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[1] The global mid-ocean ridge system is peppered with localities where mantle plumes impinge on oceanic
spreading centers. Here, we present new, high resolution and high precision data for 40 trace elements in
573 samples of variably plume-influenced mid-ocean ridge basalts from the Mid-Atlantic ridge, the Easter
Microplate and Salas y Gomez seamounts, the Galápagos spreading center, and the Gulf of Aden, in addition
to previously unpublished major element and isotopic data for these regions. Included in the data set are the
unconventional trace elements Mo, Cd, Sn, Sb, W, and Tl, which are not commonly reported by most
geochemical studies. We show variations in the ratios Mo/Ce, Cd/Dy, Sn/Sm, Sb/Ce, W/U, and Rb/Tl, which
are expected not to fractionate significantly during melting or crystallization, as a function of proximity to
plume-related features on these ridges. The Cd/Dy and Sn/Sm ratios show little variation with plume proxim-
ity, although higher Cd/Dy may signal increases in the role of garnet in the mantle source beneath some
plumes. Globally, the Rb/Tl ratio closely approximates the La/SmN ratio, and thus provides a sensitive tracer
of enriched mantle domains. The W/U ratio is not elevated at plume centers, but we find significant enrich-
ments in W/U, and to a lesser extent the Mo/Ce and Sb/Ce ratios, at mid-ocean ridges proximal to plumes.
Such enrichments may provide evidence of far-field entrainment of lower mantle material that has interacted
with the core by deeply-rooted, upwelling mantle plumes.
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1. Introduction

1.1. Hotspot-influenced Spreading Ridges

[2] Throughout the global mid-ocean ridge system,
there are numerous localities where oceanic hot-
spots impinge upon, or otherwise influence, oceanic
spreading centers. The consequences of these

interactions range from elevated mantle tempera-
tures beneath ridges, leading to increased melt
production, shallower bathymetry, and thicker oce-
anic crust [e.g., Klein and Langmuir, 1987; Sinton
et al., 2003], to unique geochemical signatures in
ridge lavas, reflective of compositional variations
in the mantle source [e.g., Hanan et al., 1986;
Schilling, 1973; Schilling et al., 1976].
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[3] Here, we present new high-resolution data for
40 trace elements in 573 basalts, in concert with
isotope dilution analyses of parent and daughter ele-
ments for the Sr, Nd, Hf and Pb isotope systematics
of these samples, and with previously-unpublished
major element and isotopic data for these and other
samples, from hotspot-influenced regions on four
global mid-ocean ridges: The Galápagos spreading
center near the Galápagos hotspot, the Easter
microplate and Salas y Gomez seamount chain on
the East Pacific rise, the Gulf of Aden and Asal rift
approaching the Afar hotspot in Eastern Africa,
and the full length of the Mid-Atlantic ridge,
including regions influenced by the Iceland and
Jan Mayen plumes (Reykjanes and Arctic), the
Azores, the Sierra Leone plume (Equatorial), the
Ascension (or Circe), St. Helena, Tristan de Cunha,
Discovery and Shona anomalies, and the Bouvet
triple junction. Collectively, these samples have been
the subject of ~100 published papers, and although
most are well-characterized for radiogenic isotope
composition, few studies have reported modern,
comprehensive ICP-MS data for the 40 elements
we report here. The new trace element data reported
here include the “unconventional” elements Mo,
Cd, Sn, Sb, W and Tl, which are not routinely
reported by most laboratories. The data presented
here thus provide one of the first comprehensive
assessments of the abundances and behaviors of
these elements in mid-ocean ridge basalts, and how
they may vary in hotspot mantle sources.

1.2. The MGSL Sample Repository

[4] The dredge and split samples that we report and
discuss here, in addition to previously studied sam-
ples from these ridges (n> 1300), are permanently
archived at the Marine Geological Samples Labora-
tory (MGSL) at the Graduate School of Oceanogra-
phy, University of Rhode Island (GSO/URI). They
represent one of the most extensive, systematic
collections of young volcanic rocks from along the
global mid-ocean ridge system. Approximately one
quarter of the 70,000 km-long ridge system has been
sampled and archived at MGSL, at an average
interval of 40 km (Fig. 1). The MGSL facility also
houses core, grab, and dredge samples from numer-
ous marine expeditions, beyond those included
in the present paper, and the full archive is searchable
through the National Geophysical Data Center’s
database for Marine & Lacustrine Geological
Samples (http://seabedsamples.org). A complete listing
of the MGSL archived dredges discussed here is
provided in Supplementary Table 1, and a complete
listing of the individual whole-rock and glass

samples is provided in Supplementary Table 2. All
of these samples are openly available for scientific
research, and investigators interested in requesting
material for study are encouraged to review the
MGSL sample distribution policy (http://www.gso.
uri.edu/MGSLsite/distribution_policy.htm) and to
contact the facility curator, Dr. Steven Carey
(scarey@gso.uri.edu), with specific inquiries.

2. Samples

[5] The samples studied here derive from the
collection efforts of 38 international marine expedi-
tions. Here, we provide brief summaries of the expe-
ditions and overviews of the previous work and
data collected in each region. Previously published
data for the samples reported in this work may be
accessed through the individual references cited for
each region, or through the PetDB database [http://
www.petdb.org; Lehnert et al., 2000].

