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A large-scale mantle compositional discontinuity was identified along the East Pacific Rise (EPR) and
the Pacific–Antarctic Ridge (PAR) with an inferred transition located at the EPR 23◦S–32◦S. Because of
the EPR–Easter hotspot interactions in this area, the nature of this geochemical discontinuity remains
unclear. IODP Sites U1367 and U1368 drilled into the ocean crust that was accreted at ∼33.5 Ma
and ∼13.5 Ma, respectively, between 28◦S and 30◦S on the EPR. We use lavas from Sites U1367 and
U1368 to track this mantle discontinuity away from the EPR. The mantle sources for basalts at Sites
U1367 and U1368 represent, respectively, northern and southern Pacific mantle sub-domains in terms
of Sr–Nd–Pb–Hf isotopes. The significant isotopic differences between the two IODP sites are consistent
with addition of ancient subduction-processed ocean crust to the south Pacific mantle sub-domain. Our
modeling result shows that a trace element pattern similar to that of U1368 E-MORB can be formed
by melting a subduction-processed typical N-MORB. The trace element and isotope compositions for
Site U1368 MORBs can be formed by mixing a HIMU mantle end-member with Site U1367 MORBs.
Comparison of our data with those from the EPR–PAR shows a geochemical mantle boundary near the
Easter microplate that separates the Pacific upper mantle into northern and southern sub-domains. On
the basis of reconstruction of initial locations of the ocean crust at the two sites, we find that the mantle
boundary has moved northward to the Easter microplate since before 33.5 Ma. A model, in which along-
axis asthenospheric flow to where asthenosphere consumption is strongest, explains the movement of
the apparent mantle boundary.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Based on radiogenic isotopes for basalts from the northern East
Pacific Rise (EPR), the Pacific mantle was previously considered
as a well-mixed mantle reservoir (e.g. Cohen and O’Nions, 1982).
However, as the more data became available for the northern EPR
(Zindler and Hart, 1986; Prinzhofer et al., 1989; Regelous et al.,
1999; Niu et al., 1999; Goss et al., 2010), the southern EPR (Hanan
and Schilling, 1989; Bach et al., 1994; Mahoney et al., 1994;
Niu et al., 1996; Haase, 2002) and the Pacific–Antarctic ridge (PAR)
(Ferguson and Klein, 1993; Castillo et al., 1998; Vlastélic et al.,
1999; Hamelin et al., 2010, 2011), it has become clear that the Pa-
cific mantle is compositionally heterogeneous with varying ampli-
tude on all scales. Based on the data from the PAR 66◦S–53◦S and
the EPR, Vlastélic et al. (1999) first suggested the presence of two
sub-Pacific mantle domains with a sharp geochemical transition
near the Easter island (∼25◦S). Despite the possible influence of
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the Easter hotspot on the East Rift of the Easter Microplate (Haase,
2002; Kingsley et al., 2002), the data on the most depleted basalts
(the least hotspot-influenced basalts) from the West Rift and East
Rift indicate the presence of northern and southern sub-Pacific
domains (Haase, 2002), respectively, as defined by Vlastélic et al.
(1999), which corroborates the existence of a mantle geochemi-
cal division near the Easter Microplate. The Easter Microplate sits
at the location separating the PAR–EPR into shallow (∼2450 m)
and deep (∼2850 m) axial depths to the south and north, respec-
tively (Vlastélic et al., 1999; Small and Danyushevsky, 2003). The
Easter Microplate roughly corresponds to the northern boundary
of the large low shear wave velocity province (LLSVP) at the base
of the lower mantle beneath the south Pacific (Takeuchi, 2007;
Iwamori et al., 2010). More recently, after filling the sampling gap
between 53◦S and 41◦S, Hamelin et al. (2011) found a strong iso-
topic (Nd–Hf–Pb–He) anomaly between 57◦S and 41◦S, where the
basalts have the highest 206Pb/204Pb and the lowest 143Nd/144Nd,
176Hf/177Hf and 3He/4He ratios along the EPR–PAR. Despite this
finding, data between 28◦S and 41◦S on the EPR–PAR remain lim-
ited (Hamelin et al., 2011), therefore interpretations on the nature
rights reserved.
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Fig. 1. Map of the central Pacific basin showing locations of IODP Sites U1367 and U1368. The range of the Pacific Superswell is based on Adam and Bonneville (2005).
of the mantle near the Easter Microplate remain highly speculative
and debatable.

