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Abstract

176Hf/177Hf isotopes provide information about the behaviour of so-called immobile elements in subduction environments.
Early studies of Hf isotopes in subduction zones reached different conclusions regarding the mobility of high-field-strength
elements during subduction-related processes. To test the behaviour of Hf during subduction, we have examined the young, intra-
oceanic South Sandwich subduction system. Combined 176Hf/177Hf and trace element ratios reveal that Hf may behave as both
immobile and mobile, depending upon the exact spatial relationship of the arc volcano to the slab. Throughout most of the arc,
magmas show no detectable Hf transfer from the slab to the wedge, perhaps because enrichment of the wedge took place by Hf-
deficient, fluid-dominated processes. On the basis of ΔεNd values, which describe the Nd isotope deviation from a local MORB-
OIB array, we can discern that northern volcanoes of the arc require a source enriched by fluids that originated from the oceanic
crust, whereas southern arc volcanoes have a source modified by a higher proportion of sediment-derived fluids. However, close to
the southern slab edge and in rear-arc settings, arc magmas were derived from a source that had undergone Hf addition; we attribute
this to element transfer via partial melts from sediment. This implies that Hf mobility from the slab is possible where temperatures
are sufficiently high to induce sediment melting rather than fluid generation alone. The implication of this work, for the majority of
the arc, is that sediment-derived fluids contribute to magmatism and that sediment-derived melt does not.
© 2006 Elsevier B.V. All rights reserved.
Keywords: subduction; geochemistry; slab ends; hafnium isotopes; slab recycling; fluids
1. Introduction

The idea that mobile and immobile elements show
contrasting behaviour during subduction is entrenched
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in the literature. Mobile, or non-conservative, elements
are readily mobilized by fluids that move from the slab
into the overlying mantle wedge, and become enriched
in volcanic arc magmas derived by melting of that
mantle. Conversely, immobile, or conservative, ele-
ments remain in the slab, and are therefore not enriched
in the mantle wedge or in subsequent arc magmas (e.g.
[1–6]). However, it is perhaps more meaningful to
regard elements as mobile or immobile according to
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particular prevailing temperature and pressure condi-
tions. Thus, subduction is not so much a matter of
whether or not crustal material is recycled, but rather
where it is recycled, how and by how much.

Transfer to the sub-arc mantle wedge of a particular
element from subducting oceanic crust and/or its
sedimentary cover (together constituting the ‘slab’) is
understood to take place either (1) in aqueous fluids
driven off the slab during dehydration reactions, or (2) in
silicate melts generated by partial melting of subducted
sediments, or (3) when there is a continuum between both
processes [7–12]. The near-ubiquitous enrichment of
volcanic arcmagmas in themobile elements such as Li, B,
Rb, K, Ba, U and Pb [1–3,13,14]–elements that have high
experimentally determined fluid/rock distribution coeffi-
cients [8,15–17]–indicate that enrichment by transfer in
fluids is widespread beneath arcs. Surprisingly, elements
that are not particularly soluble in aqueous fluids, such as
Th and the light rare earth elements (REE), can also be
enriched in arc magmas, indicating that such elements are
also readily transferred to the sub-arc mantle wedge.
Consequently, workers have proposed that element trans-
fer by silicate melts, as well as aqueous fluids, must also
play a common role in mantle wedge enrichment [6–8].
However, modelling calculations do not support slab
melting as a common feature of all present-day sub-
duction zones, as the temperature of the mantle is too low
to melt relatively old and cold oceanic crust [18]. More-
over, between the extremes of low temperature aqueous
fluids and high temperature melts is a spectrum of
conditions which could cause elemental mobilization
within which the role of supercritical fluids in subduction-
related recycling is presently poorly understood [19].

Most isotopic tracers used in studies of subduction
zones are isotopes of elements (Sr, Pb, Li, B, U) thought
to be soluble in aqueous fluids (e.g. [20,21]). Conversely,
Hf, like other high-field-strength elements (HFSE; Zr, Ti,
Nb, Ta) and heavy rare-earth elements, is thought to
behave ‘conservatively’ during subduction, on the basis
that most arc basalts are not enriched in Hf relative to
oceanic basalts. However, the assumption that Hf remains
immobile during subduction processes has been ques-
tioned since the early studies of Hf isotopes from arc
rocks [22]. Subsequent studies [23,24] drew little con-
sensus, and only recently have ideas converged on the
notion that Hf addition within arc rocks is possible,
though under restricted conditions [25–27].

To further explore the behaviour of Hf during sub-
duction we have chosen to examine the b15 My old
intra-oceanic South Sandwich subduction system. Leat
et al. [28] have already discovered, using trace element
ratios and Sr–Nd isotopes, that sediment melt, rather
than aqueous fluid, influences the mantle wedge
chemistry beneath a slab-edge-proximal seamount and
in back-arc spreading segments close to the slab-edge.
They interpreted this finding as enhanced generation of
subduction fluxes along the southern slab edge caused
by influx of hot mantle. In this paper, we examine the
role of sediment melt versus aqueous fluid in the en-
richment of the mantle wedge by assessing the be-
haviour of Hf, and by inference other HFSE, in this
subduction zone. We find that Hf mobility, implying
sediment melt contribution, took place at the southern
slab edge and also beneath rear-arc volcanoes whereas,
elsewhere along the arc, element transfer is fluid-fa-
cilitated. In the north the fluid is derived dominantly
from ocean crust but, in the south, requires a greater
contribution from sediment.

2. Geological background

The South Sandwich arc in the southernmost Atlantic
Ocean lies some 2000 km west of the Bouvet hotspot
(Fig. 1) which underlies the triple junction between the
mid-Atlantic ridge, the Southwest Indian Ridge (SWIR)
and the South American-Antarctic Ridge (SAAR). The
arc is entirely intra-oceanic, far-removed from any conti-
nental crust and, on the basis of magnetic anomalies, is
situated on ∼10 m.y. old oceanic crust of the Sandwich
Plate [29,30] (Fig. 1). The Sandwich and South American
plates converge at a rate between 70 and 79 mm/yr [31].
A transform discontinuity at 58°S separates older sub-
ducting South American lithosphere (ca. 80 Ma) to the
north from younger lithosphere to the south (ca. 27 Ma);
the crust in the north is ca. 400 m thick comprising
siliceous and calcareous sediments whereas the younger
crust in the south is a ca. 200 m thick siliceous-only
sediment [32]. There is no evidence for accretion of
sediment in the forearc [33], indicating that all the
sediment arriving at the trench is subducted. Fault plane
solutions provide evidence that the slab is in extension in
the north but in compression in the south [34], and this
likely reflects the relative ease of subduction of the colder
slab in the north compared to a younger, warmer slab in
the south. Slab dip is between 45° and 55° towards the
west and, at depth, steepens slightlymore in the north than
the south (R.A. Livermore, pers. comm.). The northern
edge of the slab is a tear in the South American plate,
whereas the southern edge is the plate boundary between
the South American and Antarctic plates (Fig. 1).

The arc comprises nine large, b3Ma, volcanic islands
(each covering over 2 km2) plus a number of smaller
islands and three prominent seamounts (Fig. 1). The arc
crust has a maximum thickness of 20 km [30]. Arc rock



Fig. 1. Map of South Atlantic/Scotia Sea showing sample locations from Bouvet Island and along the SAAR (A) and within the arc–back-arc system
(B). Symbols for sample localities, also for geochemical plots throughout the paper, are: solid circle—SAAR, solid square—MORB-like ESR, white
square—subduction-modified ESR, white triangle—northern SSI arc, inverted grey triangle—southern SSI arc, star—pelagic sediment.
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compositions vary from basaltic to rhyolitic and from
low-K tholeiite, through tholeiitic to calc-alkaline [4,35].
There are no documented progressive compositional
changes along the arc (e.g. [4]). Two of the volcanic
islands are in rear-arc positions relative to the main trend
of the arc; Leskov is the furthest set back from the arc by



Table 1a
New and published geochemical analyses for selected samples from the South Sandwich Arc, East Scotia Ridge, nearby sediments and the South American-Antarctic Ridge

South Sandwich Island Arc (north to south)

Location Protector Zavodovski Zavodovski Leskov Leskov Visikoi Candlemas Candlemas Vindication Vindication Saunders Montague Bristol Freezland Bellingshausen S. Thule

Sample no. ssp1.1 ssz5.5 ssz83.4 ssl4.2 ssl12.1 ssw1.1 ss87.19 ss92.1 ssv2.1 ssv12.1 ss18.11 ss24.5 ss15.2 ssf2.11 ss17.10 sst5.11

Latitude (S) 55°45′ 56°18′ 56°18′ 56°4′ 56°4′ 56°42′ 57°05′ 57°05′ 57°1′ 57°1′ 57°45 58°25′ 59°02′ 59°02.5′ 59°26′ 59°28′