2.1. Mid-Atlantic Ridge

[6] Samples from the Mid-Atlantic ridge (MAR)
cover practically its entire length, from 78�N-55�S,
with major gaps in coverage only from ~16.5�N-
32.5�N and ~5�N-12�N (Fig. 1a). These samples
were collected during 26 marine dredging expedi-
tions that sampled hotspot-influenced regions of
the Mid-Atlantic ridge, including the Jan Mayen,
Iceland, and Azores platforms on the northern
MAR, the equatorial MAR influenced by the nearby
Sierra Leone plume, and the southern MAR where
the ridge is influenced by the off-axis Ascension,
St. Helena, Tristan de Cunha, and Discovery
plumes, the apparently on-axis Shona plume, and
the southern ridge termination at the Bouvet plume/
triple junction. These cruises include the 2p expedi-
tions (ABP0002 or ABP1985) of the R/V Akademik
Boris Petrov, deployments of the DSV Alvin
(dives 521, 525, 527, and 534; 1974), Leg AG32 of
the R/V S.A. Agulhas, Legs A073-01 (1972) and
A107-07 (1980) of the R/V Atlantis II, Leg AK15
of the R/V Akademik Kurchatov (1973), Legs CH77
(1977) and CH98 (1979) of the R/V Jean Charcot,
Leg EW9309 of the R/V Maurice Ewing (1993),
Legs RC1604 (1972) and RC2806 (1987) of the
R/V Robert Conrad, Legs 25 (1978), 26 (1978), 61
(1981), and 63 (1981) of the R/V Endeavor, and Legs
41 (1967), 89 (1970), 100 (1971), 101 (1971), 119
(1972), 122 (1972), 123 (1972), 138 (1973), 139
(1973), and 154 (1974) of the R/V Trident.

[7] Previous geochemical studies of samples from
these cruises report a broad spectrum of data types
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including major elements [Bézos and Humler, 2005;
Bougault et al., 1988; Bryan and Moore, 1977;
Christie et al., 1986; Dosso et al., 1993; Humphris
et al., 1985; le Roex et al., 1987; Le Roux, 2000; le
Roux et al., 2002b; Melson et al., 2002; Neumann
and Schilling, 1984; Schilling, 1973; Schilling
et al., 1983; Schilling et al., 1995; Shibata et al.,
1979; Sigurdsson, 1981; van Heerden and Roex,
1988], trace elements [Andres et al., 2002; Blichert-
Toft et al., 2005; Bougault et al., 1988; Bryan et al.,
1979; Dosso et al., 1993; Dosso et al., 1991; Elkins
et al., 2011; Hanan et al., 2000; Hannigan et al.,
2001; Hémond et al., 2006; Humphris et al.1985; le
Roex et al., 1987; Le Roux, 2000; le Roux et al.,
2002a; le Roux et al., 2002b; Michael, 1995;
Neumann and Schilling, 1984;Patchett and Tatsumoto,
1980; Ryan and Langmuir, 1987; Schiano et al.,
1997; Schilling, 1973; 1975; Schilling et al., 1999;
Schilling et al., 1983; Shibata et al., 1979; Sigurdsson

and Schilling, 1976; Sun et al., 1975; van Heerden
and Roex, 1988; Waggoner, 1989; White, 1993;
White and Bryan, 1977; White and Schilling, 1978;
Yu et al., 1997], radiogenic isotopes (Sr, Nd, Pb, Hf,
Os) [Agranier et al., 2005; Andres et al., 2002;
2004; Blichert-Toft et al., 2005; Dosso et al., 1993;
Dosso et al., 1991; Douglass et al., 1999; Elkins
et al., 2011; Fontignie and Schilling, 1996; Hanan
et al., 1986; Hart et al., 1973; Kurz et al., 1998; le
Roex et al., 1987;Moore and Schilling, 1973;Patchett
and Tatsumoto, 1980; Schiano et al., 1997; Schilling
et al., 1994; Schilling et al., 1999; Sun et al., 1975;
Waggoner, 1989; White, 1979; White and Bryan,
1977; White and Schilling, 1978; Yu et al., 1997],
dissolved volatile and halogen concentrations (H2O,
CO2, S, Cl, F, Br) [Dixon et al., 2002; Eiler et al.,
2000; Jambon et al., 1995; Kingsley and Schilling,
1995; Michael, 1995; Michael and Cornell, 1998;
Moore and Schilling, 1973; Pineau and Javoy,
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Figure 1. Regional maps showing locations of samples for which data are reported in this study. Maps were
generated in GeoMapApp (http://www.geomapapp.org/) using the Global Multi-Resolution Topography synthesis
base map [Ryan et al., 2009]. (a) The Mid-Atlantic ridge, (b) the Easter microplate and Salas y Gomez seamount chain,
(c) the Galápagos spreading center, and (d) the Gulf of Aden and Asal rift.
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1994; Rowe and Schilling, 1979; Schilling et al.,
1980; Unni, 1976; Unni and Schilling, 1978], light
stable isotopes (dD, d13C, d18O) [Eiler et al., 2000;
Kyser and O’Neil, 1984; Muehlenbachs and
Clayton, 1972; Pineau and Javoy, 1994; Poreda
et al., 1986], noble gas abundances and isotopes
(He, Ne, Ar, Xe, Kr) [Graham et al., 1992; Kurz,
1982; Kurz et al., 1998;Moreira et al., 1995; Poreda
and Brozolo, 1984; Poreda et al., 1986; Sarda
et al., 1988; Sarda et al., 2000; Schilling et al.,
1999; Staudacher et al., 1989], andmineral composi-
tions [Hermes and Schilling, 1976; le Roex, 1998;
Sigurdsson and Schilling, 1976]. Note that subsets
of ICP-MS trace element data reported by Blichert-
Toft et al. [2005] and Hanan et al. [2000] are dupli-
cated here for the sake of presenting a complete data
set, as these were collected at the GSO/URI ICP-MS
lab using the same analytical methods and protocols
as those presented here.

2.2. Easter Microplate and Salas y
Gomez Seamounts

[8] Samples from the Easter microplate region of the
East Pacific rise cover the main EPR spreading axes
to the north and south of the microplate, and both
the east and west rifts of the microplate itself, from
22�S-30�S (Fig. 1b). Dredge samples from this re-
gion were recovered by expedition PASC04WT of
the R/V Thomas Washington (1983) and Leg 113 of
the R/V Endeavor (1984). In addition, dredge sam-
ples from the Easter-Salas y Gomez seamount chain,
which extends eastward from the Easter microplate
onto the Nazca plate, extend from 112�W-103�W
(Fig. 1b). The seamount chain samples were col-
lected on expeditions YALO-74 of the R/V Yaquina
(1973) and GLOR07MV of the R/V Melville
(1993). This sample suite also includes three on-land
samples from Easter island.

