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[1] Recycling of oceanic crust together with different types of marine sediments has become somewhat of a
paradigm for explaining the chemical and isotopic composition of ocean island basalts. New high-precision
trace element data on samples from St. Helena, Gough, and Tristan da Cunha, in addition to recent data
from the literature, show that the trace element and isotope systematics in enriched mantle (EM) basalts are
more complex than previously thought. EM basalts have some common characteristics (e.g., high Rb/La,
Ba/La, Th/U, and Rb/Sr and low Nb/La and U/Pb) that distinguish them from HIMU basalts (high p =
2380U/29Pb). The isotopically distinct EM-1 and EM-2 basalts, however, cannot be clearly distinguished on
the basis of incompatible trace element ratios. Ultimately, each suite of EM basalts carries its own specific
trace element signature that must reflect different source compositions. In contrast, HIMU basalts show
remarkably uniform trace element ratios, with a characteristic depletion in incompatible trace elements
(Rb, Ba, Th, U, and Pb) and enrichment in Nb and Ta relative to EM basalts. Compositional similarities
between HIMU and EM basalts (e.g., Nb/U, La/Sm, La/Th, Sr/Nd, Ba/K, and Rb/K) suggest that their
sources share a common precursor, most likely recycled oceanic lithosphere. The compositional
differences between HIMU and EM basalts, on the other hand, can only be explained if the EM sources
contain an additional heterogeneous component. Parent-daughter ratios in subducted marine sediments
have a unimodal distribution. Recycling of sediments alone can therefore not account for the isotopic
bimodality of EM basalts. The upper and lower continental crust have similarly variable trace elements
ratios but are systematically distinct in their Rb/Sr, U/Pb, Th/Pb, and Th/U ratios. Thus the upper and lower
continental crust evolve along two distinct isotopic evolution paths but retain their complex trace element
characteristics, similar to what is observed in EM basalts. We therefore propose that recycling of oceanic
lithosphere together with variable proportions of lower and upper continental crust, which are introduced
into the mantle together with the oceanic lithosphere via subduction erosion and/or subduction of marine
sediments, respectively, provides a plausible explanation for the trace element and isotope systematics in
ocean island basalts.
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1. Introduction

[2] On the basis of their isotopic composition,
White [1985] and Zindler and Hart [1986] classi-
fied ocean island basalts (OIB) into three isotopi-
cally different families or groups: HIMU (= high p,
p = 2*U/%Pb) and two varieties of enriched
mantle (EM-1 and EM-2; Figure 1). Weaver
[1991] argued that each of these isotopic groups
has certain common trace element characteristics
that distinguish them from one another and so
substantiated this classification. Thus, by the early
1990s an apparently coherent picture emerged.
Recycling of oceanic crust with different types of
sediment was favored as the most plausible expla-
nation for the isotope and trace element systematics
in oceanic basalts (pure oceanic crust for HIMU,
oceanic crust plus “pelagic” sediment for EM-1
and oceanic crust plus ‘“terrigenous” sediment for
EM-2). In the meantime, however, the trace ele-
ment database of global OIB has more than qua-
drupled and the quality of the trace element data
has improved significantly. In addition, new data
on subducted marine sediments have expanded our
knowledge of their chemical variability [Plank and
Langmuir, 1998]. Here, we reassess the global
trace element systematics in oceanic basalts on
the background of the isotope relationships ob-
served in OIB, using new high-quality trace ele-
ment data for OIB from several key islands: St.
Helena, Tristan da Cunha (referred to as Tristan in
the following) and Gough, in addition to recent
data from the literature. This comprehensive data
set now allows more rigorous testing of the sedi-
ment recycling model.

[3] It is shown here that HIMU basalts have very
similar trace element compositions and likely de-
rive from one common source reservoir. Despite
the fact that there are some characteristics common
to all EM basalts, each suite of EM basalts has its
own unique trace element composition, which
distinguishes it from any other suite of EM basalts.
The trace element systematics of EM basalts there-
fore do not support grouping into two different
types, EM-1 and EM-2, as suggested by the isoto-
pic relationships, nor can any other grouping be
identified. Is it justified therefore to maintain the
distinction between only two types of EM basalts
on the basis of their isotopic characteristics only, or
do the trace element systematics indicate that EM
sources are best evaluated by considering each
island chain/group individually? Moreover, how
can sources with similar time-integrated parent/
daughter ratios but apparently different trace ele-

ment signatures be produced, and is it conceivable
that such sources share a similar genetic origin? In
other words, the general question that arises from
our analysis of the trace element systematics in
OIB is: How can the isotope and trace element
systematics in oceanic basalts be reconciled?

2. Data Set

[4] In addition to our newly determined data on
samples from St. Helena, Tristan and Gough (Table
1, see Appendix A for analytical details), the
overall data set includes data on more than 350
basalts from 15 ocean islands representing all
major OIB families (HIMU, EM-1 and EM-2).
The literature data were taken from the GEOROC
database using the precompiled files made avail-
able at http://georoc.mpch-mainz.gwdg.de/georoc/.
The final data set is restricted to samples from
those islands of each island group/chain with the
most extreme isotopic composition (Figure 1) and
is available from the auxiliary material'. HIMU
basalts are from St. Helena in the Atlantic Ocean,
and from the islands of Mangaia, Tubuaii, and
Rururtu (young and old series) of the Cook-Austral
chain. EM-1 basalts are from Pitcairn Island, in
addition to our new data for samples from Gough
and Tristan. EM-2 basalts are from the Marquesas
(Tahuata and Ua Pou), the Samoan Islands (Malu-
malu and Savaii), and the Society Islands (Tahaa,
Moorea, and Hauhine). In addition, samples from
the Azores (Sao Miguel) are included.