Rb 12.0 4.7 6.3 19.6 18.7 6.8 2.8 2.5 1.8 1.5 9.6 2.3 7.9 16.2 11.9 17.0
Sr 114 139 140 208 197 137 123 124 112 112 130 112 160 196 131 159
Y 31.8 18.3 20.8 27.1 24.8 21.4 14.5 10.6 12.4 12.4 20.2 10.7 21.5 27.3 28.5 32.7
Zr 82.7 30.0 39.7 89.2 81.5 46.8 23.1 17.4 23.9 17.9 45.8 15.2 48.8 80.2 73.4 85.7
Nb 0.99 0.41 0.53 2.28 1.96 0.66 0.26 0.26 0.25 0.25 0.70 0.17 0.75 1.72 1.11 2.09
Cs 0.58 0.23 0.48 0.70 0.68 0.13 0.13 0.10 0.10 0.02 0.48 0.09 0.30 0.55 0.52 0.50
Ba 126 53 62 186 180 68 35 97 25 29 77 25 86 164 118 162
La 3.66 1.61 1.97 6.58 6.19 2.73 1.00 0.72 1.09 0.76 2.43 0.70 2.62 5.35 3.92 6.06
Ce 10.83 4.99 5.89 16.09 14.88 7.85 3.27 2.37 3.26 2.56 7.09 2.24 7.73 14.42 11.04 16.16
Pr 1.77 0.84 0.97 2.22 2.17 1.25 0.60 0.43 0.59 0.45 1.13 0.39 1.27 2.06 1.76 2.40
Nd 8.67 4.38 5.45 11.22 10.53 6.69 3.48 2.36 3.44 2.55 5.99 2.35 6.75 10.15 9.29 11.58
Sm 2.85 1.57 1.96 3.03 2.78 2.02 1.27 0.93 1.25 0.92 2.00 0.89 2.20 2.91 2.95 3.25
Eu 0.83 0.69 0.90 0.97 0.95 0.79 0.56 0.44 0.48 0.45 0.73 0.39 0.79 0.99 0.96 1.13
Gd 3.63 2.18 2.59 3.70 3.15 2.77 1.90 1.30 1.72 1.35 2.70 1.32 2.95 3.43 3.84 4.34
Tb 0.64 0.41 0.48 0.65 0.60 0.54 0.35 0.24 0.30 0.29 0.49 0.24 0.53 0.64 0.68 0.84
Dy 4.47 2.74 3.17 4.07 3.88 3.41 2.23 1.67 2.11 1.78 3.16 1.69 3.37 3.80 4.46 5.20
Ho 1.04 0.59 0.68 0.92 0.89 0.76 0.50 0.37 0.47 0.38 0.70 0.37 0.73 0.81 0.98 1.08
Er 2.96 1.84 2.00 2.75 2.48 2.35 1.40 1.09 1.39 1.17 2.02 1.06 2.06 2.48 2.77 3.40
Tm 0.50 0.28 0.32 0.45 0.43 0.35 0.24 0.18 0.22 0.21 0.31 0.17 0.35 0.42 0.44 0.50
Yb 3.32 1.83 2.09 3.00 2.72 2.18 1.47 1.16 1.44 1.18 2.03 1.08 2.12 2.76 2.88 3.42
Lu 0.50 0.29 0.30 0.45 0.40 0.33 0.25 0.19 0.23 0.19 0.32 0.17 0.36 0.41 0.44 0.52
Hf 2.29 0.86 1.26 2.50 2.25 1.44 0.72 0.57 0.90 0.54 1.37 0.50 1.43 2.12 2.19 2.67
Ta 0.08 0.02 0.03 0.12 0.13 0.07 0.03 0.02 0.03 0.02 0.07 0.03 0.06 0.11 0.10 0.16
Pb 3.22 1.40 2.18 2.51 2.66 2.01 0.68 0.92 0.77 0.77 2.03 2.01 2.28 3.25 2.88 4.26
Th 0.74 0.22 0.35 1.43 1.68 0.41 0.13 0.10 0.15 0.05 0.44 0.09 0.48 1.26 0.85 1.34
U 0.26 0.09 0.12 0.36 0.43 0.12 0.05 0.06 0.04 0.04 0.15 0.04 0.15 0.35 0.28 0.42
143Nd/144Nd 0.5130691 0.5130841 0.513013 0.5129891 0.512934 0.5130521 0.513038 0.513035 0.5130731 0.5130141 0.512985 0.513062 0.513033 0.5130411 0.513027 0.5129821

εNd 8.41 8.70 7.32 6.85 5.78 8.08 7.81 7.74 8.49 7.33 6.78 8.28 7.70 7.86 7.60 6.71
ΔεNd 1.00 0.73 1.78 0.61 1.66 1.03 1.57 1.20 0.82 1.79 2.52 2.19 2.52 0.82 2.65 2.86
ΔNd 0.04 0.37 0.19 0.13 0.17 0.23 0.33 0.22 0.08 0.33 0.17 0.32 0.23 0.21 0.11 0.12
176Hf/177Hf 0.283149 0.283150 0.283137 0.283075 0.283074 0.283138 0.283148 0.283131 0.283145 0.283138 0.283145 0.283190 0.283180 0.283121 0.283181 0.283155
εHf 13.33 13.37 12.91 10.70 10.68 12.93 13.29 12.71 13.20 12.95 13.19 14.77 14.43 12.35 14.46 13.55
ΔHf 0.05 −0.31 −0.09 −0.02 −0.05 −0.12 −0.25 −0.12 0.01 −0.26 −0.06 −0.24 −0.12 −0.09 0.00 −0.01
87Sr/86Sr 0.703941 0.704021 0.70395 0.703661 0.70365 0.703721 0.70400 0.70401 0.703851 0.70399 0.70408 0.70387 0.70380 0.703791 0.70397 0.703841
206Pb/204Pb – 18.464 18.466 18.5131 18.482 18.628 18.831 18.254 18.6001 – 18.617 18.595 18.566 18.451 18.613 18.575
207Pb/204Pb – 15.612 15.613 15.5671 15.580 15.629 15.621 15.611 15.5801 – 15.623 15.616 15.613 15.607 15.618 15.613
208Pb/204Pb – 38.421 38.426 38.4151 38.395 38.607 38.551 38.264 38.4301 – 38.581 38.544 38.512 38.375 38.570 38.530

Previously published values written in italic. References denoted by superscript numbers are: (1) [4]; (2) [35]; (3) [28]; (4) [37]; (5) [41]; (6) [39]. East Scotia Ridge sample numbers in bold refer to those included in the
regional Bouvet-SAAR-ESR array (see text). Note: Nd isotope ratios are all standardized to an accepted value for La Jolla value of 143Nd/144Nd=0.511860, so it may appear different from originally published values.
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Table 1a (continued )

South Sandwich Island Arc (north to south) South Atlantic sediment East Scotia Ridge East Scotia Ridge (north to south)

Location Cook Nelson Smt Nelson Smt Kemp Smt Kemp Smt Kemp Smt Sediment Sediment Sediment E1 E1 E2 E2 E2 E2 E2

Sample no. ss14.112 dr111.2 dr111.14c dr112.6a dr112.11a1 dr112.31 dr113.3 dr113.7a dr113.30 dr56.4 dr60.1 wx3 dr157.1 dr158.4 dr158.23 wx5

Latitude (S) 59°28′ 60°0′ 60°0′ 59°55′ 59°55′ 59°55′ 60°5′ 60°5′ 60°5′ 55°32′ 55°09′ 56°6.01′ 56°6.83′ 56°6.93′ 56°6.93′ 56°8.16′

Rb 4.7 40.3 34.6 6.5 5.1 5.1 62.5 27.7 53.9 4.4 2.4 9.4 15.9 24.3 15.0 14.3
Sr 165 158 157 197 167 156 137 191 135 151 88 230 296 378 240 238
Y 16.5 31.0 25.8 12.6 13.9 14.3 18.1 29.5 19.1 16.0 15.1 34.8 24.0 24.1 39.4 35.9
Zr 34.4 112.1 98.1 24.5 29.1 26.4 76.8 175.7 76.2 50.9 34.8 126.4 125.0 78.6 146.6 126.0
Nb 0.66 4.36 3.88 0.43 0.57 0.52 5.29 10.14 4.42 3.86 0.78 9.45 24.73 4.20 11.84 8.46
Cs 0.14 – – – – – 2.81 0.90 2.43 0.06 0.11 0.15 0.16 0.74 0.27 0.26
Ba 63 312 226 63 100 91 775 356 600 53 20 133 196 283 197 199
La 2.12 11.30 9.84 2.07 2.19 2.00 14.69 13.11 14.06 3.02 1.31 9.78 16.15 9.41 11.75 9.46
Ce 6.08 25.20 22.50 5.51 6.15 5.51 31.27 30.33 30.13 7.38 3.77 25.95 34.74 23.28 28.42 23.70
Pr 0.95 3.34 2.92 0.81 0.95 0.89 3.71 4.22 3.64 1.12 0.69 3.29 4.33 3.03 3.93 3.41
Nd 4.90 14.59 12.80 4.12 5.01 4.65 15.06 19.08 14.94 5.55 3.95 14.76 18.07 13.72 18.51 15.61
Sm 1.62 3.68 3.20 1.39 1.56 1.53 3.21 4.77 3.25 1.67 1.42 4.21 4.14 3.71 5.13 4.51
Eu 0.63 0.94 0.83 0.52 0.56 0.56 0.84 1.44 0.83 0.64 0.56 1.61 1.38 1.25 1.70 1.53
Gd 2.10 4.01 3.52 1.73 1.79 1.75 3.00 4.91 3.17 2.02 1.82 4.79 4.43 4.07 5.83 5.08
Tb 0.39 0.75 0.64 0.31 0.35 0.36 0.50 0.87 0.52 0.38 0.37 0.85 0.68 0.66 1.02 0.88
Dy 2.53 4.82 4.12 1.99 2.33 2.33 2.95 5.24 3.11 2.44 2.35 5.66 4.21 4.09 6.51 5.87
Ho 0.55 1.03 0.89 0.43 0.50 0.51 0.61 1.07 0.65 0.52 0.51 1.18 0.83 0.83 1.36 1.23
Er 1.63 3.04 2.59 1.25 1.44 1.48 1.76 3.03 1.87 1.50 1.51 3.36 2.31 2.35 3.87 3.51
Tm 0.25 0.51 0.43 0.19 0.24 0.24 0.28 0.47 0.30 0.23 0.22 0.52 0.35 0.37 0.61 0.54
Yb 1.64 3.13 2.68 1.27 1.48 1.52 1.84 2.96 1.92 1.49 1.50 3.37 2.17 2.31 3.79 3.52
Lu 0.26 0.50 0.43 0.21 0.23 0.24 0.29 0.45 0.30 0.23 0.23 0.53 0.34 0.36 0.59 0.55
Hf 1.04 3.14 2.75 0.78 0.87 0.85 2.11 3.93 2.10 1.29 1.03 3.09 2.96 2.03 3.63 3.22
Ta 0.05 0.32 0.28 0.04 0.03 0.03 0.39 0.73 0.34 0.23 0.06 0.55 1.52 0.27 0.70 0.53
Pb 0.93 8.85 3.67 0.94 4.70 4.20 8.99 33.01 7.53 0.52 0.79 1.60 3.07 2.64 1.88 1.93
Th 0.39 4.36 3.62 0.47 0.44 0.40 4.86 2.35 4.51 0.40 0.15 1.12 1.87 1.89 1.37 1.14
U 0.12 1.20 1.04 0.15 0.14 0.14 1.36 0.64 1.13 0.12 0.05 0.30 0.55 0.48 0.39 0.32
143Nd/144Nd 0.5130272 0.5126733 0.5126903 0.5129803 – 0.513012 0.512426 0.512784 0.512469 0.513007 0.5130493 0.5130144 0.5129754 0.5128774 0.5129814 0.5129924