Several along-ridge mantle compositional discontinuities have
been reported, and the Australian–Antarctic Discordance (AAD) is
the only one that has been traced off axis in both seafloor mor-
phology and basalt geochemistry (e.g. Kempton et al., 2002). Since
the Easter Microplate is considered to be highly influenced by
the Easter hotspot (Haase, 2002; Simons et al., 2002; Kingsley et
al., 2002, 2007), it is not straightforward to recognize possible
along-axis isotopic variation as a result of asthenospheric man-
tle change in the vicinity of the Easter Microplate. As a result, to
trace the possible mantle compositional boundary at the EPR near
28◦S–30◦S, we choose off axis drilling sites to accomplish this, i.e.,
crustal samples from IODP Sites U1367 and U1368, drilled off axis
at ∼33.5 and ∼13.5 Ma respectively.

2. Geological setting and sampling

IODP Sites U1367 and U1368 drilled into the oceanic crust that
was accreted from the mantle at latitudes near the Easter Mi-
croplate on the EPR (Fig. 1) (D’Hondt et al., 2011). All samples,
except for sample U1368F-2R-4 (86/90), are aphyric/slightly phyric
(plagioclase plus pyroxene). The sample U1368F-2R-4 (86/90) is
slightly phyric with only olivine as phenocrysts. The crust at Site
U1367 was accreted at ∼33.5 Ma (Magnetic Chron 13n). The crust
at Site U1368 was accreted at ∼13.5 Ma (Magnetic Chron 5n)
from the EPR (Okal and Bergeal, 1983; Wilder, 2003). Reconstruc-
tion models of the EPR spreading history (Okal and Bergeal, 1983;
Wilder, 2003) suggest that the ocean crust at IODP Sites U1367
and U1368 was formed before the Easter mantle plume/EPR in-
teraction. Thus, the Easter plume may not have influenced the
formation of the crust at Sites U1367 and U1368.

3. Methods

Nine and twelve basalt samples from Sites U1367 and U1368,
respectively, were selected for analyses of major and trace ele-
ments and Sr–Nd–Pb–Hf isotopes. Only the freshest/minimally al-
tered samples from Site U1367 and Site U1368 were selected for
preparation. These samples were stripped of visibly altered parts
and crushed into <3-mm particles. The particles having visibly al-
tered parts were picked out carefully under a binocular leaving
only the freshest particles without visible alteration for prepara-
tion. The sample grains were cleaned ultrasonically in distilled
water for 30 min and were washed with distilled water and left
to dry at 60 ◦C for 12 h before they were pulverized with an agate
mortar.
Fig. 2. Chemical classification of Sites U1367 and U1368 basalts on total-alkali and
silica (TAS) diagram. The blue solid line indicates the low pressure (1.0 kbar) frac-
tionation path of the alkali basalt. The COMAGMAT (3.57) (Almeev et al., 2007)
program was used for the calculation of the fractionation path.

Major elements and some trace elements (Cr, Sr and V) were
analyzed on fused glass discs with an Axios sequential X-ray Fluo-
rescence Spectrometer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGG-CAS). Trace elements were an-
alyzed using an ICP-MS (Agilent 7500) at Peking University. For
analyses of Sr–Nd–Pb–Hf isotopes, sample powders were leached
in hot 6 N HCl for ∼30 min to remove any potential seawater
contamination. The Sr isotope ratios were determined on a Finni-
gan MAT 262 thermal ionization mass spectrometer equipped with
a multi-collector. Nd and Pb isotopes composition analyses were
carried out on a Nu instrument MC-ICP-MS. Analyses for Sr–Nd–
Pb isotopes were completed in the Institute of Geology Chinese
Academy of Geological Sciences. Analyses for Hf isotopes were
completed using a MC-ICP-MS (Neptune Plus) at Nanjing Univer-
sity. The particular methods for the above analyses and data for
standard reference materials are given in Supplementary 1.