[9] Previous geochemical studies of these samples
report major element concentrations [Pan and
Batiza, 1998; Schilling et al., 1985], trace elements
[Fontignie and Schilling, 1991; Kingsley et al.,
2007; Kingsley et al., 2002; Rubin and Macdougall,
1988; 1990], dissolved volatiles and halogens
(H2O, CO2, Cl) [Kingsley et al., 2002; Simons
et al., 2002], radiogenic isotopes (Sr, Nd, Pb, Hf,
U-series) [Fontignie and Schilling, 1991; Hanan
and Schilling, 1989; Kingsley and Schilling, 1998;
Kingsley et al., 2007; Macdougall and Lugmair,
1986; Rubin and Macdougall, 1988; 1990; White
and Hofmann, 1982; White et al., 1987], and hydro-
gen and helium isotopes [Kingsley et al., 2002;
Poreda et al., 1993]. Subsets of ICP-MS trace

element data fromKingsley et al. [2007] andKingsley
et al. [2002] are duplicated here in order to provide a
complete data set, as these data were collected at
GSO/URI using the same analytical methods and
protocols as those presented here.

2.3. Galápagos Spreading Center

[10] Samples from the Galápagos spreading center
cover the main spreading axes from 83�W-102�W
(Fig. 1c). These samples were collected on the
SOUTHTOW expedition of the R/V Thomas
Washington (1972-73), the COCOTOW expedition
of the R/V Melville (1974), Leg 41 of the R/V De
Steiguer (1974), the NAZCOPAC-17 expedition
deployments of the Nautile submersible (1988), and
Leg 164 of the R/V Trident (1975).

[11] Prior work on these samples has reported major
elements [Anderson et al., 1975; Fisk et al., 1982;
Schilling et al., 1976; Schilling et al., 1982], trace
elements [Michael, 1988; Schilling et al., 2003;
Schilling et al., 1976; Schilling et al., 1982; Verma
and Schilling, 1982], radiogenic isotopes (Sr, Nd,
Pb, Hf) [Cohen and O’Nions, 1982; Ito et al., 1980;
Schilling et al., 2003; Verma and Schilling, 1982;
Verma et al., 1983], CO2 content [Marty and
Jambon, 1987], light stable isotopes (d13C, d18O)
[Ito et al., 1980; Marty and Jambon, 1987], noble
gas abundances and isotopes (He, Ar, Ne, Xe, Kr)
[Marty and Ozima, 1986], and phenocryst compo-
sition [Fisk et al., 1982]. Note that the subset of
ICP-MS trace element data reported by Schilling
et al. [2003] is duplicated here in order to provide a
complete data set, as these data were collected using
the same analytical methods and protocols at GSO/
URI as those presented here.

2.4. Gulf of Aden and Asal Rift

[12] Samples from the Gulf of Aden cover the main
spreading axes of the Sheba ridge from 43�E-57�E,
extending into the Gulf of Tadjoura (Fig. 1d),
and additional on-land samples extend coverage to
the Asal Rift region of Africa (also know as the
Ghoubbat al Kharab-Asal Rift or the Ardoukoba
Rift; the extension of the Sheba Ridge over eastern
Afar), from ~43�E-42.4�E. Glassy fragments from
submarine cores were collected on Leg VA01 of
the R/V Valdivia (1971; Bäcker et al. [1973]),
and dredges were collected from Legs 33-06 and
33-07 of the R/V Vema (1976).

[13] The few previous studies of these samples have
reported major and trace element data [Joron, 1980;
Schilling et al., 1992; Schneider and Wachendorf,
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1973] and radiogenic isotopes (Sr, Nd, Pb, Hf)
[Rooney et al., 2012; Schilling et al., 1992].

3. Analytical Methods

3.1. Major Elements

3.1.1. Whole-rock

[14] Whole-rock major element data for bulk glass
and lava from the Gulf of Aden and Asal Rift are
reported in Supplementary Table 3. These data were
collected using one of two methods, which are noted
in Supplementary Table 3. Some samples were
analyzed using wet chemical methods following
techniques outlined by Schilling et al. [1983]
and references therein. In summary, SiO2, H2O+,
and H2O- were determined by gravimetry, TiO2

and P2O5 were determined by colorimetry, Al2O3,
MgO, CaO, Na2O, K2O, and MnO were determined
by atomic absorption spectroscopy, and FeOT (i.e.,
total Fe reported as FeO) was determined by
combining titration (for FeO) and difference (for
Fe2O3) data. Other samples were analyzed for
whole-rock major elements by X-ray fluorescence
(XRF) spectrometry [Cheminée, pers. comm.].

3.1.2. Glass

[15] Glass chips were analyzed by electron micro-
probe in one of three laboratories. Glasses from
the Mid-Atlantic ridge and the Easter Microplate/
Salas y Gomez seamount chain were analyzed for
major elements using the JEOL-JXA-50A electron
microprobe at GSO/URI following methodologies
outlined by Schilling et al. [1985] and Sigurdsson
[1981]. Glass chips from the Galápagos spreading
center were analyzed using either the Camebax
SX50 electron microprobe at IFREMER, following
methods described by Hékinian et al. [1995] or the
ARL-EMX-SM microprobe at SUNY Stony Brook
following methods outlined by Fisk et al. [1982].
These data are reported in Supplementary Table 4.

3.2. Radiogenic Isotopes

[16] Previously unpublished radiogenic isotope
data, including 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb,
207Pb/204Pb, 208Pb/204Pb, and 176Hf/177Hf, plus
3He/4He isotope ratios, for samples from the Mid-
Atlantic ridge and one sample from the Easter
microplate are compiled in Supplementary Table 5.
These analyses were done in several laboratories, as
noted in Supplementary Table 5. Some Sr-Nd-Pb
isotope ratios were determined by Thermal Ionization

Mass Spectrometry (TIMS) using a VG Micromass
30B single-collector, double-focusing TIMS at
GSO/URI following methods outlined by Verma
and Schilling [1982], Verma et al. [1983], and
Schilling et al. [1994]. Other Sr and Nd isotope ratios
were determined using a 7-collector Finnigan MAT
262 TIMS at the University of Geneva following
the methods of Fontignie and Schilling [1991] and
Schilling et al. [2003]. Hafnium isotope ratios were
determined using the VG Plasma 54 multi-collector
ICP-MS at the ENS, Lyon following methods from
Blichert-Toft et al. [2005]. Helium isotopes were
determined by mass spectrometry following methods
outlined by Poreda et al. [1993] or Kurz [1982].

