suppression of matrix effects in
ICP-MS by high power operation of ICP: Application to precise deter-
mination of Rb, Sr, Y, Cs, Ba, REE, Pb, Th and U at ng g�1 levels in
milligram silicate samples, Geostand. Newsl., 21(2), 307 – 319,
doi:10.1111/j.1751-908X.1997.tb00678.x.

Makishima, A., and E. Nakamura (2006), Determination of major, minor
and trace elements in silicate samples by ICP-QMS and ICP-SFMS ap-
plying isotope dilution-internal standardisation (ID-IS) and multi-stage
internal standardisation, Geostand. Geoanal. Res., 30, 245 – 271,
doi:10.1111/j.1751-908X.2006.tb01066.x.

Makishima, A., E. Nakamura, and T. Nakano (1999), Determination of
zirconium, niobium, hafnium and tantalum at ng g�1 levels in geological
materials by direct nebulisation of sample HF solution into FI-ICP-MS,
Geostand. Newsl., 23(1), 7–20, doi:10.1111/j.1751-908X.1999.tb00555.x.

McDonough, W. F., and F. A. Frey (1989), Rare Earth elements in upper
mantle rocks, in Geochemistry and Mineralogy of Rare Earth Elements,
Rev. Mineral., vol. 21, edited by B. R. Lipin and G. A. McKay, pp. 99–
145, Mineral. Soc. of Am., Reston, Va.

McDonough, W. F., and S. Sun (1995), The composition of the Earth,
Chem. Geol., 120, 223–253, doi:10.1016/0009-2541(94)00140-4.

McKenzie, D. P. (1969), Speculations on the consequences and causes of
plate motions, Geophys. J. R. Astron. Soc., 18, 1–32.

Meyzen, C. M., J. N. Ludden, E. Humler, B. Luais, M. J. Toplis, C. Mével,
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