εNd 7.59 0.68 1.02 6.68 – 7.30 −4.13 2.86 −3.30 7.20 8.02 7.33 6.57 4.66 6.69 6.91
ΔεNd 2.29 3.31 2.93 3.22 – 1.90 1.96 1.94 2.48 1.24 0.43 0.55 2.55 3.10 1.02 1.17
ΔNd 0.25 0.11 0.10 0.34 – 0.38 0.39 0.06 0.40 0.09 0.05 0.16 0.25 0.41 0.20 0.17
176Hf/177Hf 0.283167 0.282942 0.282941 0.283168 0.283161 0.283141 0.282707 0.282973 0.282758 0.283112 0.283113 0.283091 0.283138 0.283086 0.283084 0.283098
εHf 13.97 6.01 5.96 14.00 13.76 13.05 −2.30 7.11 −0.48 12.02 12.04 11.28 12.95 11.12 11.04 11.53
ΔHf −0.14 0.01 0.02 −0.25 −0.34 −0.31 −0.29 0.06 −0.30 0.02 0.04 −0.04 −0.09 −0.34 −0.07 −0.05
87Sr/86Sr 0.703782 0.704843 0.704863 0.703703 0.70373 0.70376 0.71166 0.70509 0.70946 0.70317 0.704543 0.703204 0.703444 – – 0.703264
206Pb/204Pb 18.5742 18.7253 18.7193 18.4183 – – 18.686 18.709 18.797 18.370 18.5643 18.3594 19.3164 18.4554 18.3284 18.3244
207Pb/204Pb 15.5982 15.6213 15.6373 15.5803 – – 15.640 15.633 15.648 15.553 15.6033 15.5944 15.5874 15.5704 15.5494 15.5424
208Pb/204Pb 38.4792 38.6283 38.6583 38.2933 – – 38.667 38.656 38.749 38.177 38.4213 38.2934 38.9304 38.3704 38.1614 38.1454

(continued on next page)
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Table 1a (continued )

East Scotia Ridge (north to south) Bouvet and SAAR (east to west)

Location E3 E4 E5 E6 E7 E8 E9 E10 SWIR Bouvet Is. SAAR SAAR SAAR SAAR SAAR SAAR

Sample no. dr20.36 wx47 wx48 106 DS-1 110DS-3 dr24.24 wx69 dr118.3 ATL34.15 WJ10b v18.2 v27.34 v31.18 v36.26 v39.73 v42.10

Latitude (S) 56°24′ 57°02′ 57°25′ 57°49′ 58°44′ 59°28′ 60°20′ 60°35′ 55°51.9′ 56°53.7′ 57°34.4′ 58°08.8′ 58°39.1′ 59°21.8′

Rb 4.5 11.7 0.7 1.3 3.8 5.4 6.2 6.5 19.1 62.0 11.2 8.5 3.8 14.9 8.0 2.2
Sr 196 237 145 99 96 167 189 222 306 304 147 331 151 179 214 158
Y 26.6 28.2 26.2 31.2 28.6 21.8 27.6 30.2 46.4 74.4 48.0 29.5 34.8 49.9 29.6 47.4
Zr 99.5 109.9 96.5 92.5 95.2 65.1 128.1 99.6 247.4 677.4 153.2 138.5 114.2 198.3 115.5 187.6
Nb 4.80 4.43 2.06 1.94 3.92 1.45 6.04 5.33 28.26 86.19 4.83 13.58 5.22 7.36 7.30 4.30
Cs – 0.22 0.01 0.00 0.03 – 0.10 – 0.16 0.65 0.45 0.09 0.09 0.78 0.30 0.01
Ba 36 143 9 11 30 67 65 70 208 582 30 144 32 33 52 15
La 4.52 5.98 2.94 3.23 4.37 3.00 6.23 6.08 25.54 66.04 5.95 11.59 5.22 8.87 6.77 6.95
Ce 12.42 15.54 9.32 10.47 12.37 8.70 15.74 16.13 55.90 130.80 17.38 26.84 14.16 24.27 16.86 20.74
Pr 1.92 2.42 1.69 1.94 2.10 1.39 2.49 2.55 7.48 17.03 3.00 3.84 2.34 3.98 2.56 3.47
Nd 10.03 12.05 8.97 10.45 10.74 7.24 12.05 12.44 32.79 69.36 15.87 17.75 12.16 20.22 12.54 17.67
Sm 2.97 3.70 3.12 3.76 3.62 2.31 3.73 3.77 8.07 14.74 5.17 4.47 3.89 5.92 3.67 5.36
Eu 1.07 1.29 1.18 1.30 1.22 0.84 1.32 1.35 2.53 4.29 1.74 1.54 1.41 1.92 1.34 1.78
Gd 3.67 4.55 4.05 5.04 4.78 2.89 4.54 4.21 8.75 14.27 6.60 4.92 4.92 7.12 4.33 6.49
Tb 0.68 0.80 0.73 0.92 0.87 0.53 0.81 0.80 1.39 2.24 1.20 0.81 0.89 1.26 0.75 1.16
Dy 4.29 5.18 4.79 6.28 5.90 3.45 5.20 5.07 8.05 12.55 7.64 4.90 5.63 7.78 4.63 7.30
Ho 0.91 1.11 1.02 1.30 1.23 0.75 1.09 1.05 1.61 2.50 1.64 1.01 1.18 1.64 0.96 1.55
Er 2.62 3.14 2.85 3.66 3.48 2.19 3.06 2.95 4.47 7.08 4.80 2.90 3.47 4.84 2.80 4.58
Tm 0.39 0.46 0.42 0.54 0.52 0.36 0.44 0.48 0.65 1.06 0.73 0.42 0.51 0.72 0.41 0.68
Yb 2.52 3.03 2.74 3.65 3.46 2.11 2.90 2.86 4.02 6.60 4.63 2.72 3.28 4.62 2.65 4.39
Lu 0.39 0.45 0.40 0.53 0.50 0.33 0.43 0.44 0.62 1.02 0.72 0.42 0.51 0.72 0.41 0.69
Hf 2.58 2.92 2.53 3.14 3.16 1.79 3.10 2.42 6.79 16.17 4.17 3.43 3.02 4.85 2.76 4.52
Ta 0.33 0.29 0.15 0.13 0.23 0.10 0.35 0.35 1.86 5.47 0.33 0.90 0.33 0.49 0.46 0.29
Pb 0.98 1.12 0.47 0.46 0.59 1.60 0.79 0.63 1.65 4.79 0.80 9.44 0.42 0.80 15.06 17.63
Th 0.37 0.65 0.11 0.13 0.26 0.38 0.45 0.64 2.37 7.58 0.35 0.82 0.34 0.49 0.47 0.27
U 0.20 0.19 0.05 0.05 0.09 0.12 0.15 0.20 0.73 2.41 0.16 0.34 0.15 0.28 0.20 0.12
143Nd/144Nd 0.5130845 0.5130186 0.5131356 0.5131436 0.5130956 0.513082 0.5130306 0.5130365 0.512898 0.512842 0.513077 0.512915 – – 0.512980 0.513064
εNd 8.70 7.41 9.69 9.85 8.91 8.66 7.65 7.76 5.07 3.99 8.56 5.41 – – 6.68 8.31
ΔεNd 0.41 1.13 0.16 0.10 0.33 1.55 0.06 1.62 0.07 0.29 0.82 1.45 – – 0.95 0.60
ΔNd −0.07 0.01 −0.14 0.08 0.04 0.03 −0.09 0.24 −0.03 −0.31 −0.05 0.13 – – 0.07 −0.07
176Hf/177Hf 0.283138 0.283116 0.283166 0.283170 0.283143 0.283180 0.283084 0.283148 0.282986 0.282953 0.283148 0.283052 0.283133 0.283138 0.283081 0.283130
εHf 12.94 12.17 13.93 14.07 13.12 14.42 11.03 13.30 7.57 6.40 13.30 9.90 12.77 12.94 10.93 12.66
ΔHf 0.14 0.08 0.17 0.18 0.19 0.06 0.15 −0.11 0.13 0.28 0.11 0.01 0.09 0.10 0.04 0.13
87Sr/86Sr 0.702855 0.703296 0.702516 0.702626 0.702836 0.70307 0.703106 0.703255 0.70335 0.70368 0.70323 0.70345 0.70279 0.70314 0.70314 0.70272
206Pb/204Pb 18.1155 18.2556 18.0256 17.8326 17.8856 18.360 17.9356 18.2115 19.140 19.534 – 18.747 – – 18.684 18.673
207Pb/204Pb 15.4935 15.5306 15.4956 15.4636 15.4736 15.554 15.5136 15.5515 15.820 15.654 – 15.767 – – 15.668 15.663
208Pb/204Pb 37.7335 38.0516 37.5716 37.3996 37.5066 38.174 37.6596 37.8745 39.463 39.156 – 38.569 – – 38.208 38.189
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a distance of ca. 50 km, and Freezland is slightly offset
behind Bristol Island. The seamounts included in this
study are all situated near the slab edges, Protector in the
north, and Kemp and Nelson in the south (Fig. 1).