4. Results

4.1. Major and trace element compositions

Major and trace elements are given in Supplementary 2. As
indicated by low total alkalis at moderate SiO2 (Fig. 2) and
low incompatible trace elements at moderate MgO (4.94 wt%
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Fig. 3. Primitive mantle-normalized incompatible trace element patterns for lavas
from Sites U1367 and U1368. Data for normalization are from Sun and McDonough
(1989).

to 6.88 wt%), all except for one sample from Site U1368 are
tholeliitic normal mid-ocean ridge basalts (N-MORB). Sample
U1368F-2R-4 (86/90) is less evolved with 15.4 wt% MgO and has a
(La/Sm)N ratio of 1.88, indicative of enriched E-type MORB. Sample
U1368F-2R-4 (86/90) plots near the division line between alkali
and tholeiitic basalt even after low pressure fractionation to mod-
erate SiO2 content (Fig. 2) and can be defined as alkali basalt. The
E-MORB sample U1368F-2R-4 (86/90) is distinct from the N-MORB
samples of Site U1368 not only in its enrichment pattern, but also
in its obvious Nb positive anomaly relative to neighboring Th and
La (Fig. 3). Site U1367 samples show consistently higher deple-
tion in strongly incompatible elements, e.g. Th, Nb and La, than
those from Site U1368 (Fig. 3). Despite that sample U1368F-2R-4
(86/90) is not considered, Site U1368 N-MORB still tend to have
higher (Th/Nb)N (0.45 to 0.5), (Nb/La)N (0.62 to 0.74), (La/Ce)N
(0.86 to 0.91) and (Hf/Lu)N (1.2 to 1.4) ratios than those of Site
U1367 samples (0.40 to 0.47, 0.50 to 0.62, 0.76 to 0.89, and 1.1
to 1.3, respectively). The alkali basalt sample U1368F-2R-4 (86/90)
has the highest (Th/Nb)N (0.54), (Nb/La)N (1.3), (La/Ce)N (1.13) and
(Hf/Lu)N (2.0) ratios among the basalts of the two sites.

4.2. Compositions of Sr–Nd–Pb–Hf isotopes

Sr–Nd–Pb–Hf isotope compositions are given in Table 1. Basalts
from the two sites show differences in their isotope composi-
tions. Samples from Site U1368 tend to have higher 206Pb/204Pb
(18.4754 to 19.0112) but lower 87Sr/86Sr (0.702384 to 0.702613),
εNd (8.33 to 9.68) and εHf (9.23 to 11.7) than those from Site
U1367, which have relatively low 206Pb/204Pb (18.4198 to 18.5519)
and high 87Sr/86Sr (0.702496 to 0.702718), εNd (8.84 to 9.95) and
εHf (11.2 to 11.7). Of these samples, the alkali basalt U1368F-2R-4
(86/90) has the highest 206Pb/204Pb (19.0112) and the lowest εNd
(8.33) and εHf (9.23). Thus, Site U1368 samples show distinct iso-
tope compositions from Site U1367 samples in higher 206Pb/204Pb
(Fig. 4a) and lower εNd (Fig. 4b), 87Sr/86Sr (Fig. 4c) and εHf
(Fig. 4d). Plots of εNd vs. εHf for the two sites are either within
the narrow range or approximately in the extension of the Pa-
cific MORBs relative to Indian and Atlantic MORBs according to
Kempton et al. (2002) and Salters et al. (2011). Discrepancies in
isotopic compositions between the lavas from the two sites were
not related to the isotopic in-growth, as age-corrections are small
for Sr–Nd–Pb–Hf isotope ratios (Table 1).