3.3. Trace Elements

[17] Details of trace element sample preparation and
analytical methods are reported by Kingsley [2002],
and a summary is provided here. Trace elements
were determined by high-resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS)
using both isotope dilution and external calibration
methods. The isotope dilution analyses are for the
parent and daughter elements that accompany the
Sr, Nd, Hf and Pb isotope data of these samples,
whereas the externally calibrated data encompass
40 trace elements of broad geochemical significance
and utility. Sample preparation for trace element
analysis was the same for both analysis methods,
and spikes for either type of analysis were added to
separate aliquots of the same dissolution products.

3.3.1. Sample Selection and Dissolution

[18] Glassy rims or fresh interiors were chipped from
pillow lava samples, and reduced in size to <10mm
using a steel mortar. Chips were then sonicated in de-
ionized H2O, rinsed, and dried, and select chips were
hand-picked under a binocular microscope to be free
from visible secondary mineralization and contami-
nation from the mortar. After picking, 100-200 mg
of whole chips were weighed into PFA beakers.
The chips were leached with 2N HCl for 5 minutes,
then rinsed three times in triple-distilled H2O to
remove possible remaining surface contamination.
Leached chips were then dissolved by adding
0.5mL of 16N triple-distilled nitric acid and 4mL
of 29N quadruple-distilled hydrofluoric acid.
Beakers were capped and heated on a hot plate at
~90�C for 24 hours before cooling and sonicating.
Beakers were then opened and the contents evapo-
rated to dryness in a HEPA-filtered drying tunnel.
Dried samples were picked up in 6mL of 8N triple-
distilled nitric acid, re-capped, and heated to ~90�C
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for 24 hours, followed by cooling and sonication.
These final solutions were diluted to 250mL with
quadruple-distilled H2O for analysis.

3.3.2. Isotope Dilution

[19] Abbreviated methods for isotope dilution con-
centration determinations are provided in Schilling
et al. [1999]. A 5mL aliquot of each dissolved rock
solution was prepared for isotope dilution analysis
by spiking with enriched isotopes of 230Th, 235U,
208Pb, 147Sm, 150Nd, and 84Sr using NIST Traceable
standard solutions. Isotope dilution analyses used
the Finnigan Element HR-ICP-MS at GSO/URI, in
low resolution mode (DM/M=300), equipped
with a desolvating nebulizer. Isotope dilution analy-
ses monitored the masses 230Th, 232Th, 235U, 238U,
208Pb, 206Pb, 147Sm, 149Sm, 150Nd, 146Nd, 84Sr, and
86Sr. At the same time, 87Rb was also measured,
but calibrated externally using standard solutions
and monitoring drift using 84Sr as an internal stan-
dard. Peak jumping and integration schemes were
tuned to optimize precision on the ratios 230Th/232Th,
235U/238U, 208Pb/206Pb, 147Sm/149Sm, 150Nd/146Nd,
and 84Sr/86Sr. Isotope ratios were corrected for mass
bias using natural standards run at the same time.
Reproducibility on 20-47 replicates of USGS and
in-house standards was ≤ 3% rsd, and on average,
values determined were within 1-2% difference from
accepted concentrations in the standards. These data
are reported in Supplementary Table 6.

3.3.3. Externally Calibrated HR-ICP-MS

[20] Methods for externally-calibrated trace ele-
ment analysis were based in part on those reported
by Eggins et al. [1997]. A 5mL aliquot of each
dissolved rock solution was spiked with Rh, In,
Tm, Re, Bi as internal standards for monitoring
drift. This mode of analysis also used the Finnigan
Element HR-ICP-MS at GSO/URI, in low
resolution mode (DM/M=300), equipped with a des-
olvating nebulizer. Masses monitored for externally-
calibrated trace element analyses included 45Sc, 49Ti,
51V, 53Cr, 59Co, 60Ni, 63Cu, 65Cu, 66Zn, 67Zn, 71Ga,
85Rb, 86Sr, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 114Cd,
120Sn, 121Sb, 133Cs, 137Ba, 139La, 140Ce, 141Pr,
143Nd, 146Nd, 147Sm, 149Sm, 151Eu, 153Eu, 157Gd,
159Tb, 163Dy, 165Ho, 167Er, 172Yb, 175Lu, 178Hf,
181Ta, 184W, 205Tl, 206Pb, 208Pb, 232Th, and 238U.
Instrumental drift was monitored and corrected
internally using masses 103Rh, 115In, 169Tm, 185Re,
and 209Bi. Drift-corrected intensities were calibrated
against USGS standards BCR-1, BHVO-1, BIR-1,
and AGV-1, IWG standards BE-N and BR, and

GSO in-house standard EN026 10D-3 (MORB
from the Mohns Ridge). Preferred calibration values
for these standards are provided in Supplementary
Table 7. Typical calibration curves were linear
(R2≥ 0.999), and replicate analyses of in-house
standard EN026 10D-3 indicated overall analytical
precision of <5% rsd for all elements except Sc
and V, which were reproducible within 6.1% and
5.3% rsd, respectively. These trace element data are
reported in Supplementary Table 8.

4. Discussion

4.1. Unconventional Trace Elements

[21] As noted above, the trace element data set
reported here includes several “unconventional”
trace elements that are not routinely reported in
igneous geochemistry due to low natural abundances
or other analytical challenges. These include sidero-
phile transition metals Mo and W, the chalcophile/
lithophile transition metal Cd, post-transition metals
Sn and Tl, and the metalloid Sb. Although these
elements are not as well-studied as many other trace
elements, their behaviors, variations, and fractiona-
tions in igneous rocks may serve as valuable sensors
of key processes in the Earth’s interior.