The back-arc spreading centre of the East Scotia
Ridge (ESR) has been active for at least 15 My [30] and
lies approximately 200 km to the west of the South
Sandwich arc (Fig. 1). It comprises ten segments from
E1 in the north to E10 in the south. The ridge is
spreading at a full rate of 62 to 71 mm/yr [31,36]. E1 is
propagating north into the South Sandwich trench and
overlies downwarped South American Plate rather than
subducted slab, a consequence of a tear in the South
American Plate (Fig. 1). Segments E3 – 8, in the central
region of the spreading centre, have rift-like median
valley morphologies indicative of intermediate rates of
magma production. In contrast, E2 and E9 have axial
highs similar to those of fast spreading ridges. Segments
E2 and E9 are shallower (ca. 2600 m) than the other
segments (N4000 m in segments E5 and E6) [36]. The
higher rate of magmatism in segments E2 and E9 may
result from increased mantle flow around the slab edges
that enables replenishment of their source regions with
fertile mantle from the enriched Bouvet domain, as well
as from additional mantle flux resulting from proximity
to the downgoing slab [28,36–38]. Segment E2 shows a
wide range of compositions varying from MORB-like
(e.g. WX.3 [39]) to arc-like (e.g. DR.157.1). Although a
small number of samples indicate a pronounced subduc-
tion-derived component (e.g. DR.158.4 [37]), in general,
subduction input to the back-arc magmatism is small
[37,39]. Segment E10 is very poorly defined and is offset
trenchward from the main ridge axis (Fig. 1). It lies very
close to the southern slab edge, at the plate boundary
between the South American Plate and the South Sand-
wich Plate, and is closer to the trench than Nelson sea-
mount, which forms the most southerly part of the arc.

3. Sample selection and analytical techniques

Samples for this study were selected from each of the
South Sandwich Islands and seamounts (Fig. 1; Tables 1a
and b). In addition to the arc samples, we selected repre-
sentative samples from each segment of the back-arc East
Scotia Ridge (Fig. 1).We also selected for analysis a small
number of sediment samples in order to constrain likely
compositions of downgoing sediment into the South
Sandwich subduction zone. The samples are from Site
118 (Fig. 1; 60.5°S, 27.0°W, from depths 2200 to 1910 m
b.s.l. at the eastern end of a scarp). Seismic surveys across
this site indicate a 1 to 2 km thick sediment cover over-
lying basement [40]. For completeness, we have included
three samples in the data table. Samples DR.113.3 and
DR.113.30 are diatomaceous oozes, whereas sample
DR.113.7a is largely volcaniclastic.

We used eight samples from the nearby South
American-Antarctic mid-ocean ridge (SAAR) system
to define the local OIB-MORB array. These are from
Bouvet Island (WJ10b), from a segment east of the
island along the Southwest Indian Ridge (SWIR)
(ATL34.15), and from each of the major ridge segments
along the SAAR between the Bouvet triple junction and
the trench (see Fig. 1 for localities; Tables 1a and b).

On the selected representative suite of samples, we
undertook new geochemical analyses, including Hf–Sr–
Nd–Pb isotopes. Whole rock samples were prepared for
analysis by crushing in an agate grinding container (tema
mill). Major, trace and REE data, as well as Sr, Nd, and Pb
isotopes, for many of the selected samples have been
presented elsewhere [4,28,35] but,where such data did not
exist, new trace and REE data were analysed by X-series
Thermoelemental ICP-MS atCardiff University following
the procedure of Pearce et al. [4]. Accuracy and precision
information for the runs are given in Appendix 1.

Isotopic analyses were undertaken at the NERC Iso-
tope Geosciences Laboratory (NIGL), UK. All samples
were prepared unleached. Determinations of Sr, Nd and
Pb isotopes followed the procedures of [42,43]. Sr and Nd
were run as themetal species on single Ta and double Re–
Ta, respectively, using Finnigan MAT 262 and Triton
multi-collector mass spectrometers. Sr andNdwere run in
static mode. The effects of fractionation during runs
were eliminated by normalizing Sr isotopes to a value
for 86Sr/88Sr of 0.1194 and 143Nd/144Nd to a value of
146Nd/144Nd of 0.7219. Sample values for 87Sr/86Sr and
143Nd/144Nd are reported relative to accepted values of
NBS 987 (0.71024) and J&M value of 0.511125 that
cross calibrates to an accepted value of 0.51186 for La
Jolla, respectively. Minimum uncertainties are derived
from external precision of standard measurements that
over the course of the analysis average 0.710242±
0.000014 (2σ, n=21) for 87Sr/86Sr and 0.511186±
0.000007 (2σ, n=13) for J&M 143Nd/144Nd.

Pb isotopes were analysed on a VG Axiom MC-ICP-
MS, with mass fractionation corrected within-run using
a Tl-doping method [44]. We used a 203Tl/205Tl value of
0.41876, which was determined empirically by cross-
calibration with NBS 981. All Pb isotope ratios have
been corrected relative to the NBS 981 composition of
[45]. The blank contribution was less than 100 pg.

Procedures for Hf isotope preparation follow those
described by Kempton et al. [46] and were run on MC-
ICP-MS machines, VG P54 at NIGL and Finnigan
Neptune at Frankfurt Goethe University. The data were



Table 1b
New and published major element data for selected samples from the South Sandwich Arc, East Scotia Ridge, and the South American-Antarctic Ridge

South Sandwich Island Arc (north to south)

Location Protector Zavodovski Zavodovski Leskov Leskov Visikoi Candlemas Candlemas Vindication Vindication Saunders Montague Bristol Freezland

Sample no. ssp1.1 ssz5.5 ssz83.4 ssl4.2 ssl12.1 ssw1.1 ss87.19 ss92.1 ssv2.1 ssv12.1 ss18.11 ss24.5 ss15.2 ssf2.11

Latitude (S) 55°45′ 56°18′ 56°18′ 56°4′ 56°4′ 56°42′ 57°05′ 57°05′ 57°1′ 57°1′ 57°45 58°25′ 59°02′ 59°02.5′

SiO2 67.21 52.62 52.86 57.76 58.07 49.92 50.58 49.50 50.81 51.55 50.80 48.68 52.36 56.82
TiO2 0.40 0.87 1.08 0.76 0.73 0.87 0.60 0.47 0.57 0.50 0.82 0.43 0.79 0.70
Al2O3 14.15 15.55 14.51 17.74 17.51 16.54 18.57 22.93 17.13 17.64 16.93 15.60 16.09 18.74
Fe2O3 4.11 12.31 13.62 7.23 7.39 11.41 10.15 7.34 10.07 9.55 10.43 9.79 11.96 7.75
FeO – – – – – – – – – – – – – –
MnO 0.10 0.22 0.25 0.14 0.16 0.17 0.18 0.12 0.19 0.18 0.17 0.17 0.20 0.15
MgO 0.99 6.22 5.04 3.86 3.82 6.65 6.60 4.10 6.12 6.83 7.38 10.87 5.41 2.53
CaO 4.44 10.37 9.66 7.98 7.91 11.71 11.67 13.35 13.27 12.27 11.40 13.38 10.37 8.24
Na2O 5.22 1.47 2.68 3.20 2.93 1.88 1.83 1.57 1.70 1.73 2.16 1.22 2.41 3.38
K2O 0.54 0.15 0.25 0.83 0.84 0.26 0.13 0.09 0.12 0.10 0.35 0.08 0.35 0.82
P2O5 0.08 0.05 0.07 0.13 0.12 0.08 0.04 0.05 0.04 0.01 0.10 0.03 0.10 0.13
LOI 2.96 – – – 0.29 −0.34 −0.11 – – −0.43 −0.37 −0.37 0.11
Total 100.20 99.83 100.02 99.63 99.77 99.49 100.01 99.41 100.02 100.36 100.12 99.88 99.69 99.37
Ref. a a a a a a b a a a