[s] From these preselected localities, only samples
with major and trace element concentrations deter-
mined on the same sample (with the exception of
some of the Society samples) were included in the
final data set. These samples were further screened
to exclude highly differentiated and altered rocks.
In general, the cut-off for highly differentiated
samples is chosen at a sharp decrease in CaO,
FeO, and TiO, and increase in SiO, and Na,O with
decreasing MgO concentrations. As a result, only
samples containing more than about 4 to 5 wt.%
MgO are included in the final data set. All samples
are alkaline rocks belonging to the alkali-olivine-
basalt series [/rvine and Baragar, 1971]. With a
few exceptions, the final data set includes only
fresh samples with a “loss on ignition” (LOI) of
less than 2%. The coherent behavior of fluid-
mobile (e.g., Rb, K, U) and fluid-immobile ele-
ments (e.g., Th, Nb) was used as another proxy for

'Auxiliary material is available at ftp://ftp.agu.org/apend/gc/
2005gc001005.
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Figure 1. Data for oceanic basalts in (a) *’Sr/**Sr versus 2*°Pb/***Pb and (b) *’Sr/*°Sr versus 2**Pb*/*°°Pb* space
(see Allégre et al. [1986] for definition of 208ppy#/206ppy#)  HIMU basalts have high 2°°Pb/***Pb, low 2*%Pb*/**°Pb*,

and low

’St/%¢Sr, whereas EM-1 basalts have low 2°°Pb/2°*Pb, high 2°*Pb*/**°Pb* and intermediate *’St/*°Sr. EM-2

basalts have intermediate *°°Pb/***Pb, intermediate *°*Pb*/2°°Pb*, and high *’Sr/*Sr. Data from the compilation of

Stracke et al. [2003a].

alteration. Nb/Rb ratios, for example, vary from
island to island, but the total range in Nb/Rb within
one individual sample suite is small (<20%;
Figure 2). Similarly, the average Nb/U ratio of all
samples is 44.8 = 8.6 and thereby close to the
canonical value of 47 [Hofmann et al., 1986]. This
indicates that low-temperature alteration is relatively
insignificant for all the samples that passed our tests.

3. Trace Element Ratios as Tracers of
Source Composition

[¢] In addition to fractional crystallization and
alteration, different extents of partial melting (F)

may obscure the mantle source characteristics
inferred from the chemical composition of OIB.
Since La is highly enriched in the melt over Sm
(about three to eight-fold at 7 = 0.10 to 0.01), La/
Sm ratios are a sensitive indicator for the degree of
partial melting. The uniformity of the La/Sm ratios
(Figure 3) in OIB from different islands therefore
indicates that all samples considered here must
have undergone similar degrees of partial melting
and derive from sources with similar La/Sm ratios.

[7] Incompatible trace element ratios in erupted
melts do, however, only coincide with those in
their source in case (1) both elements are either
perfectly incompatible (i.e., bulk partition coeffi-
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Table 1 (Representative Sample). Major and Trace Element Data for Samples From St. Helena, Gough, and
Tristan da Cunha® [The full Table 1 is available in the HTML version of this article at http://www.g-cubed.org.]

Sample HS8 H 13 H 28 H 38 H 64 H 68 H69 H74 H 75 H 86
Name  Basanite Picrobasalt Basanite Picrobasalt Picrobasalt Picrobasalt Basalt Basalt Basanite Trachybasalt
SiO, 449 44.2 45.5 43.4 443 43.9 45.2 45.0 43.7 46.8
AlL,O3 17.2 11.3 15.1 9.42 12.6 11.1 13.9 15.1 14.3 15.6
FeO tot 10.5 11.7 12.5 11.1 11.4 11.6 11.3 12.0 11.8 11.8
Fe,O5 1.75 1.96 2.09 1.85 1.90 1.93 1.88 2.00 1.97 1.96
FeO ° 8.93 9.97 10.7 9.45 9.71 9.82 9.61 10.2 10.0 10.0
MnO 0.160 0.170 0.190 0.170 0.170 0.180 0.170  0.180  0.190 0.190
MgO 4.43 13.5 6.64 15.9 11.0 14.3 9.09 6.57 7.81 5.61
CaO 9.81 10.78 9.37 12.7 12.55 10.78 1093  9.88 10.19 9.2

Na,O 3.49 1.73 3.89 1.16 2.08 1.68 2.26 2.94 2.21 3.76
K,0 1.31 0.72 1.25 0.44 0.74 0.67 0.85 1.12 1.03 1.36
TiO, 3.16 2.29 3.22 1.92 2.6 2.27 2.6 3.28 3.05 2.82
P,05 0.760 0.380 0.690 0.220 0.380 0.340 0.440 0.570  0.550 0.690
LOI 2.62 2.00 0.13 2.88 0.72 1.84 2.10 1.83 3.38 0.70
Mgt © 47 71 53 75 67 72 63 53 58 50

Rb 24.9 11.7 24.1 9.81 15.6 13.9 17.4 22.3 18.8 28.1
Sr 892 427 742 327 468 397 526 619 587 684
Y 31.8 21.8 31.6 18.4 253 22.1 26.4 30.7 29.4 31.6
Zr 292 183 297 130 197 180 219 267 261 314
Nb 65.6 383 66.3 24.9 39.6 37.0 44.5 56.9 57.9 69.5
Cs 0.340 0.275 0.386 0.212 0.142 0.090 0.146 0.168  0.123 0.203
Ba 363 206 359 130 208 183 237 326 313 375

La 46.8 27.2 44.4 17.7 27.4 24.6 30.1 40.8 40.1 47.1
Ce 101 58.2 97.7 39.9 61.8 55.2 66.3 87.0 85.5 100
Pr 11.9 7.06 11.7 4.96 7.55 6.70 8.01 10.3 10.1 11.6
Nd 47.5 29.0 47.6 21.0 31.6 28.0 335 41.9 40.8 46.2
Sm 9.12 5.98 9.28 4.55 6.67 5.84 6.92 8.41 8.13 8.83
Eu 2.93 1.91 2.94 1.46 2.17 1.95 226 275 2.54 2.82
Gd 8.13 5.59 8.34 438 6.30 5.61 6.49 7.91 7.26 7.93
Tb 1.10 0.780 1.12 0.610 0.873 0.780 0.900 1.08 1.00 1.08
Dy 5.82 421 6.02 3.35 4.82 4.34 498 591 5.36 5.84
Ho 1.10 0.808 1.15 0.660 0.926 0.838 0963 1.16 1.04 1.14
Er 2.75 2.00 2.81 1.63 2.31 2.09 244 282 2.59 2.39
Tm 0.361 0.258 0.366 0.218 0.302 0.267 0.320 0.361 0.337 0.388
Yb 2.26 1.60 2.29 1.38 1.91 1.70 206  2.28 2.17 2.46
Lu 0.298 0.207 0.294 0.178 0.247 0.220 0.266 0.300  0.286 0.320
Hf 6.15 4.15 6.39 3.15 4.60 4.11 491 5.80 5.64 6.57
Ta 3.93 2.28 3.94 1.49 2.43 2.30 2.75 3.48 3.49 423
W 0.9 0.5 0.6 0.1 0.4 0.2 0.3 0.7 0.4 0.6