[22] Due to their moderately siderophile behavior,
Mo and W were largely segregated from the silicate
Earth and partitioned into the metal phase during
core formation [Walter and Thibault, 1995]. In the
silicate mantle, however, Mo and W are highly
incompatible, and thus lithophile, during mantle
melting and are expected to partition similarly to
Ce and U, respectively [Arevalo and McDonough,
2008; Sims et al., 1990]. The moderately chalco-
phile or siderophile elements Sb and Sn are also
expected to partition similarly to the light REEs Ce
and Sm, respectively, during mantle melting
[Jochum et al., 1993; Sims et al., 1990]. Antimony
and Sn may also have been preferentially extracted
into the metal phase during core formation [Righter,
2003], and in modern settings may be mildly influ-
enced by the presence of sulfide in the mantle or in
sulfide-saturated magmas [Jochum and Hofmann,
1997; Jochum et al., 1993; Sims et al., 1990].
Thallium is a chalcophile element, so potentially
influenced by sulfide-related processes in the mantle
and in magmas, and is highly incompatible during
silicate melting, expected to partition similarly to
Rb [Hertogen et al., 1980]. Despite only weakly
siderophile behavior, core formation may also have
depleted the Tl concentration of the bulk silicate
Earth by about 50% [Wood et al., 2008]. Both Sb
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and Tl are also mobile in aqueous fluids and are
highly enriched during alteration of submarine ba-
saltic lavas [Jochum and Verma, 1996]. Cadmium
is a moderately chalcophile element, and prior work
has found subtle correlations between Cd and S con-
centrations in basaltic magmas [Yi et al., 2000]. In
subaerial systems, Cd, like S, may partition into the
volatile phase and exit magmas during degassing,
although degassing is not expected to remove Cd
from submarine magmas erupted at >1000 m depth
[Yi et al., 2000]. Cadmium and Dy are expected to
have similar mantle/melt partition coefficients, al-
though the partition coefficient for the middle REE
Dy may vary as a function of the presence and abun-
dance of garnet in the mantle source [Yi et al., 2000].

[23] Given the expectations of similar partitioning
of these elements to more conventional, lithophile
trace elements, we examine the ratios Mo/Ce, Sb/
Ce, Sn/Sm, Cd/Dy, W/U, and Rb/Tl in our data
set, as these are expected to be relatively uniform
in normal mid-ocean ridge basalts. Each ratio has
an expected, “canonical” value in normal MORB
based on prior work. For the most part, these ca-
nonical ratios are based on empirical observations
of similar behavior in natural terrestrial samples.
The complexities imposed on most of these ele-
ments by formation of the Earth’s core makes a
chondritic reference, for example, highly impracti-
cal because the silicate Earth is unlikely to have
maintained chondritic ratios of these elements.

[24] For comparison with our data set for plume-
influenced ridges, we also show data from Jenner
and O’Neill [2012b], which is among the few stud-
ies to report a comprehensive data set for these
elements in a large number of MORBs. For this
comparison, both our data set and the samples from
Jenner and O’Neill [2012b] have been filtered to
yield data sets including only normal MORB (i.e.,
NMORB), as defined by a chondrite-normalized
La/Sm ratio (i.e., La/SmN) of <1, that were col-
lected on- or near-axis from active mid-ocean ridge
spreading centers, far from known hotspot influ-
ences (this study n = 141; Jenner data n = 191). Data
from seamounts, fracture zones, and back-arc
spreading centers were excluded. We note some
systematic differences in element concentrations
between the Jenner and O’Neill [2012b] data set
and ours (e.g., for Cd and Sb; Fig. 2b,d), which
may be due to inter-laboratory biases related to dif-
ferences in analytical methods (laser ablation ICP-
MS vs. bulk dissolution) and calibration techni-
ques. Specifically, we note that the Jenner and
O’Neill [2012b] data set relies on a single, synthetic

glass standard for external calibration (NIST 612
glass). Jenner and O’Neill [2012a] note that deter-
minations of these elements in particular are less ac-
curate than for more conventional trace elements,
perhaps due to larger uncertainties in the composi-
tion of the NIST 612 glass for these elements. Un-
fortunately, the Jenner and O’Neill [2012b] data
set contains only three samples in common with
this work, so a fully comprehensive assessment of
bias cannot presently be made.

[25] Figure 2 compares trace element abundances
and ratios from our data set with NMORB and
“canonical” ratios compiled from prior work (Mo/
Ce= 0.034 [Sun, 2003], Sb/Ce = 0.0012 [Sims
et al., 1990], Sn/Sm=0.32 [Jochum et al., 1993],
Cd/Dy= 0.027 [Yi et al., 2000], Rb/Tl = 230
[Hertogen et al., 1980], and W/U=0.65 [Arevalo
and McDonough, 2008]). This comparison shows
reasonable agreement between the two NMORB
data sets, with the exceptions of Cd and Sb as
discussed above (Fig. 2b,d). Moreover, the majority
of our NMORB data show clear fidelity with the
canonical ratios Mo/Ce, Sb/Ce, Sn/Sm, Rb/Tl, and
W/U, although there are obvious excursions in each
ratio in our full data set that may relate to variations
in mantle source composition or processes at or near
mantle plumes (see below). The Cd/Dy ratio, how-
ever, does not conform to the global basalt ratio of
0.027 proposed by Yi et al. [2000] for either
NMORB data set, which both indicate lower ratios
of 0.017 or 0.014 (Fig. 2d). For the purposes of this
discussion, the absolute value of the MORB Cd/Dy
ratio is not a central issue, as our main purpose is
to illustrate variations in these ratios as a function
of hotspot proximity. We thus choose to also show
an empirical reference ratio of Cd/Dy=0.014 (aver-
age of our NMORB data) as a baseline against
which tocompare the data. We also note that the
Rb/Tl ratio cited for normal MORB [230; [Hertogen
et al., 1980], although a fair average of our full data
set, appears too high to represent thenormal MORB
baseline, which may be closer to 100 or less. We
thus also show a reference ratio of Rb/Tl = 115 (ave-
rage Rb/Tl from the NMORB data of Jenner and
O’Neill [2012b]) as an additional reference point
(Fig. 2e).

4.2. Variations with Plume Proximity

[26] In the following discussion, we divide the mid-
ocean ridge system into six regions (the northAtlantic,
the Azores platform and equatorial Atlantic, the
south Atlantic, the Easter microplate region, the
Galápagos spreading center, and the Gulf of Aden;
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Fig. 1), and discuss the variations in each ratio with
proximity to known plume-related features along each
ridge section.