Note: there are no major element data available for sediments of Table 1a, nor samples WJ10b, ATL34.15 and v36.26 from Bouvet-SAAR. References are: (a) [4]; (b) [35]; (c) [28]; (d) [37]; (e) [39];
(f) [65].
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Table 1b (continued )

South Sandwich Island Arc (north to south) East Scotia Ridge (north to south)

Location Freezland Bellingshausen S. Thule Cook Nelson Smt Nelson Smt Kemp Smt Kemp Smt Kemp Smt E1 E1 E2 E2 E2 E2

Sample no. ssf2.11 ss17.10 sst5.11 ss14.112 dr111.2 dr111.14c dr112.6a dr112.11a1 dr112.31 dr56.4 dr60.1 wx3 dr157.1 dr158.4 dr158.23

Latitude (S) 59°02.5′ 59°26′ 59°28′ 59°28′ 60°0′ 60°0′ 59°55′ 59°55′ 59°55′ 55°32′ 55°09′ 56°6′ 56°7′ 56°7′ 56°7′

SiO2 56.82 56.55 55.67 52.64 65.15 64.97 50.83 53.06 49.96 51.40 50.88 53.45 49.98 53.61 55.26
TiO2 0.70 0.93 1.10 0.60 0.65 0.65 0.51 0.69 0.64 0.72 0.71 1.82 1.63 1.01 1.82
Al2O3 18.74 15.19 14.68 19.50 14.48 14.93 17.70 16.28 16.18 16.07 17.36 14.80 15.32 16.71 15.38
Fe2O3 7.75 11.80 12.74 9.52 6.23 6.33 10.13 11.98 11.97 8.25 8.75 – 9.57 8.00 10.11
FeO – – – – – – – – – – – 10.75 – – –
MnO 0.15 0.19 0.25 0.17 0.12 0.12 0.18 0.21 0.21 0.16 0.14 0.20 0.16 0.14 0.17
MgO 2.53 3.24 3.57 4.10 1.29 1.41 5.64 4.48 5.22 8.80 8.15 4.89 7.46 5.59 3.48
CaO 8.24 8.22 8.05 10.91 5.79 5.88 12.06 10.84 11.40 11.62 11.96 8.96 11.89 10.13 7.00
Na2O 3.38 3.25 3.25 2.57 3.37 3.40 1.06 2.02 1.59 2.14 2.12 2.81 2.83 2.60 4.22
K2O 0.82 0.53 0.73 0.28 1.27 1.26 0.31 0.29 0.24 0.31 0.12 0.72 0.68 1.05 0.74
P2O5 0.13 0.15 0.15 0.08 0.14 0.14 0.07 0.08 0.06 0.06 0.04 0.26 0.26 0.23 0.33
LOI 0.11 −0.53 – −0.36 0.58 0.58 −0.13 0.24 0.03 0.34 0.08 – 0.19 0.94 1.27
Total 99.37 99.53 100.19 100.00 99.07 99.67 98.49 100.16 97.49 99.87 100.30 99.02 99.96 100.01 99.79
Ref. a a b c c c c c c c d d d d

(continued on next page)
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Table 1b (continued )

East Scotia Ridge (north to south) Bouvet and SAAR (east to west)

Location E2 E3 E4 E5 E6 E7 E8 E9 E10 SAAR SAAR SAAR SAAR SAAR

Sample no. wx5 dr20.36 wx47 wx48 106 DS-1 110DS-3 dr24.24 wx69 dr118.3 v18.2 v27.34 v31.18 v39.73 v42.10

Latitude (S) 56°8′ 56°24′ 57°2′ 57°25′ 57°49′ 58°44′ 59°28′ 60°20′ 60°35′ 55°52′ 56°53.7′ 57°34.4′ 58°39.1′ 59°21.8′

SiO2 55.28 50.07 50.88 49.83 49.79 50.66 53.13 51.33 53.43 49.42 50.42 50.98 49.69 50.84
TiO2 2.05 1.28 1.48 1.33 1.66 1.97 0.94 1.58 1.65 0.05 1.78 1.64 1.44 1.96
Al2O3 15.72 16.72 16.26 15.30 14.84 14.52 17.68 15.67 15.55 15.46 15.86 15.34 16.91 15.67
Fe2O3 – 8.28 – – – – 9.08 – 11.92 – – – – –
FeO 10.45 – 7.88 8.26 9.18 9.93 – 8.69 – 10.28 8.56 9.27 7.78 10.21
MnO 0.18 0.13 0.18 0.18 0.21 0.19 0.14 0.18 0.19 0.22 0.17 0.18 0.15 0.20
MgO 3.90 7.49 6.35 8.13 7.82 6.81 5.08 7.22 2.75 6.34 7.22 7.05 6.85 6.81
CaO 7.55 11.37 10.82 11.60 10.94 11.02 10.33 11.02 7.97 11.00 11.09 11.06 10.92 10.17
Na2O 3.68 3.17 3.02 3.29 2.91 2.98 2.83 3.50 3.81 3.03 3.33 3.41 3.80 3.60
K2O 0.48 0.32 0.59 0.10 0.10 0.27 0.39 0.37 0.46 0.54 0.71 0.29 0.46 0.24
P2O5 0.29 0.14 0.34 0.26 0.26 0.32 0.10 0.33 0.19 0.29 0.28 0.16 0.16 0.25
LOI – 0.63 – – 0.20 – 0.43 0.34 0.36 1.65 0.75 0.64 0.85 0.71
Total 99.58 99.60 97.80 98.46 97.90 98.67 100.11 100.24 98.28 100.28 100.17 100.02 99.01 100.66
Ref. d e e e c f f f f f
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Fig. 2. Extended chondrite-normalized patterns for samples from (A) Bouvet-SAAR-ESR suite, (B) S. Atlantic sediments, (C) South Sandwich IslandArc
(D) South Sandwich Island Rear-Arc, (E) Back-arc East Scotia Ridge—LREE-depleted, (F) Back-arc East Scotia Ridge—LREE-enriched. Chondrite
normalization values from [49]. Note different y-axis scale for (A). Sample E1-DR.56.4 is plotted on both back-arc plots (E and F) for reference.
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corrected for mass fractionation during the run by nor-
malization to 179Hf/177Hf of 0.7325. Minimum uncer-
tainties are derived from external precision of standard
measurements for JMC 475 where JMC475 gave a value
of 0.282116±0.000010 (2σ, n=14; P54 at NIGL) and
0.282154±0.000012 (2σ, n=9; Neptune at Frankfurt). To
allow for inter-laboratory bias, results are quoted relative
to a preferred value for JMC475 of 0.282160 [47]. After
normalization, replicate analysis of our internal rock
standard, pk-G-D12, over the period of analyses gave a
result of 0.283050±0.000018 (2σ, n=11), comparable to
previously reported values of 0.283049±0.000018 (2σ,
n=27; [48]) and 0.283046±0.000016 (2σ, n=9; [47]).
4. Results

4.1. Hf and rare earth elements

In order to explore co-variation betweenHf andREEwe
have characterized the groups of samples on the basis of
their extended chondrite-normalized REE patterns (Fig. 2).
For most processes involving partial melting of mantle and
fractional crystallization of mafic magmas, Hf has a bulk
distribution coefficient between that of Nd and Sm [49,50].
Chondrite-normalized plots for MORB and OIB with Hf
plotted between Nd and Sm will therefore have a smooth
pattern. However, if subduction-related processes cause



Fig. 3. (A) 176Hf/177Hf versus 143Nd/144Nd isotope diagram. Inset (B): enlarged area of Hf–Nd isotope plot showing detail of the majority of samples from the
arc and back-arc.
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decoupling of Hf from Nd then Hf anomalies will result
(Fig. 2).

Samples from the Bouvet-SAAR-ESR suite fall into
two groups: one group is made up of samples that are
variably LREE-enriched; a second group is LREE-
depleted (Fig. 2A). The LREE-enriched samples are not
restricted to localities close to the Bouvet triple junction
but include samples much further along the SAAR (see
Fig. 1 for individual sample localities). As Fig. 2A
shows, there is little variation in normalized Hf abun-
dances relative to Nd and Sm in the LREE-depleted
Bouvet-SAAR-ESR suite. The absence of Hf anomalies
is an expected result of mantle melting in the absence of
subduction processes.

The analysed pelagic sediments have virtually
identical LREE-enriched patterns with pronounced
negative Hf (and Zr) anomalies (Fig. 2B); such
anomalies are likely caused by the preferential enrich-
ment of REE due to adsorption onto clay minerals and
sedimentary fractionation of zircon [51].

Most of the main arc samples (SSP1.1 and SS17.10 are
exceptions) have LREE-depleted chondrite-normalized
patterns and marked negative Hf anomalies (shaded field
in Fig. 2C). A second group of samples from the arc has



Fig. 4. 176Hf/177Hf versus trace element ratios: (A) Yb/Hf; (B) Sm/Hf, (C) Th/Hf, (D) Ba/Hf.
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flat chondrite-normalized patterns with small negative Zr
and Hf anomalies (shaded field in Fig. 2D); this second
group consists of rear-arc samples SSL.14.2 and SS.12.1
(Leskov), as well as SSF.2.1 (Freezland) and SST.5.1
(Southern Thule) (Fig. 1, Tables 1a and b). Samples from
Nelson and Kemp seamounts differ greatly from one an-
other. Kemp, situated along the main arc trend, has a
composition similar to other arc volcanoes: LREE-depleted
normalized patterns and negative Hf anomalies. Nelson, in
front of the main arc trend and in close proximity to the
slab edge, has a normalized REE pattern akin to rear-arc
samples but with greater LREE-enrichment (Fig. 2D).