Pb 2.76 1.66 2.90 0.99 1.52 1.38 1.84 248 2.51 3.26
Th 4.81 2.96 4.56 1.82 2.82 2.49 3.21 425 4.36 5.15
u 1.61 0.77 1.33 0.52 0.82 0.75 0.94 1.19 1.18 1.45
Sc ¢ 18 38 25 46 45 38 34 25 29 27

A% 160 241 199 205 246 208 210 229 231 208

Cr 36 735 166 878 514 795 336 146 224 157

Co 27 72 42 60 52 57 42 38 42 41

Ni 26 316 97 369 221 289 150 76 97 80

#Major element data are in % wt. Trace element data are in pg/g. The letter in the sample name indicates the island from which the sample was

obtained: H, St. Helena; G and B, Gough; T, Tristan da Cunha.

5 Assuming Fe*'/Fe®" = 0.85.

Mgt = Mg> /(Mg* +Fe? ™)) x 100.

Concentrations of Sc, V, Cr, Co, and Ni determined using **Ca as internal standard for LA-ICPMS.
For the purpose of this paper, the official registration numbers of the Tristan samples supplied by the Natural History Museum, London have
been simplified so that the samples with the original registration number BM 1962, 128 (1) at the Natural history Museum is simply referred to as T
1 in this study.
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Figure 2. Averages and variations (10) of (a) Nb/Rb
and (b) Nb/U ratios for individual ocean islands.
Although the absolute Nb/Rb ratios are different from
island to island, the variation within each suite is
generally less than 20% (except for older series samples
from Rurutu and Marquesas-Ua Pou), documenting the
freshness of all samples. The average of the Nb/U ratio
of all islands is close to the “canonical” value of 47 for
oceanic basalts [Hofimann et al., 1986]. Note that due to
the logarithmic distribution of very incompatible
element concentrations in terrestrial rocks [Ahrens,
1954] all averages and standard deviations have been
calculated from logarithmic values in order to obtain a
normal distribution of the data sets and were converted
back to a linear scale.

cient D = 0), (2) their bulk partition coefficient is
much smaller than the melt fraction (D < F), or (3)
both elements are similarly incompatible. For most
of the elements and element ratios used in the
following to compare mantle sources, either D —
0 or D < F, or both, appear to be reasonable
assumptions.

[8] Sims and DePaolo [1997] have shown that the
relative compatibility difference between two ele-
ments is best evaluated by using plots of log (A)
versus log (B), with A and B being the concen-

trations of two different trace elements (Figure 4).
In this space, only element pairs with identical
incompatibility form linear trends with a slope of
unity [Sims and DePaolo, 1997]. Differences in D
values of the two elements A and B result in a
nonlinear array (for a comprehensive treatment of
this topic, see Sims and DePaolo [1997]). However,
the associated statistical and analytical errors are
often too large to resolve the small deviations from
linearity between the most incompatible elements
(Rb, Ba, Th, U, Nb, Ta, K, La). As a consequence,
using a linear fit might provide a reasonable first
approximation of the relative compatibility contrast
between two elements [Hofmann, 2004]. Figure 4
shows examples for some of the element ratios for
which similar incompatibility can be asserted with
a reasonable degree of confidence, inferred from
both a nonlinear regression similar to Sims and
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Figure 3. Averages and variations (10) of CI chondrite
normalized (a) La/Sm ratios and (b) Sm/Yb ratios for
individual islands. All suites have comparable and high
La/Smy (2.99 + 0.3) and Sm/Yby ratios (4.79 + 0.56),
indicating that all OIB have been produced by similar
degrees of partial melting in the garnet-stability field.
Normalizing values are from Anders and Grevesse
[1989].
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Figure 4. Concentrations of (a) Nb versus U, La, and Th, (b) La versus Th, (c) Ba versus Rb, and (d) Sr versus Nd.
In these logarithmic plots, element pairs of similar incompatibility form linear trends with a slope close to unity. See
text for further explanation and Sims and DePaolo [1997] for comprehensive discussion of the mathematical

background.

DePaolo [1997] and the linear regression presented
in Figure 4.

4. Trace Element Characteristics of
OIB and Their Sources

4.1. Characteristics Common to All OIB

[s] All OIB investigated in this study have sub-
parallel rare earth element (REE) patterns showing
enrichment in light REE (LREE) relative to aver-
age CI chondrite and primitive upper mantle
(PUM) (Figure 5). All samples are depleted in
heavy REE (HREE) relative to middle REE and
LREE concentrations suggesting that melting oc-
curred mainly in the garnet stability field (see also
Figure 3). The ratios between the alkali and alka-
line earth elements (e.g., Rb/K, Ba/K) and the La/
Th and Sr/Nd ratios are similar in all OIB, with the
exception of some samples from Marquesas-Ua
Pou (see Figure 6; (Rb/K) x 10000 = 27.4 £+ 6.5,
(Ba/K) x 10000 =365 £96, La/Th=8.6 + 1.4 and
St/Nd = 0.067 £ 0.015). Similar (Ba, Rb)/K ratios
might be due to buffering of Rb, Ba, and K by

residual hydrous phases such as phlogopite or
amphibole during partial melting [e.g., Hart,
1988; Sun and McDonough, 1989]. Amphibole,
however, is not stable in the source regions of OIB
(garnet-stability field >2—2.5 GPa), and the pres-
ence of phlogopite would raise the bulk Dgp, a, k
to values that are no longer considerably smaller
than the degree of partial melting (see above). This
would lead to considerable variability in the ratios
of alkali and alkaline earth elements and other
incompatible elements (e.g., Nb). The small spread
in Rb/Nb ratios (Figure 2a) therefore indicates that
phlogopite is not generally present in the source
regions of OIB.