4.2.1. North Atlantic (Iceland and Jan Mayen)

[27] The two predominant plume features along
thenorthern Mid-Atlantic ridge are the Iceland and
Jan Mayen hotspots (Fig. 1a). Mixing along the
ridge between these trace element-enriched plume
mantle sources and the ambient normal MORB
mantle (present from 50-60�N [Reykjanes] and
66-70�N [Kolbeinsey]) is evident in the light rare
earth elements (LREE; e.g., La/SmN; Fig. 3a).

Dominant mixing gradients are visible from 60�N
northwards along the Reykjanes ridge to Iceland,
and from 72�-74�N on the Mohns ridge proximal
to the Jan Mayen hotspot [e.g., Schilling et al.,
1999]. North of 74�N is the Knipovich ridge, an un-
usual, slow-spreading region bordering the Sval-
bard continental shelf, contamination from which
may drive LREE enrichment along this section of
the MAR [Schilling et al., 1999].

[28] The Rb/Tl ratio tracks closely with variations
inLa/SmN ratio (Fig. 3a-b). Rubidium and Tl are
expected to have similar mantle/melt partition
coefficients [Sun and McDonough, 1989], and frac-
tionations in their ratio are thus most likely
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reflective either of variations in the Rb/Tl ratio of
the mantle source material, or of a role for sulfide
in withholding or removing Tl from basaltic mag-
mas. The close correspondence of Rb/Tl and
La/SmN ratios, however, more strongly suggests
a source composition effect, as mantle sulfide
will not influence the behavior of REE. The
Sn/Sm ratio is relatively constant from 80�-
50�N, with the exception of a few outliers. En-
richment in W/U ratio appears peripheral to
the plume centers at Iceland and Jan Mayen
and reaches maxima in regions of otherwise
normal MORB, south of Iceland at ~55�N on
the Reykjanes ridge, and between the two
plumes at ~66�N on the Kolbeinsey ridge
(Fig. 3c). Similar, though more subtle, trends

may also be visible in the Mo/Ce, Sb/Ce, and
Cd/Dy ratios(Fig. 3e-g). These local highs are
outside the MORB-plume mixing zones that
are well-defined by other trace element ratios
(e.g., La/SmN, Rb/Tl; Fig. 3a-b), and are indis-
tinguishable in most other geochemical traits
from normal MORB. As discussed in the sec-
tions that follow, peripheral enrichments in W/
U and Mo/Ce ratios are evident at each of the
plume-ridge settings explored by this paper.
These far-field enrichments in siderophile ele-
ments may signify a previously unrecognized
plume signature that manifests at different
length scales than the “classic” enrichments in
lithophile trace elements that are often tradition-
ally linked with plumes.
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Figure 3. Trace element ratios vs. latitude along the Arctic and Reykjanes sections of the Mid-Atlantic ridge. Locations
of the Jan Mayen and Iceland hotspots are indicated by vertical gray bars, and expected NMORB ratios, as identified in
the text and on Figure 2, are indicated by horizontal, solid red lines (previously published values) and dashed blue lines
(empirical values from this study). (a) Chondrite-normalized La/Sm ratio (i.e., La/SmN; normalized to chondrite of
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depleted light REE (<1) from those with enriched light REE (>1). (b) Rb/Tl ratio (note that the vertical scale is expanded
to exclude the highest Rb/Tl samples, for clarity), (c) W/U ratio, (d) Sn/Sm ratio, (e) Cd/Dy ratio, (f) Mo/Ce ratio, and
(g) Sb/Ce ratio.
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4.2.2. Azores Platform and Equatorial Atlantic
(Sierra Leone)

[29] Proceeding south along the Mid-Atlantic ridge,
the Azores platform (~34�-49�N) represents a broad
zone of influence from the Azores plume, which is
centered just east of the ridge at ~39�N. Further
south, on the equatorial MAR, lies a trace element-
and isotopically-enriched province centered at
1.7�N that has been linked to influence from the
Sierra Leone mantle plume [Schilling et al., 1994].
Note that these regions are not continuous along
the MAR, but are juxtaposed in this discussion and
on Figure 4 for the sake of efficiency. Both the
Azores and Sierra Leone regions show classic
signatures of plume influence in trace element
geochemistry (e.g., elevated La/SmN; Fig. 4a), and

indicate mixing of enriched plume sources with
neighboring normal MORB adjacent to the plume
centers.

[30] Crossing both of these plumes, little variation
is evident in Sn/Sm or Cd/Dy ratios (Fig. 4d-e),
although the Rb/Tl ratio closely mirrors the La/
SmN ratio as noted above for the northern MAR
(Fig. 4a-b). There are also mild enrichments of W/
U, Mo/Ce, and Sb/Ce ratios crossing the Azores
platform, particularly in a few samples south of
35�N (Fig. 4c, f-g). These three ratios also vary
crossing the Sierra Leone plume, where the plume
center shows overall lower ratios, but some samples
show enrichment in W/U, Mo/Ce, and Sb/Ce to
both the north and south of the plume center
(Fig. 4c, f-g).
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4.2.3. South Atlantic (Ascension, St. Helena,
Tristan de Cunha, Shona, Discovery, Bouvet)

[31] The southern MAR is peppered with influence
from several on- and off-axis hotspots. Influences
from off-axis plumes include Ascension (~9�S),
St. Helena (~15�S), Tristan de Cunha (~37�S),
and Discovery (~48�S), whereas the Shona plume
is apparently on-axis (~52�S) and the Bouvet
plume/triple junction (~55�S) marks the southern
termination of the Mid-Atlantic ridge. Each of these
plumes is visible in the geochemistry of MAR
lavas, as shown for example by enrichments in the
La/SmN ratio (Fig. 5a), which mixes back to normal
MORB La/SmN ratios (<1) between plumes.