The back-arc samples are variably LREE-depleted or
-enriched (shaded fields in Fig. 2E and F, respectively) and
overwhelmingly have small, slightly positive or slightly
negative Hf anomalies. Three samples have larger Hf ano-
malies: samples DR.158.4 (E2) and 110DS-3 (E7) both
have appreciable negative Hf anomalies (Fig. 2E and F),
whereas DR.118.3 (E10) has a distinct positive anomaly
(Fig. 2E).

Negative Hf and Zr anomalies, as seen in the arc
samples and some back-arc samples, could result from
two different processes. Firstly, addition ofNd and Smbut
not Hf and Zr to themantle wedge because Hf and Zr have
much lower fluid/slab distribution coefficients. Alterna-
tively, mixing of bulk sediment or a partial melt of
sediment with the mantle wedge would impart negative
Hf, Zr anomalies on themantle wedge. Choosing between
these alternatives is best done using Hf isotopes.

4.2. Hf–Nd isotopes

Using the eight selected samples from along the SAAR,
we define a local OIB-MORB array within Hf–Nd isotopic



Fig. 5. Th/Hf versus Sm/Hf.
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space (Fig. 3). This locally-defined Bouvet-SAAR-ESR
array runs sub-parallel to the global array [52], but is offset
towards lower Hf and/or higher Nd isotope ratios. This
allows us to constrain the local background mantle
composition from within an otherwise large global range.
The local array is pinned at theOIB-end (lower 176Hf/177Hf
and 143Nd/144Nd ratios) by the two samples closest to the
Bouvet triple junction (WJ10b and ATL34.15). Both these
samples are strongly LREE-enriched and lack an Hf
anomaly (Fig. 2A). The MORB end of the array (higher
176Hf/177Hf and 143Nd/144Nd ratios) is pinned by the
cluster of LREE-depleted samples v-18.2, -31.18, -36.26
and -42.10 (Figs. 2A and 3). Interestingly, two of the
samples from the SAAR do not plot on our defined array
(samples v-27.34 and v-39.73). These samples are mildly
LREE-enriched (Fig. 2A) and have higher time-integrated
Lu/Hf and/or lower time-integrated Sm/Nd than the other
samples from along the spreading axis.

Seven ESR back-arc samples also plot along, or very
close to, the defined Bouvet-SAAR-ESR array (sample
numbers in bold in Tables 1a and b). These samples span
ridge segments 1, 2, 3, 5, 6, 7 and 9 (Fig. 1) and have flat
rare earth element chondrite-normalized patterns with
slight depletion of LREE (Fig. 2E) indicating a MORB-
like chemistry (exceptions to this are WX3 (E2) and
WX69 (E9), which are subduction-modified [28]).

The low Hf isotope composition of the sediments
agrees with values recorded on similar nearby sedi-
ments; four siliceous oozes from the SAAR have
176Hf/177Hf values between 0.282697 and 0.282805
[53] and between 0.512430 and 0.512553 [54].

4.3. Spatial distribution of Hf isotopes

It is evident from Fig. 3 that all the South Sandwich
island arc samples are displaced from the local OIB-
MORB array towards higher 176Hf/177Hf and/or lower
143Nd/144Nd ratios. A closer inspection of the arc data
reveals a spatial distribution of Hf isotope ratios in which
samples from the southern part of the arc (Montagu, and
south; Fig. 1) have higher 176Hf/177Hf ratios than samples
from the northern part of the arc (Fig. 3, inset). Exceptions
to this are SSF2.1 from the southerly, rear-arc Freezland
Island and two samples from the southerly Nelson
seamount which all have low 176Hf/177Hf ratios (Fig. 3).
A similar exception within the northern part of the arc is
evident for rear-arc Leskov samples, SS14.2 and SSL12.1,
which have markedly lower 176Hf/177Hf ratios than the
remainder of the northern group.

These isotopic differences in samples from different
parts of the South Sandwich arc are less obvious within the
back-arc segment samples. The southern segments, E6 to
E10, generally have higher 176Hf/177Hf than the northern
segments, E1 to E5 (Tables 1a and b). However, aswith the
arc, there are exceptions: E9, which Leat et al. [28] shows
to have a subduction component, has a lower 176Hf/177Hf
ratio than other southerly segments; and the sampleswithin
E2, which also display a subduction component [28], have
lower 176Hf/177Hf ratios than other northern segment
samples. Thus, Hf isotope ratios within the back-arc
samples correlate more with subduction influence than
with location within the basin.

5. Discussion

Given the very low 176Hf/177Hf ratios of the local
sediment, it is evident that the low 176Hf/177Hf values in
arc samples from Nelson and Leskov, and some back-arc
samples, can most easily be explained by incorporation of
sediment within the source region. However, to investi-
gate the validity of this conclusion, we examine plots of
Hf isotope ratios versus elemental ratiosM/Hf,whereM is
a trace element selected for its particular mobility or
incompatibility with respect to Hf (Fig. 4). We have used
Hf as the denominator, so that mixing trends are linear.

5.1. Hf isotope—element/Hf co-variations

Because radiogenic Hf is derived from the parental
HREE, Lu, it is useful first to compare 176Hf/177Hf to an
HREE. Fig. 4A plots 176Hf/177Hf against Yb/Hf. Sam-
ples from the Bouvet-SAAR-ESR array have a positive
correlation in the diagram whereas most arc–back-arc
samples lie along a horizontal trend. In detail, the arc–
back-arc samples clearly fall into two tectonically-
defined groups: the back-arc samples with generally low
Yb/Hf (b1.2, excluding DR.60.1 with 1.46), and the arc
samples with high Yb/Hf (N1.2) except for Nelson (Fig.
4A). Nelson, Leskov and, to a lesser degree, Freezland,
have low Yb/Hf ratios and low 176Hf/177Hf ratios which



Fig. 6. ΔNd versus ΔεNd. Plot excludes data from Nelson and rear-arc samples Leskov and Freezland because they show Hf mobility. The arrows
indicate vectors towards possible sources of fluid enrichment.
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may, at face value, be explained by mixing with a
component derived from unradiogenic sediment.

The positive correlation of Yb/Hf with 176Hf/177Hf in
the OIB-MORB Bouvet-SAAR-ESR samples can be
explained in terms of progressive melt extraction from a
heterogeneous mantle [55]. The diagonal trend results
when enriched ‘plums’ are preferentially extracted, so
moving the isotope composition towards the depleted
matrix and increasing the Yb/Hf ratio of the residual
mantle asthenosphere. The flattening of the trend in the
arc samples, i.e. increasing Yb/Hf ratios for fairly
constant Hf isotope ratios, may be attributed to
increasing source depletion as the mantle flows towards
the arc front; the trend is flat because the enriched
component has, by this stage, been removed. Supporting
evidence for this interpretation comes from the good
correlation between Zr/Yb and Nb/Ta in the arc samples,
which all have subchondritic Nb/Ta (figure not shown;
[35]). This is interpreted to be a result of prior melt
extraction from the sub-arc source in the back-arc and
arc, consistent with interpretations from other intra-
oceanic arcs [10,56].

If we replace Yb with Sm, a middle-REE and the
parent element of 143Nd (Fig. 4B), we observe a wide
range of Sm/Hf ratios which are not as tightly grouped
into tectonic settings as Yb/Hf. High Sm/Hf values
characterize samples from the northern volcanoes
Zavadovski and Visikoi, as well as the southern
seamount, Kemp. Sm and Hf have similar incompati-
bilities for mantle melting, so the effects of source
depletion on Sm/Hf ratios will be low. However, Sm is
thought to be more strongly mobilized in slab-derived
fluids than Hf [4]. Therefore, we attribute the high Sm/
Hf ratios to selective addition of Sm by aqueous fluids
derived from the slab, though a similar result could be
achieved by addition of Sm in lower temperature melts.
As with Yb/Hf ratios, the rear-arc samples Nelson,
Leskov and Freezland have lower Sm/Hf ratios than
other arc samples, requiring Sm loss and/or Hf addition.

Thorium, a strongly incompatible large-ion-litho-
phile element (LILE), is generally abundant within
subducted pelagic sediments, as well as being mobile in
subduction settings. On a plot of 176Hf/177Hf versus Th/
Hf, the majority of the arc samples have variable Th/Hf
ratios up to 0.6, with little variation in Hf isotope ratios.
This implies that much of the arc is dominated by the
addition of fluids or melts that are unlikely to carry Hf
but are relatively rich in Th. In contrast, Nelson
seamount samples clearly plot toward the high Th/Hf
ratios and low Hf isotope ratios of pelagic sediments
(DR113.3 and -30). This vector requires addition of Hf
as well as Th (Fig. 4C), and hence melt rather than fluid
contribution from the slab. Furthermore, the displace-
ment to low Hf isotope ratios indicates that the melt is
sediment-derived. Conversely, Th addition without Hf
addition, present throughout most of the arc, is most
likely to be fluid-controlled, albeit in a high-T phase, in
which only Th is mobile.