[10] The relatively uniform Sr/Nd ratios (Figure 6d)
are expected from the linear mixing trends in Sr-Nd
isotope space [see, e.g., Hart, 1988], the apparent
similar compatibility of Sr and Nd during OIB
melting (Figure 4), and the often minor role of
plagioclase fractionation during fractional crystalli-
zation of alkaline basalts (at least for samples con-
taining more than 5% MgO [Sack et al., 1987]), and
show that the OIB suites investigated here likely
originate from sources with similar St/Nd ratios.

6 of 30



2| Geochemistr 2
* Geophysics ok
. | Geosystems | Jr

WILLBOLD AND STRACKE: MANTLE END-MEMBERS

10.1029/2005GC001005

100 |

a) St. Helena

< 100

c) Rurutu (old)

100 |

PUM normalized concentrations

- 100

e) Tubuaii

100 s

< 100

]
Cs Ba U Ta La Pr Nd Zr Sm Ti

Tb Ho Er LuCs Ba U Ta La Pr Nd Zr Sm Ti

1
Tb Ho Er Lu

Figure 5. Primitive upper mantle (PUM) [McDonough and Sun, 1995] normalized trace element patterns of
investigated sample suites. Note that enrichment of Nb and Ta and depletion of Pb are common features of all suites.
(a to e) HIMU basalts are strongly depleted in very incompatible elements, whereas (f to r) EM basalts are less
depleted but more heterogeneous with respect to the very incompatible element abundance. Gray symbols in Figures
S5a and 5g refer to data from the literature (see auxiliary material).

[11] The relatively uniform La/Th ratios (Figure 6¢)
show that although ratios of very incompatible
elements (Cs, Rb, Ba, Th, U, Nb, Ta, K) and LREE
ratios in general can be highly variable, La and Th
represent a common anchor for LREE-very incom-
patible element depletion/enrichment patterns in
OIB sources.

4.2. HIMU Basalts

[12] Our new data compilation shows that HIMU
basalts from different localities have remarkably
similar trace element compositions (Figures 5a to
5e). All HIMU basalts are enriched in Nb and Ta

relative to Ba and Rb (Figure 7a) and are overall
depleted in Pb, Rb and Ba relative to EM basalts
(Figures 8a and 8b). HIMU basalts also have the
lowest Rb/Sr ratios of all OIB (Figure 8c). Al-
though Rb and Sr are likely to be fractionated
during partial melting, the Rb/Sr ratios in HIMU
basalts are remarkably similar over a wide range of
Sr concentrations. In combination with their rela-
tively constant ®’Sr/*°Sr ratios (Figure 1) this
implies that all HIMU sources have similarly low
Rb/Sr ratios.

[13] The decrease in normalized concentrations
from Nb to Cs is a unique feature of HIMU basalts
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Figure 5.

that distinguishes them from all EM basalts
(Figures 5f to 5r). Figure 9 shows the calculated
trace element abundances in the source of St. Helena
basalts. Calculations are done using accumulated
nonmodal fractional melting [Shaw, 1970] of a
garnet-peridotite source with four different sets of
partition coefficients and modal compositions
[Kelemen et al., 2003; Stracke et al., 2003a; Salters
and Stracke, 2004; Workman et al., 2004], and a
range of different degrees of partial melting (0.5—
5%). Despite the remaining uncertainties in the
input parameters and the fact that such simple
models are likely to be an oversimplification of
the actual melting process, some general inferences
about the composition of the HIMU sources are
possible: The HIMU source is characterized by (Rb,
Ba, Th, U)/REE and Rb/Sr ratios lower than, and by

Tb Ho Er Lu Cs Ba U Ta La Pr Nd Zr Sm Ti

Tb Ho Er Lu

(continued)

(U, Th)/Pb, Sm/Nd, and (Nb, Ta)/La ratios higher
than those in Bulk Earth. These conclusions
are consistent with the low Ba/La, Rb/La, Rb/Sr
(Figures 8 and 10), and high U/Pb ratios (Figure 11)
and the Sr-Nd-Pb isotope systematics in HIMU
basalts (®3’Sr/*°Sr lower than and '**Nd/'**Nd
higher than Bulk Earth, and the most radiogenic
Pb isotope ratios in all OIB; Figure 1).

4.3. EM Basalts

[14] EM basalts are characterized by highly vari-
able trace element ratios, both within and between
samples from individual localities. Probably the
most conspicuous general feature that distinguishes
all EM basalts from HIMU basalts is the consis-
tently high Th/U ratios in EM compared to HIMU
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Figure 5.  (continued)

basalts (Figure 11f). Sao Miguel, however, is
exceptional, since the Sao Miguel basalts are the
only EM basalts with low Th/U ratios similar to
those in HIMU basalts. As shown earlier, the La/Th
and La/Sm ratios are relatively constant in all OIB
investigated here (Figures 3 and 6). This suggests
that trace element ratios with La as the reference
element are well suited to show the relative enrich-
ments and depletions of incompatible trace ele-
ments in different OIB suites (Figures 10 and 11).

[15] (Rb, Ba, K)/La ratios are higher in EM than in
HIMU basalts (Figure 10). The fact that both Rb/Nb
and Rb/La (Figures 7 and 8) and *’St/*Sr ratios are
consistently higher in EM basalts compared to
HIMU basalts suggests that Rb is enriched in
EM compared to HIMU basalts and their sources.

Similar arguments for enrichment of Baand K in EM
basalts can be made but some EM basalts also have,
on average, lower Ba/La and K/La ratios than HIMU
basalts (Samoa-Malumalu, Marqueses-Tahuata and
Ua Pou). The lower Nb/La (Figure 10e) and Nb/Th
ratios (not shown) in EM relative to HIMU basalts
further indicate that EM basalts are less enriched in
Nb (Ta) than HIMU basalts. The Savaii postero-
sional samples with their high Nb/La and Nb/Th
ratios, which are due to low Th and REE concen-
trations (Figure 7) are an exception [see also
Workman et al., 2004, Figures 11 and 12]. Similar
observations are made on the basis of the calcu-
lated source concentrations of four different EM-
type localities (Gough, Pitcairn, Samoa-Malumalu,
and Society-Tahaa; Figure 12; for details of the
calculations, see Figure 9). In summary, therefore,
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Figure 6. Data of ocean island basalts in (a) Rb/K versus Rb, (b) Ba/K versus Ba, (¢) La/Th versus La, and (d) Nd/
Sr versus Nd space. Rb/K, Ba/K, La/Th, and Nd/Sr ratios are rather uniform and do not vary with absolute
concentrations (except some samples from Marquesas-Ua Pou).