[32] Similar to the northern through equatorial MAR,
along-strike variations in La/SmN ratio are closely par-
alleled by the Rb/Tl ratio (Fig. 5a-b), whereas Sn/Sm,
Cd/Dy, and Sb/Ce are relatively constant along strike
of this portion of the MAR (Fig. 5d-f, g). Enrichments
inW/U (i.e., W/U>2), however, are evident between
plume centers along the southern MAR, particularly
between Shona and Discovery, between Discovery
and Tristan de Cunha, between Tristan de Cunha
and St. Helena, and a few samples between
St. Helena and Ascension, whereas samples from
the zones of peak influence of these plumes on the
southern MAR have W/U ratios<2 (Fig. 5c). A sim-
ilar, though subtler, pattern may be evident in the
Mo/Ce ratio along the southern MAR (Fig. 5f).
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Figure 5. Trace element ratios vs. latitude along the southern section of the Mid-Atlantic ridge. Locations of the
Ascension, St. Helena, Tristan de Cunha, Discovery, Shona, and Bouvet hotspots are indicated by vertical gray bars,
and expected NMORB ratios, as identified in the text and on Figure 2, are indicated by horizontal, solid red lines
(previously published values) and dashed blue lines. (a) Chondrite-normalized La/Sm ratio (i.e., La/SmN; normalized to
chondrite of Nakamura [1974]), where the horizontal, dotted green line indicates a chondritic ratio of 1, segregating
basalts with depleted light REE (<1) from those with enriched light REE (>1). (b) Rb/Tl ratio, (c) W/U ratio, (d) Sn/Sm
ratio, (e) Cd/Dy ratio, (f) Mo/Ce ratio (note that the vertical scale is expanded to exclude the highest Mo/Ce samples, for
clarity), and (g) Sb/Ce ratio.
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4.2.4. Easter Microplate and Salas y Gomez
Seamounts

[33] Along the East Pacific rise, the Easter microplate
(~23�-28�S) and the associated eastward-trending
Easter-Salas y Gomez seamount chain (~112�-
103�W) show geochemical signatures consistent
with binary mixing of MORB mantle with an
enriched, plume-related source [e.g., Fontignie
and Schilling, 1991; Hanan and Schilling, 1989;
Kingsley and Schilling, 1998; Kingsley et al., 2007;
Schilling et al., 1985]. Based on trace element
and isotopic trends, the Salas y Gomez hotspot is
hypothesized to be centered beneath the seamount
chain near Salas y Gomez island (~105�-106�W),

to the east of the EPR and the Easter microplate.
Geochemical trends along-strike of the East Pacific
rise (N-S) are shown in Supplementary Figure 1.
Variations in La/SmN ratio, plotted along-strike
of the seamount chain (E-W), show enrichments
in LREE towards the east, reaching a maximum
at the postulated hotspot center (Fig. 6a), but
La/SmN mixes towards normal MORB ratios <1
towards the microplate rift zones and EPR in the
west.

[34] In this region, the Rb/Tl ratio shows along-
strike variation similar to that shown by La/SmN

(Fig. 6a-b). The Mo/Ce ratio appears relatively
invariant with proximity to the plume, although a
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Figure 6. Trace element ratios vs. longitude across the Easter-Salas y Gomez section of the East Pacific rise.
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and (g) Sb/Ce ratio.
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few enriched samples are evident in the Easter
microplate region (Fig. 6f). Conversely, the W/U
and Sb/Ce ratios are significantly elevated in the
Easter microplate rift zone lavas and the EPR lavas
west of the hotspot, although the seamounts them-
selves show little to no enrichment in these ratios.
Interestingly, the Cd/Dy and Sn/Sm ratios are
mildly elevated in the Easter-Salas y Gomez sea-
mounts, despite remaining relatively constant and
low along the EPR and microplate rift zones. A
high Cd/Dy ratio may signify a higher mean pres-
sure of melting, and a greater role for garnet in
the mantle source, beneath the Easter-Salas y
Gomez seamounts relative to the nearby microplate
rifts and EPR. A high Sn/Sm ratio may signify a
specific enrichment in Sn for the Salas y Gomez
plume source.

4.2.5. Galápagos Spreading Center

[35] In the equatorial Pacific, the Galápagos spread-
ing center sits just north of the present location of
the Galápagos hotspot. The spreading center itself
is offset by several prominent fracture zones, the
most significant of which (for this discussion) are
the fracture zones at 91�W and 95.5�W. The influ-
ence of Galápagos plume-related mantle on the
spreading center basalts (e.g., as shown by La/
SmN ratio; Fig. 7a) peaks near the fracture zone at
91�W, which is almost due north of the present
Galápagos hotspot center, and the fracture zone at
95.5�W segregates strongly plume-influenced
basalts to the east from normal MORB-like basalts
to the west [e.g., Schilling et al., 2003; Schilling
et al., 1976; Schilling et al., 1982].

NMORB=230

115

NMORB=0.32

R
b

/T
l

0

100

200

300

400

W
/U

0

6

4

2

10

8

NMORB=0.65

S
n

/S
m

0.0

0.2

0.4

0.6

0.8

1.0

0.014

C
d

/D
y

0.000

0.005

0.010

0.015

0.020

0.025
M

o
/C

e

0.00

0.04

0.02

0.05

0.03

0.01

NMORB=0.034

S
b

/C
e

0.000

0.004

0.008

0.012

NMORB=0.0012

102°W 84°W87°W90°W93°W96°W99°W

Longitude

91
° 

F
Z

95
.5

° 
F

Z

91
° 

F
Z

95
.5

° 
F

Z

91
° 

F
Z

95
.5

° 
F

Z

91
° 

F
Z

95
.5

° 
F

Z

L
a/

S
m

N

0

1

2

3

Chond.=1.0

102°W 84°W87°W90°W93°W96°W99°W

Longitude

91
° 

F
Z

95
.5

° 
F

Z

91
° 

F
Z

95
.5

° 
F

Z

91
° 

F
Z

95
.5

° 
F

Z

A

B

C

E

F

G

D
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[36] As noted above for several other regions, Sn/
Sm and Mo/Ce do not vary significantly along
strike of the Galápagos spreading center (Fig. 7d,
f), and the Rb/Tl ratio shows variations very similar
to La/SmN (Fig. 7a-b). The Cd/Dy ratio is lower
west of the 95.5�W fracture zone (Fig. 7e), possibly
signifying a diminished role for garnet in the mantle
source away from the strongest plume influence.
The W/U and, more subtly, the Sb/Ce ratios are
also elevated west of the 95.5�W fracture zone,
away from the plume center, which has lower W/
U and Sb/Ce (Fig. 7c, g).