Finally, we use Ba, a LILE which, unlike Th, is easily
mobilized by low temperature aqueous fluids [8] (Fig.
4D). The data fall into two groups, with little overlap:
back-arc samples generally have low Ba/Hf (3.48 to
66.2, excluding subduction-modified E2 sample
DR.158.4) and arc samples have higher Ba/Hf (27.7 to
170.2). It is not clear whether the Ba contribution to the
arc is derived from sediment or from altered oceanic



Fig. 7. (A) Modelled mixing curves on a plot of 176Hf/177Hf versus 143Nd/144Nd. (B) 176Hf/177Hf versus Nd/Hf.

238 T.L. Barry et al. / Earth and Planetary Science Letters 252 (2006) 223–244
crust. However, based on the absence of correlation
between 176Hf/177Hf ratios and Ba/Hf, we can infer that
either (1) Ba is mobilized by low-T fluids during
shallow slab dehydration while Hf is not mobile, or (2)
Ba addition derives from material that isotopically is
little different from the mantle wedge, i.e. from
dehydration of altered oceanic crust.

5.2. Element/Hf (ppm) co-variations

To further examine the relative roles of fluid- versus
melt-contribution to the arc magma source we plot Sm/
Hf versus Th/Hf (Fig. 5). It is clear from Fig. 4B that
most of the arc samples, excluding Nelson and those
from rear-arc volcanoes, are influenced by Sm addition
(high Sm/Hf) from slab-derived fluids. Therefore we
identify one of three trends in Fig. 5 as trending towards
high Sm/Hf at low and constant Th/Hf which may be
explained by the addition of a low-T fluid that carried
Sm but not Th or Hf. The trend of increasing Sm/Hf with
increasing Th/Hf may be interpreted as addition of a
high-T fluid which carried both Sm and Th, but not Hf
(compare Figs. 4B and 5, especially for samples from
Kemp). In contrast, Nelson and, to a lesser degree, the
rear-arc volcanoes trend towards increasing Th/Hf at
constant and low Sm/Hf. This may be interpreted as
addition of a partial melt of sediment that carried Th and
Hf, but relatively low Sm. Samples demonstrating
addition of a sediment melt component are those close
to a slab-edge and/or within a rear-arc setting (Fig. 5).

These inferences contrast with earlier work that
recorded Th mobilization relative to, say, the behaviour
of Ba. Because an all-pervading enrichment in Ba was
assumed to represent a fluid phase [7,8], it followed that
Th enrichment must represent a melt phase. Our results
point towards Th mobilization not only in melts but also
in a fluid phase, which we propose is most likely to be
higher temperature than that which transports Ba and
other highly incompatible elements.

5.3. Quantifying Hf addition to the mantle wedge

The Hf–Nd isotope plot provides evidence that an Hf-
bearing sediment component contributes to Nelson
seamount volcanism. From our detailed examination of
plots ofHf isotopes versus trace element ratios, it is evident



Fig. 8. 3-dimensional oblique cut-out view of the S. Sandwich Arc and inferred sources of enrichment to the wedge. L—Leskov; F—Freezland; N—
Nelson. Thin dark arrows are inferred transfer of fluids from the slab. Thick light arrows are inferred transfer of sediment melt from the slab to the
wedge. Note the difference in style of slab edges—a tear in the north versus a plate boundary in the south. Flow around the edge of the slab in the
north is deflected to a greater depth than in the south due to downwarping of the S. American plate.
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that samples from the rear-arc islands, Leskov, Freezland
and possibly, though much less compelling, Southern
Thule, also have markedly lower 176Hf/177Hf ratios than
the other arc samples (Figs. 3–5). AlthoughNelson and the
rear-arc samples have lower 176Hf/177Hf ratios than the
other arc samples, they do not exhibit Hf anomalies on
extended REE plots (Fig. 2). Conversely, it is interesting
that the main arc samples, which do not have these lower
176Hf/177Hf ratios, have negative Hf anomalies (Fig. 2).

To further understand the behaviour of Hf during
subduction and to constrain the addition of Hf to the
mantle wedge source region, we must first define the
local OIB-MORB array as illustrated in Fig. 3. The local
array can be calculated as:

eNd ¼ 0:717eHf −0:565: ð1Þ
Calculation of deviation from the array (ΔεNd),

parallel to the Nd axis, can therefore be expressed as:

DeNd ¼ 0:710eHf −0:604−eNd: ð2Þ

If Hf behaves conservatively and Nd non-conserva-
tively during slab dehydration, then displacement from
the OIB-MORB array, as defined by ΔεNd, should
correlate with the amount of Nd, relative to Hf, added
from the subduction zone, i.e. by the size of the negative
Hf anomaly on an extendedREE plot. The correlationwill
be linear if the size of the anomaly is expressed as ΔNd,
where ΔNd is a function of the difference between the
observed value (o) and the expected value (e) on the OIB-
MORB array on a plot of Nd/Yb against Hf/Yb [23]:

DNd ¼
Nd
Yb

� �
o−

Nd
Yb

� �
e

Nd
Yb

� �
o

ð3Þ
With the expected value calculated from:

log
Nd
Yb

� �
¼ 1:341log

Hf
Yb

� �
þ 0:617 ð4Þ

Fig. 6 is a plot of ΔεNd (the deviation from the
regional mantle array as defined on an Hf–Nd isotope
plot) against ΔNd (the deviation from the elemental
array and thus the magnitude of any existing Hf
anomaly). On this plot, we have drawn the expected
trends for derivation of the added Nd from (1) subducted
sediment (assumed from existing data set to approxi-
mate to εNd=−4); and (2) subducted oceanic crust
(assumed to approximate to εNd=8). As previously
discussed, Hf addition to the mantle beneath Nelson and
the rear-arc samples is much greater than for other arc
samples. Subsequently, rear-arc samples will have
experienced smaller than predicted elemental displace-
ments for any given isotopic shift. Therefore if we omit
these samples from Fig. 6, we leave only those samples
where Hf appears to behave conservatively. Fig. 6
shows the arc and back-arc data fanning out from the
composition of the MORB-like basin samples which are
unaffected by subduction. Two clusters are apparent:

1. The northern arc-islands (Zavodovski, Visikoi, Can-
dlemas, Vindication and Saunders) overlap and have
only a minor increase in ΔεNd from MORB samples.
Neodymium addition is not accompanied by large shifts
in the Nd isotope signature and may be interpreted as
addition of Nd from a source with a similar isotopic
composition to the mantle wedge, i.e. mainly oceanic
crust. This projection shows that the relatively large
negative Hf anomalies observed (Fig. 2) may be
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achieved with only little change in the Nd isotope
composition.

2. The southern islands (Montagu, Bristol, Cook,
Kemp) have a steeper trend i.e. larger isotope shifts
for a given Nd addition. This indicates that, relative to
the northern arc-islands, these samples have large
isotopic shifts for negative Hf anomalies. This can be
interpreted as addition of Nd from a source
significantly different isotopically from the mantle
wedge, i.e. mainly pelagic sediment.

Thus, assessment of combined isotope and element
shifts indicates a dominantly pelagic sediment input
throughout the arc but a greater proportion of oceanic
crustal component in the north. The apparent absence of
Hf mobility, except for Nelson and the rear-arc volcanoes,
indicates that both of these components are likely derived
from a fluid or a low temperature melt rather than a high
temperature (i.e. significantly suprasolidus) melt. Shifts in
Hf isotope ratios (Fig. 3) are evidence that the component
contributing to Nelson and Leskov, and less compelling
but potentially to Freezland and Southern Thule also, is
most likely a high temperature melt.

5.4. Investigating the composition of the source compo-
nent for Nelson seamount

In order to assess whether Nelson seamount and the
rear-arc volcanoes reflect a mantle wedge source en-
riched by slab-derivedmelts, as we predict, wemodel the
Hf–Nd isotope data. Themodelling places constraints on
the relative mobilities of Nd and Hf, and uses a standard
mixing equation (where f is the mass fraction of the
subduction component and subscripts m, sz and w refer
to the mantle component, subduction zone component,
and mantle wedge respectively [23]):

eNdw ¼ eNdmð1−f ÞNdm þ eNdszfNdsz
ð1−f ÞNdm þ fNdsz

ð5Þ

From Eq. (4) it is possible to define the ratio rNd as the
mass fraction of Nd in the subduction zone component
compared to the mass fraction in the mantle component.
Because r equals Ndsz/Ndm, we can substitute Ndsz for
rNdm in the equation, which then becomes [23]:

eNdw ¼ eNdmð1−f Þ þ rNdfNdsz
1−f ð1−rNdÞ ð6Þ

To model the Nelson data, we assume an isotopic
composition for a mantle end-member that shows no
subduction component, estimated from East Scotia Ridge
basalts (average of the E5, E6, E7 and E9 samples:
176Hf/177Hf=0.28314 and 143Nd/144Nd=0.51309). Fur-
thermore, we assume a composition for subducted sedi-
ment from the average of the pelagic sediments
(176Hf/177Hf=0.28273 and 143Nd/144Nd=0.51245). Fig.
7A presents mixing curves for various ratios of rNd/rHf and
demonstrates that the best fit is obtained with a ratio of
about 2. Thus:

2:0 ¼ Ndsz
Ndm

=
Hfsz
Hfm

¼ Ndsz
Hf sz

=
Ndm
Hfm

ð7Þ

TheNd/Hf ratio for average East Scotia RidgeMORB
basalt is 3.54 (Tables 1a and b) which, taking into
account slight fractionation during partial melting,
converts to an Ndm/Hfm ratio of about 3.4 in the mantle
source. Thus the Nd/Hf ratio in the subduction
component equals Ndsz/Hfsz=3.4×2.0=6.8. This value
is less than that obtained for the two pelagic sediments
(7.11 and 7.14; Fig. 7B), indicating that, with regards to
the subduction component added to the mantle wedge
beneath Nelson seamount, Hf has been mobilized more
readily than Nd. Evidence that Nelson reflects enrich-
ment from a slab-derived pelagic sediment melt
component, rather than a volcaniclastic component, is
consistent with the mixing curves of Tollstrup and Gill
([57]; using local end-member compositions for mantle
and pelagic sediments). Furthermore, Leskov and Freez-
land plot on the same mixing lines ([57], Fig. 3).