EM basalts and their corresponding sources are
enriched in Rb, Ba, and K and depleted in Nb and
Ta, and have higher Th/U ratios compared to
HIMU basalts. The relative abundances of very
incompatible elements for different EM sources,
however, do not follow a coherent pattern (see
discussion below). Note that the calculated source
concentrations of both HIMU and EM basalts are
elevated compared to Bulk Earth (Figures 9 and
12), but that the LREE and very incompatible
element concentrations (Cs to La) are generally
depleted relative to the HREE concentrations.

[16] The variations in Th/La, Rb/La, Ba/La, Th/U,
Nb/Th, K/La, and Ba/Nb ratios in basalts from four
of the isotopically most extreme EM-1 and EM-2
localities (Pitcairn and Gough for EM-1, and
Samoa-Malumalu and Society-Tahaa for EM-2;

Figure 13) show no systematic enrichment or
depletion of individual incompatible elements or
ratios thereof that clearly distinguish EM-1 and
EM-2 sources. Especially Ba/Nb ratios have often
been used to discriminate between EM-1 and EM-2
basalts. Weaver [1991] has argued that high Ba
abundances (high Ba/Nb, Ba/Th, Ba/La ratios) are
typical for EM-1 and that high Th/Nb and Th/La
ratios are typical for EM-2 basalts. With the more
comprehensive data set used here, systematic dif-
ferences between the Th/La, Th/Nb, and especially
the Ba/Nb ratios in EM-1 and EM-2 basalts cannot
be confirmed. Samples from Gough (EM-1) and
Society-Tahaa (EM-2) have the highest, and sam-
ples from Pitcairn (EM-1) and Samoa-Malumalu
(EM-2) have the lowest Ba/Nb ratios, respectively
(Figure 13). Thus Ba/Nb ratios covering the entire
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0.55:0.25:0.12:0.08, melting mode Ol:Opx:Cpx:Grt = 0.05:0.05:0.45:0.45; (b) Salters and Stracke [2004], source
mode = 0.53:0.08:0.34:0.05, melting mode = —0.05:0.49:—1.31:—0.13; (c) Kelemen et al. [1992, 2003], source
mode = 0.54:0.17:0.09:0.20, melting mode = 0.10:0.18:0.30:0.42; and (d) Workman et al. [2004], assuming same
partition coefficients and garnet-peridotite modal compositions as Kelemen et al. [2003] but weighted to 72% garnet
peridotite and 28% spinel peridotite (source mode Ol:Opx:Cpx:Sp = 0.46:0.28:0.18:0.08, melting mode
OL:Opx:Cpx:Sp = 0.45:0.55:0.67:0.22). Arrays of curves show different degrees of melting (F = 0.5 to 5% using
increments of 0.5%). The normalized concentrations of average St. Helena basalt have been divided by 10. Also
shown are the mobility coefficients in a fluid-rock system [Kogiso et al., 1997]. Note that the plotted coefficients are
converted to “retention” factors (=1-mobility coefficient) and reflect the fraction retained in the source. Although the
modal compositions and the absolute values for the bulk partition coefficients differ, the depletion in very
incompatible elements and light REE relative to heavy REE, the enrichment of Nb and Ta relative to U and La, and
the depletions in Pb relative to Nd are common to all modeled source compositions and are difficult to reconcile with
partial melting processes alone. Comparison with rock-fluid alteration factors suggests that the HIMU source must
have experienced fluid-rock interaction during its evolution.

spectrum are observed in both EM-1 and EM-2  suite of EM basalts and is ultimately related to a
basalts. Similar observations are made if this type  unique source composition.

of analysis is extended to other trace element

ratios. As a consequence, EM basalts cannot be 5§, Implications for the Origin of
grouped into EM-1 and EM-2 on the basis of their OIB Sources

trace element concentrations, nor can any other
grouping be identified.

5.1. Nature of the HIMU Source
[17] As a family, therefore, EM basalts have com- Th denleti fh .
mon trace element characteristics that distinguish .[18] ¢ apparent depletion of the very incompat-
them from HIMU, but each suite of EM basalts has 1b1§ elements (Cs to U) relative to the REE and t_he
its own unique very incompatible trace element enrichment of most other trace eclements with

ionature that is different from th £ th respect to Bulk Earth (Figure 9) in the inferred
sighature that 15 cifferent from those o any 0%t HiMU source suggests that HIMU basalts are most
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Figure 10. Averages and variations (10) of ratios of very incompatible elements and La for individual island suites.
Note that HIMU basalts (St. Helena, Mangaia, Rurutu (old/young), and Tubuaii, red symbols) are distinct with
respect to most ratios relative to EM basalts (except Th/La). Each EM basalt suite has a unique trace element
signature that is different than those of any other suite and thus does not allow unambiguous discrimination between
EM-1 (Gough, Tristan, Pitcairn, yellow symbols) and EM-2 basalts (all others, blue symbols).

likely produced by melting of very incompatible
element and LREE depleted precursors. Mid-ocean
ridge basalts (MORB) display a large composition-
al variety [Hofmann, 2004], but melting of the
depleted mantle is the only known process that
yields large volumes of incompatible element
enriched (with respect to Bulk Earth), but very
incompatible element and LREE depleted rocks
(i.e., MORB). Subducted oceanic lithosphere
(basaltic crust plus oceanic lithospheric mantle)
therefore appears to be a suitable candidate for
HIMU sources.