4.2.6. Gulf of Aden and Asal Rift

[37] Sea-floor spreading and rifting in the Gulf of
Aden-Gulf of Tadjoura-Asal rift system is one

expression of the continental rifting taking place
in eastern Africa, associated with the impingement
of the Afar hotspot on the African continent.
Geochemical domain boundaries were first identi-
fied by Schilling et al. [1992] at 44�E, separating
enriched lavas from the Asal rift and Gulf of
Tajdoura from even more enriched lavas of the
west Sheba ridge, and at 48�E, separating trace
element- and isotopically-enriched basalts to the
west from relatively depleted, normal MORB to
the east. The domains to the west and east of
44�E both show enriched, although distinct,
geochemical signatures (e.g., variably elevated
La/SmN; Fig. 8a). Schilling et al. [1992] inter-
preted these enrichments as representing signa-
tures of the regional continental lithosphere
through which rifting has occurred (west of 44�E,
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in the Gulf of Tadjoura and Asal rift), and of the
Afar plume, which is most evident at ~46�E.

[38] Along strike, the Rb/Tl ratio closely parallels
the trends in La/SmN ratio, with significant eleva-
tion of both ratios in the west, decreasing to local
minima east of 48�E, although enrichment in Rb/
Tl in the farthest west Asal rift lavas is significantly
higher than indicated by La/SmN (Fig. 8a-b).
Conversely, W/U, Mo/Ce, and Sb/Ce are all lowest
in the west, closest to the continent and the plume,
and increase eastwards with distance from the pre-
dominant plume signature (Figs. 8c, f-g). No signif-
icant along-strike trends are apparent in Sn/Sm or
Cd/Dy ratios (Fig. 8d-e).

4.2.7. Global Systematics

[39] Though the above discussion is segregated
geographically, a few common threads among these
regions also permit some more general observa-
tions. For example, global variations in the Rb/Tl
ratio track closely with light REE enrichment, as
indicated by the La/SmN ratio (Figs. 3a-b to 8a-b).
Globally, La/SmN and Rb/Tl show a strong, posi-
tive, and approximately linear correlation (Fig. 9a),
suggesting the utility of this ratio as a sensor of
overall incompatible element enrichment in mantle
sources.

[40] We also observe enrichments in the W/U
ratio over the expected normal MORB/bulk silicate
Earth value of 0.65, which has otherwise been shown
to be relatively invariant in terrestrial igneous rocks
[Arevalo and McDonough, 2008]. Interestingly,
however, higher W/U ratios are not coincident with
the geographic centers of plume-related features on
these ridges. Instead, the most plume-like samples
(e.g., LREE enriched) have low W/U, but the ratio
is higher with distance from the inferred plumes
(Figs. 3c-8c), such that the highest W/U ratios appear
proximal to plumes, but not at their centers. In some
instances this trend is mirrored more subtly inMo/Ce
and Sb/Ce ratios. The W/U ratio (and to a lesser
extent, Mo/Ce and Sb/Ce ratios) is inversely corre-
lated with La/SmN ratio (Fig. 9b-d), and W/U ratios
>2 are restricted exclusively to a subset of basalts
with La/SmN ≤1 (i.e., some, but not all, NMORBs).
These signals might provide evidence for peripheral
entrainment of W-enriched, lower mantle material
by upwelling mantle plumes. During ascent, upwell-
ing plumes may entrain adjacent mantle material in
the overall solid flow field, and isotopic signatures
of plume-related lavas at global ocean islands
provide substantial evidence in favor of this process
[e.g., Hart et al., 1992]. Such entrained mantle may

be compositionally unrelated to the plume material
that feeds the primary heads and conduits of
plumes, which are often interpreted to originate from
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deeply-recycled subducted materials, but might
represent the ambient mantle adjacent to the point
of plume initiation. Tungsten, Mo, and Sb are all
expected to be enriched in the Earth’s core relative
to the silicate mantle, and mantle that has incorpo-
rated a small component of core material would
thus be relatively enriched in these elements over
their strictly lithophile counterparts, U and Ce. We
note, however, that these data do not exclude plumes
themselves from containing an elevated W (or Mo
or Sb) signature from the core-mantle boundary.
Rather, elevations in the W/U ratio arising from
contributions of W-enriched core material are only
resolvable in instances where either the contribution
from the core is large (1 wt.% for average depleted
MORB mantle, or more for sources originally
enriched in W; Arevalo and McDonough [2008]) or
the mantle W content is low (i.e., strongly depleted
mantle). These contributions may thus be present
throughout mantle plumes, but are only resolvable
peripherally where the mantle is more depleted.
Mantle that is otherwise geochemically similar to
NMORB, but enriched in W, may signify peridotite
that was resident near the core-mantle boundary
prior to peripheral entrainment by a neighboring
plume. In such a case, one might expect a correlation
between elevated 3He/4He ratios and elevated W/U
ratios, as both are potentially indicative of source
material derived from the lower mantle. An overall
paucity of helium isotope data for samples with high
W/U ratio, however, makes a global assessment im-
practical at present, although this is a direction that
is ripe for future work.

5. Summary

[41] New trace element data for a global suite
of plume-influenced mid-ocean ridge basalts
show variations in lesser-examined trace element
ratios as a function of proximity to plume influence.
The new data show that the Rb/Tl ratio closely
mirrors the La/SmN ratio, such that the two ratios
show an approximately linear correlation, and Rb/
Tl thus provides a sensitive tracer of plume-related,
enriched mantle domains. The W/U ratio may be
sensitive to enrichment related to interactions near
the Earth’s core. We find that W/U is not elevated
at plume centers, but significant enrichments in
W/U, and to a lesser extent the Mo/Ce and Sb/Ce
ratios, are present at mid-ocean ridges proximal to
plumes. Such enrichments may provide evidence
of far-field entrainment of lower mantle material
that has interacted with the core by deeply-rooted,
upwelling mantle plumes.
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