5.5. Interpreting the significance of a north–south
compositional difference

Excluding Nelson and the rear-arc volcanoes, the
northern main arc samples, Protector to Saunders, have
lower 176Hf/177Hf ratios (0.283131 to 0.283150) than the
southern volcanoes, Montagu to Kemp (0.283141 to
0.283190; Fig. 3). Interestingly, the north–south divide is
coincident with a discontinuity on the opposing subduct-
ing S. American plate which, when extrapolated, would
lie between Saunders and Montagu. Given the evidence
from Fig. 4 that Hf has been effectively conservative
beneath these arc volcanoes, we can rule out melt transfer
from heterogeneous downgoing sediment. Thus, the
systematic compositional variation must be independent
of the slab conditions, and therefore originate within the
mantle wedge. For example, the variation could be
attributed to more OIB-like wedge material in the north
compared to amoreMORB-like composition in the south.
Alternatively, it could reflect a longer history of
subduction processes recorded in the northern mantle
wedge than the south with an earlier phase of Hf mobility
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that enriched the wedge with Hf-bearingmelts. By way of
comparison, the mantle wedge beneath the Izu-Bonin arc
is also reported as having compositional zonation, with
depleted mantle wedge found in the volcanic front versus
fertile mantle wedge present beneath the back-arc [58].

5.6. Understanding conditions controlling fluid- versus
melt-enrichment

As shown above, pelagic sediments have very low
176Hf/177Hf ratios and thus will impart a lower 176Hf/
177Hf ratio upon a melt generated from mantle wedge
enriched by a sediment melt or a supercritical liquid. It is
perhaps surprising then, that more of the samples from
the South Sandwich arc are not displaced towards lower
176Hf/177Hf ratios as are samples from Nelson and the
rear-arc volcanoes. Recent Hf–Nd studies of the
Aleutian-Kamchatka island arc chain have revealed
that most of the arc is underlain by mantle wedge that
was enriched by fluids, and not melts, though in the fluid
is dominantly derived from an oceanic crust parental
material [26,27]. It has been inferred that enrichment by
slab-derived (adakitic) melts is restricted to northern
Kamchatka and the western Aleutians [26,27].

The apparent lack of sediment melt contribution to
most South Sandwich arc rocks could be the result of the
predominantly siliceous composition of the sedimentary
pile. Although it is true that pure siliceous ooze will have
an average melting point higher than a more terrigenous
sedimentary sequence or GLOSS [59], such oozes
contain a significant proportion (up to 20% by weight)
of non-siliceous components such as airborne particu-
lates, hydrogenous minerals and volcanic ash. These
would be sufficient enough, at a water-saturated solidus,
to generate a melt that could explain the geochemistry of
Nelson seamount. Melting temperatures need not differ
greatly from those of clay-rich, but silica-poor, pelagic
sediments studied experimentally [8,60]. Tables 1a and b
shows that the S. Atlantic oozes have high concentra-
tions of incompatible elements that, if melted, could be
partitioned into early melt fractions. The absence of such
a signature in most South Sandwich arc lavas suggests
that, predominantly, temperatures are insufficient to
cause melting.

An interesting similarity in the setting of the melt-
enriched segments of the northernKamchatka-Aleutian arc
and Nelson seamount is their proximity to a slab edge [61].
This is likely to be an important factor in the cause of melt-
dominated enrichment, though clearly cannot account for
the enrichment evident within the South Sandwich rear-arc
volcanoes. If melt production from slabs relates to high
temperatures along the edges (e.g. 28), this Hf isotope
study may indicate that the rear-arc setting was also fed by
a subduction component derived from a high temperature
slab, most obviously due to the greater depth of the slab
beneath the arc. This is in agreement with seismic data
from the NE Taiwanmargin, where a low velocity lens has
been imaged in the mantle, between 20 and 100 km depth,
above a slab edge [62]. This low velocity lens has been
attributed to an H2O-rich and/or melt component and
thought to result from either (1) additional release of H2O
along the vertical edge of the slab or (2) upwelling of hot
mantle around the plate edge [62].

Laboratory experiments on the thermal evolution of
mantle during slab rollback and down-dip subduction
have produced contrasting results [63]. The experi-
ments modelled higher temperatures at centres than at
edges of slabs undergoing rollback, but greater heating
along the slab edges during down-dip subduction.
However, Leat et al. [28] proposed that, during slab
rollback, incoming asthenospheric mantle caused in-
creased melting at slab edges. A key factor is likely to
be the temperature of the incoming mantle: there is no
evidence that sediment melt contributed to magmas at
the Protector seamount on the northern edge of the
South Sandwich arc, perhaps because the mantle in the
north is cooler than in the south, reflecting its greater
distance from the SAAR.

5.7. Implications for long-term evolution of mantle
wedge chemistry

An important question is what proportion of melt
extracted from subducted sediment is returned to the
crust via magmatic activity, and what proportion remains
in the mantle wedge. The South Sandwich arc lacks a
sedimentary accretionary prism, and the amount of
sediment subducted is large compared to the few
volcanoes influenced by melts derived from sediment.
The South Sandwich island data indicate that if partial
melting of the subducted sediment is at all widespread,
most of the melt must remain within the mantle wedge.
Because sediment melt in a subduction setting will have
a lower Nd/Hf ratio than a bulk sediment melt (Fig. 7B),
a distinct chemical signature will be imparted on the
evolution of that mantle wedge material. The wedge
lithosphere or recycled asthenosphere will develop low
Nd/Hf, and higher Lu/Hf than Sm/Nd ratios that, over
time, would evolve into high 176Hf/177Hf isotope ratios
compared to 143Nd/144Nd. This type of process has been
proposed to explain the composition of Indian Ocean
ridge basalts where 176Hf/177Hf ratios are displaced
above the global OIB-MORB array towards values of
b0.283141 [48].
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6. Conclusions

In order to explain the lack of Hf enrichment in arc
magmas, it is usual to assume that Hf, like other HFSE,
remains in the slab during subduction processes.
However, this study shows that Hf can be mobilized
from the slab, though only during high-T slab (sediment
and/or ocean crust) melting. In the South Sandwich arc,
the conditions under which such mantle wedge enrich-
ment is sampled by arc magmas is restricted to rear-arc
locations and proximity to a slab edge, which in turn is
dependent upon the mantle flow pattern, the temperature
of incoming mantle, and the depth of melting (Fig. 8).
Under these conditions, we find that very little sediment is
recycled to the arc as melt, and that most of the arc
volcanoes demonstrate only aqueous fluid-derived/low-T
melt mantle wedge enrichment. A sediment melt
component can be recognized in Nelson seamount, near
the southern slab edge of the South Sandwich arc and in
rear-arc samples from Leskov and Freezland. We
conclude that this is possible because the southern slab
edge is adjacent to the SAAR and hence high temperature
asthenosphere and because of the greater depth to the slab
beneath the rear-arc volcanoes.ΔεNd values indicate that
the sources of both northern and southern arc volcanoes
experienced fluid addition from subducted sediment,
although the source of the northern arc volcanoes was
modified by a slightly higher proportion of crust-derived
fluids. The Hf isotope data, supported by the absence of
adakites or boninites, do not support melting of oceanic
crust in the South Sandwich arc-basin system.
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Appendix 1
JB-1a (average, n=5)
 JB-1a (recommended [64])
Sc
 28.3
 27.9

V
 186.9
 205

Cr
 481
 392

Co
 37.8
 38.6

Ni
 136
 139

Cu
 54.1
 56.7

Ga
 18.0
 17.0
(continued)Appendix 1 (continued)
JB-1a (average, n=5)
 JB-1a (recommended [64])
Rb
 38.6
 39.2

Sr
 453
 442

Y
 23.7
 24.0

Zr
 140.7
 144.0

Nb
 27.9
 26.9

Cs
 1.20
 1.31

Ba
 496
 504

La
 38.9
 37.6

Ce
 67.1
 65.9

Pr
 7.3
 7.3

Nd
 26.8
 26.0

Sm
 5.08
 5.07

Eu
 1.51
 1.46

Gd
 4.96
 4.67

Tb
 0.72
 0.69

Dy
 4.02
 3.99

Ho
 0.79
 0.71

Er
 2.19
 2.18

Tm
 0.33
 0.33

Yb
 2.1
 2.1

Lu
 0.32
 0.33

Hf
 3.53
 3.41

Ta
 1.73
 1.93

Pb
 7.35
 6.76

Th
 8.21
 9.03

U
 1.59
 1.57
Values quoted in ppm [63].
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