[19] Some of the observed trace element fractiona-
tions in HIMU basalts and their calculated sources,
however, are difficult to produce by partial melting
processes alone, i.e., the generation and remelting of
recycled oceanic lithosphere. The similar bulk par-
tition coefficient ratios of Nb, Ta and U (Figure 4)
and the small range of Nb/U ratios in oceanic basalts
(Figure 2) [Hofmann et al., 1986; Sims and
DePaolo, 1997; Hofmann, 2004] indicate that Nb
and Ta are hardly fractionated from neighboring
elements (e.g., U, La) during partial melting. Thus
the enrichment of Nb and Ta relative to neighboring
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Averages and variations (10) of parent/daughter ratios of the Sr, Pb, and Hf isotope decay systems as

well as Ce/Pb, Th/U, and Nd/Hf ratios for individual island suites. EM basalts have generally higher Th/U and Rb/Sr
and lower Lu/Hf, Nd/Hf, U/Pb, and Ce/Pb ratios compared to HIMU basalts.

elements in HIMU basalts suggests that processes
other than partial melting might be involved in the
genesis of HIMU sources.

[20] The composition of arc lavas and experimental
studies of fluid-rock interaction in subarc environ-
ments indicate that dehydration of subducted
MORB leads to net loss of Cs, Rb, Ba, K, the LREE,
Pb and Sr but relative enrichment of Nb (Ta) due to
removal of fluid-mobile elements and/or retention
of Nb and Ta in residual rutile [McCulloch and
Gamble, 1991; Brenan et al., 1994, 1995; Keppler,
1996; Kogiso et al., 1997; Ayers, 1998; Stalder et
al., 1998; Foley et al., 2000; Klemme et al., 2002,

2005]. The extent of mobilization by subduction-
zone fluids increases smoothly from U toward Rb. It
is significantly higher for Pb and Sr compared to Nd
and is significantly lower for Nb and Ta compared to
U and La (Figure 9) [Tatsumi et al., 1986; Kogiso et
al., 1997; Tatsumi and Kogiso, 1997]. Thus, while
the absolute abundances of the fluid-mobile ele-
ments are changed, fluid-rock interaction preserves
the smoothly decreasing incompatible element pat-
tern (U to Cs) of subducted oceanic crust, albeit with
slightly different slope.

[21] The inferred characteristics of the HIMU
source, i.e., the general enrichment of incompatible
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Figure 12. Calculated PUM-normalized trace element patterns of average sources of (a) Gough, (b) Tristan,
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Figure 9. The normalized concentrations of average basalts have been divided by 10. The EM sources show irregular
patterns of very incompatible elements and negative spikes for Pb. Similar to the HIMU source (Figure 9), they are
depleted in very incompatible elements and light REE relative to heavy REE. Comparison with rock-fluid retention
factors suggests that the EM source must have experienced fluid-rock interaction during its evolution. The enriched
very incompatible element patterns of the EM sources compared to the HIMU sources require the presence of an

additional enriched component.

trace elements in the HIMU source over PUM, the
depletion of very incompatible trace elements and
LREE relative to the HREE, the enrichment of Nb-
Ta relative to U and La, and the depletion of Pb
relative to Nd, provide a strong case that HIMU
sources were formed by melting of very incompat-
ible element and LREE depleted sources that were
subsequently modified by fluid-rock alteration pro-
cesses in the subarc environment. In other words,
the trace element systematics support the notion
that HIMU sources represent recycled ancient sub-
duction-modified oceanic lithosphere [Hofmann
and White, 1982; Vidal et al., 1984; White, 1985;
Palacz and Saunders, 1986; Zindler and Hart,
1986; Halliday et al., 1988; Hart, 1988; Nakamura
and Tatsumoto, 1988; Weaver, 1991; Chauvel et al.,
1992, 1997; Hauri and Hart, 1993; Reisberg et al.,
1993; Roy-Barman and Allegre, 1995; Hauri et
al., 1996; Niu and Batiza, 1997; Lassiter and
Hauri, 1998; Salters and White, 1998; Niu et al.,
1999; Stracke et al., 2003a, 2005; Hofmann, 1997,
2004]. In addition, the expected high U/Pb and Th/
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Figure 13. Comparison of trace element ratios of EM-
1 basalts (Pitcairn, Gough) and EM-2 basalts (Samoa-
Malumalu, Society-Tahaa) normalized to the mean
value of all investigated OIB (compare Figures 10 and
11). Also shown are the variations of respective ratios
within each suite (10). The overlap in variations of the
trace element ratios shows that it is difficult to
distinguish EM-1 or EM-2 basalts on the basis of their
trace element composition. The same observation is
made using different trace element ratios.
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suggest that variations in ®’Sr/*°Sr and 2

°Pb/2**Pb between different OIB are primarily the result of systematic

variations of *’"Rb/*®Sr and Z**U/***Pb ratios of different sources and are to a lesser degree caused by different source

ages. Symbols same as in Figure 6.

Pb ratios in the subduction-modified oceanic litho-
sphere are in good agreement with the radiogenic
Pb isotope signatures in HIMU basalts [Hart and
Staudigel, 1989; Chauvel et al., 1992; Rehkdmper
and Hofmann, 1997; Stracke et al., 2003a; Kelley et
al., 2005].

[22] The uniform trace element composition of all
HIMU basalts and their corresponding sources in
combination with their comparatively small range
in isotopic composition further suggests that the
HIMU sources must have evolved with remarkably
uniform composition for similar time periods,
irrespective of their inferred genetic origin [see
also Stracke et al., 2003a, 2005]. Consequently, it
appears most likely that the HIMU sources were
formed under similar conditions at roughly the
same time; i.e., the HIMU source is likely to
represent a real mantle reservoir. The term reser-
voir is used here for a certain part of the mantle that
is compositionally homogeneous and originated
from a single process at a given time.

5.2. Nature of the EM Sources and the

Trace Element—Isotope Conundrum

[23] In general, the similarities between EM and
HIMU (similar La/Sm, St/Nd, La/Th, (Rb, Ba)/K
and Nd/Hf ratios in all OIB investigated here, the
depletion of Pb relative to Ce and Nd, and the
LREE depleted pattern of the inferred sources;
Figures 3, 5, 6, 7, 11, and 12) suggest that a
precursor similar to that of the HIMU source, i.e.,
subduction-modified oceanic lithosphere, is also
involved in the genesis of EM sources. However,

Th/U ratios are consistently higher (Figure 11f), Nb
and Ta are less enriched (Figure 10e), and the very
incompatible elements are more enriched and
more variable in EM compared to HIMU sources
(Figure 5). Moreover, the Ce/Pb and U/Pb and the
206pp/294pp ratios are generally lower in EM com-
pared to HIMU basalts (Figures 1, 11d, 11e, and
14) [see also Sun and McDonough, 1989]. Owing
to the positive correlation between Ce/Pb and U/Pb
ratios (Figure 8a), this feature is probably related
to, on average, higher Pb abundances in the EM
sources relative to the HIMU sources. As noted by
Hofmann [2004] and Stracke et al. [2003b], sys-
tematic variations in Ce/Pb (Nd/Pb) ratios in OIB
and MORB are therefore resolvable, although the
average Ce/Pb ratio of our entire data set is still
approximately consistent with the “canonical”
value of Ce/Pb = 25 [Hofmann et al., 1986;
Newsom et al., 1986]. EM basalts have consistently
higher Rb/Sr ratios and lower Lu/Hf but similar Nd/
Hf ratios compared to HIMU basalts (Figure 11).
Fractionation during partial melting and/or crystal-
lization could be responsible for some of the scatter
of the parent/daughter ratios Rb/Sr, Lu/Hf, and also
U/Pb. However, the overall positive trends in
Z38U/2%Ph versus 2°°Pb/2**Pb and *’Rb/*®Sr versus
87Sr/*Sr space (Figure 14) are in good agreement
with the isotope systematics, indicating that the EM
sources developed with lower time-integrated
>38U/%Pb and higher time-integrated ®’Rb/*°Sr
ratios than the HIMU sources.

[24] Given the overall similar La/Sm ratios in all
investigated OIB suites and the general trend of
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increasing parent-daughter ratios with increasing
corresponding isotope ratio (Figure 14), the sys-
tematic differences in Th/U, U/Pb, and Rb/Sr ratios
between the EM and the HIMU sources are too
large to be explained by partial melting processes
alone. The complex enrichment and depletion
patterns of the very incompatible elements in EM
basalts (especially for Ba and U) are source-depen-
dent (Figure 5), and are contrasted by the regular
variation of the bulk partition coefficient values
and the mobility factors for the elements between
U and Rb (Figure 12). Coupled to the limited
compositional variability of the oceanic crust, these
observations suggest that more complex pro-
cesses, possibly involving an additional (variably
enriched) source component, must be responsible
for the irregular variation of the highly incompat-
ible trace elements and their ratios in EM sources
(see discussion above).

[25] On the other hand, the distinct isotope trends
of EM-1 and EM-2 basalts indicate that at least two
general patterns exist with respect to the long-term
evolution of parent/daughter ratios (e.g., Rb/Sr,
Sm/Nd, U/Pb, Th/Pb) in the EM sources. Despite
these similarities in parent/daughter ratios, other
incompatible trace element ratios in the EM sources
from one isotopic family (EM-1 or EM-2, respec-
tively) are variable, and compositional differences
between individual EM-1 and EM-2 are observed,
which are ultimately related to different source
compositions. Compare, for example, the variation
in Rb/La, Ba/La (Figures 10b and 10c), and U/Th
ratios (Figure 11f) in samples from the EM-1
islands Gough, Tristan and Pitcairn. The very
incompatible trace element systematics therefore
suggest that there are many, not only two, EM
sources [see also Sun and McDonough, 1989],
whereas the isotopic relationships could be
explained by a minimum of two enriched mantle
components (EM-1 and EM-2). Identification of
processes leading to sources that evolve, with time,
along two distinct isotope paths but retain different
incompatible element contents could resolve this
apparent conundrum.

[26] The chemical heterogeneity in the Earth’s
mantle, as witnessed by the chemical and isotopic
composition of OIB, must be directly related to
interaction between two or several of the Earth’s
major lithophile element reservoirs (oceanic and
continental crust and lithosphere, Earth’s mantle).
In the discussion above, we have advocated recy-
cling of ancient subduction-modified oceanic lith-
osphere as the principal mechanism for generating
the HIMU reservoir. There is ample evidence for

alteration and subduction of oceanic lithosphere, so
that this is a geochemically, geologically, and
physically plausible scenario. In the following,
we will discuss potential scenarios for the origin
of EM sources.

5.2.1. Sediment Recycling

[27] On the basis of their isotopic composition, the
presence of recycled sediments and oceanic crust in
EM sources was invoked more than 20 years ago
[Hawkesworth et al., 1979; Cohen and O’Nions,
1982; White and Hofmann, 1982; White, 1985;
Zindler and Hart, 1986; Wright and White,
1987]. Subsequently, Weaver [1991] proposed, on
the basis of the trace element systematics in OIB,
that recycling oceanic crust plus ancient (1-2 Ga)
“pelagic” sediments generates EM-1 sources,
whereas recycling oceanic crust plus ancient “ter-
rigenous’ sediments generates EM-2 sources. This
scenario has evolved into somewhat of a paradigm
for explaining the geochemical and isotope sys-
tematics in OIB [Hart, 1988; Woodhead and
McCulloch, 1989; Barling and Goldstein, 1990;
Le Roex et al., 1990; Chauvel et al., 1992; Hauri
and Hart, 1993; Weis et al., 1993; Woodhead and
Devey, 1993; Hemond et al., 1994; Roy-Barman
and Allégre, 1995; Hauri et al., 1996; White and
Duncan, 1996; Hofmann, 1997, 2004; Rehkdimper
and Hofmann, 1997; Blichert-Toft et al., 1999;
Eisele et al., 2002]. More recently, Plank and
Langmuir [1998] have shown that the large range
in chemical composition in modern marine sedi-
ments is mainly governed by the variable propor-
tions of their different lithological constituents
(clastic, biogenic, hydrothermal), and is not related
in any systematic way to their depositional envi-
ronment or provenance (‘“‘pelagic” and “terrige-
nous’). Thus different types of marine sediments
have overlapping chemical compositions [Plank
and Langmuir, 1998]. Overall, marine sediments
are characterized by a unimodal distribution of
their parent-daughter ratios (Figure 15) [see also
Stracke et al., 2003a] with average values similar
to those of the average upper continental crust
[Taylor and McLennan, 1985; Plank and Lang-
muir, 1998]. Note that, due to the possible lack of
biogenic sediments, Archean or early Proterozoic
sediments are likely to be dominated by clastic
constituents and are thus expected to be composi-
tionally even closer to the upper continental crust
than present-day sediments.

[28] Subducted sediments contain large amounts of
water. Dehydration and partial melting during
subduction therefore causes large parts of the
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Figure 15. Histograms showing the distribution of parent/daughter ratios of isotope decay systems in presently
subducted sediments (data from Plank and Langmuir [1998]). Also shown are distributions of the parent/daughter
ratios in xenoliths from the lower continental crust (data from compilation of Rudnick and Gao [2004]). Due to the
large compositional range of the continental crust, some ratios have been plotted in logarithmic scale. Both sets
display unimodal patters, though with significantly different maxima for Rb/Sr, U/Pb, Th/Pb, and (Th/Pb)/(U/Pb)

ratios, with the exception of Sm/Nd and Lu/Hf ratios.

original sediment signature to be lost, which is
obvious from the chemical composition of island
arc volcanics, in particular the '’Be abundances
and the Th/Rb and Th/La ratios [ White and Dupré,
1986; Morris et al., 1990; Stern and Kilian, 1996;
Elliot et al., 1997; Hoogewerf et al., 1997; Tatsumi,
2000; Plank, 2005] and from recent experimental
data [e.g., Nichols et al., 1994; Stalder et al., 1998;
Johnson and Plank, 1999]. Thus there is ample
evidence that sediments are recycled back into the
mantle. However, the extent to which the original

sediment cover survives subarc processing and
makes its way into the deeper mantle remains
unresolved. The significance of subducted sedi-
ments (in composition and mass) for controlling
the final chemical composition of the subducted
lithosphere is therefore difficult to assess. Never-
theless, recycling of oceanic lithosphere plus
overlying sediments appears to be a plausible
mechanism for explaining some of the signatures
in individual EM sources [Hawkesworth et al.,
1979; Cohen and O’Nions, 1982; Chauvel et al.,
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Figure 16. Comparison of very incompatible trace
element ratios in the upper and lower continental crust.
Averages and variations (10) have been calculated using
the same data sets as in Figure 15. Note the broad
overlap between all these very incompatible trace
element ratios in the upper and lower continental crust.

1992; Weis et al., 1993; Woodhead and Devey,
1993; Hemond et al., 1994; White and Duncan,
1996; Eisele et al., 2002]. Owing to the unimodal
distribution of the parent/daughter ratios in marine
sediments (Figure 15), however, recycling of sed-
iment cannot account for the two different isotope
evolution paths observed in EM sources (EM-1 and
EM-2), and so does not provide a suitable expla-
nation for the trace element—isotope conundrum.

5.2.2. Recycling Lower Continental Crust

[20] In ¥7St/*°Sr - 2%°Pb/***Pb space (Figure la),
EM-1 and EM-2 sources display distinct, well-
defined trends: EM-1 basalts have negative slopes;
EM-2 basalts have near vertical or positive slopes.
The Rb/Sr ratios in EM-1 sources are therefore
negatively coupled to U/Pb ratios, whereas Rb/Sr
ratios in EM-2 sources are coupled to relatively
constant U/Pb ratios. As a consequence, the time-
integrated parent/daughter ratios in EM-1 and EM-2
sources behave in a coherent fashion, despite their
variability in other highly incompatible trace ele-
ment ratios. This behavior is most easily explained
in case the processes that lead to this coherent
fractionation of the parent/daughter ratios allow for
different fractionation and/or preservation of differ-
ent initial very incompatible trace element ratios.

[30] Intracrustal differentiation has led to the for-
mation of two chemically heterogeneous, but dis-
tinct, crustal reservoirs: the lower and the upper
continental crust [e.g., Taylor and McLennan,
1985; Rudnick and Fountain, 1995; Rudnick and
Gao, 2004]. These differentiation processes,

caused by a variety of magmatic and nonmagmatic
processes, have led to variable but systematic differ-
ences in the trace element abundances of the upper
and lower continental crust [Rudnick and Gao,
2004]. However, ratios of very incompatible ele-
ments or elements with similar geochemical behav-
ior should be less affected than ratios between
elements with higher compatibility contrasts or
different geochemical behavior (see discussion
above). Figure 15 shows the variation in parent/
daughter ratios for xenoliths from the lower conti-
nental crust (data compilation from Rudnick and
Gao [2004]) and subducted sediments (data from
Plank and Langmuir [1998]), which serve as prox-
ies for the average composition of the upper conti-
nental crust. There are significant differences in the
distribution patterns and maxima for parent/daugh-
ter ratios in the upper and lower continental crust
resulting in an overall bimodal distribution pattern
(Figure 15). These differences cause the upper and
lower continental crust to develop, over time, along
two different isotope evolution paths. Owing to its
lower Rb/Sr and (Th, U)/Pb ratios and higher Th/U
ratios, the lower crust develogs consistently lower
87Sr/%Sr, 2°°Pb/2**Pb, and 2°*Pb/***Pb and higher
208pp*/20°Ph* ratios than the upper continental
crust. This is in good agreement with the systematic
isotopic differences between EM-1 and EM-2
basalts (EM-1 have lower 87Sr/86Sr, 206py,204py,.
and 2%*Pb/***Pb and higher 2**Pb*/2?°Pb* isotope
ratios than EM-2 basalts; Figure 1). Very incompat-
ible trace element ratios in both the upper and lower
continental crust, on the other hand, are variable but
overlap considerably (Figure 16). Thus, although
there are systematic differences in the parent/daugh-
ter ratios of the upper and lower continental crust,
the two crustal reservoirs are not clearly distinguish-
able on the basis of their very incompatible trace
element ratios.

[31] These characteristics of the upper and lower
continental crust may thus provide a possible
solution to the trace element—isotope conundrum
in EM sources. Mixing small amounts of predom-
inantly lower and upper continental crust (or an-
cient subducted sediment), respectively, to altered
oceanic lithosphere is expected to result in two
different isotope evolution paths (EM-1 and EM-2;
see also discussion by Zindler and Hart [1986]),
while preserving similar, but variable very incom-
patible trace element signatures.

5.2.3. Mixing Relationships

[32] The trace element composition of EM-1 and
EM-2 basalts, especially the relative enrichment in
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