5. Mantle source heterogeneity

To investigate the nature of mantle sources between the two
sites, we compare the isotope data with those from EPR and PAR
(Fig. 4). Samples from ridge segments that intersect with man-
tle plumes on the EPR (Easter hotspot, 18◦S hotspot) and the
PAR (Foundation hotspot, Hollister hotspot) were not included. As
shown in Fig. 4a, the PAR and EPR samples plot along different
correlation lines in 206Pb/204Pb vs. 208Pb/204Pb. The PAR sam-
ples are also distinct in isotopic compositions from those of the
EPR with higher 206Pb/204Pb and lower εNd (Fig. 4a), 87Sr/86Sr
(Fig. 4b) and εHf (Fig. 4d). Enriched mantle (EMII) and HIMU
(high-μ, μ = 238U/204Pb) mantle end-members are required to
account for the isotopic enrichment in basalts from the EPR and
the PAR, respectively. On plots of 206Pb/204Pb vs. 208Pb/204Pb
(Fig. 4a), 87Sr/86Sr vs. εNd (Fig. 4b), 87Sr/86Sr vs. 206Pb/204Pb
(Fig. 4c) and εHf vs. 87Sr/86Sr (Fig. 4d), samples from Sites U1367
and U1368 are within isotopic spaces of the EPR 14◦N–22◦S (the
northern sub-Pacific mantle domain) and the PAR 36◦S–62◦S (the
southern sub-Pacific mantle domain), respectively. Most samples
from Sites U1367 and U1368 plot on different sides of division
lines separating southern and northern sub-Pacific mantle domains
on 87Sr/86Sr vs. εNd plot (Fig. 4b) and εHf vs. 87Sr/86Sr plot
(Fig. 4d). Basalts from the Easter seamount chain (ESC) show pre-
dominantly a HIMU affinity (Hanan and Schilling, 1989; Cheng
et al., 1999). However, on the 206Pb/204Pb vs. 208Pb/204Pb field
(Fig. 4a), samples from Site U1368 plot along a trend formed by
PAR (36◦S–62◦S) that is distinct from the EPR and ESC.

6. Generation of mantle source discrepancies between Sites
U1367 and U1368

6.1. Separation by the Pacific Superswell

Vlastélic et al. (1999) first proposed that the separation by the
deep (mantle plume) sourced Pacific Superswell allowed the north-
ern and southern Pacific mantle to evolve with their own convec-
tive histories since at least before the Cretaceous time. However,
the reason and evidence for such differences in their convection
style is lacking. If a deep mantle plume has formed the Pacific
Superswell, it might have separated the Pacific mantle into two
sub-domains with different convection histories. However, several
studies showed that lavas of seamounts in the Pacific Superswell
area were sourced from a shallow mantle, rather than a deep man-
tle plume source (McNutt et al., 1997; Hanyu and Kaneoka, 1997;
Janney et al., 2000; Smith, 2003; Natland and Winterer, 2005;
Conrad et al., 2011). Inconsistent age progressions of many vol-
canoes within the Pacific Superswell are difficult to reconcile with
tectonic plate drift over a stationary mantle plume (McNutt et al.,
1997; Koppers et al., 2003). Isotopic observations, such as lower
3He/4He for lavas from the Pacific Superswell (Hanyu and Ka-
neoka, 1997; Janney et al., 2000) than those from the EPR, are con-
trary to the involvement of primitive mantle. More recent studies
suggest that lithospheric stress, rather than a mantle plume, may
have a prominent role in the development of the Pacific Superswell
(McNutt et al., 1997; Smith, 2003; Natland and Winterer, 2005;
Conrad et al., 2011). Thus, there is no obvious evidence that the Pa-
cific Superswell activities may have affected source compositional
differences between Sites U1367 and U1368.

6.2. Contamination by south Pacific mantle plumes

The Easter hotspot is the nearest mantle plume activity in
the study area that might have influenced the sources of Sites
U1367 and U1368 basalts. The observation that Site U1368 basalts
have lower 87Sr/86Sr ratios than those of Site U1367 for given
values of εNd (Fig. 4b) and εHf (Fig. 4d) indicates differences
both in depleted and enriched end-members for the two sub-
domains. Geochemistry of the two sub-domains cannot be ex-
plained by mixing a single depleted mantle with different en-
riched mantle end-members. Thus, the geochemical distinctions
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εHfa Rb Sr Sm Nd U

11.5 2.64 112 2.71 7.01 0.028
11.2 3.44 117 3.51 9.74 0.043
11.6 2.00 107 4.03 11.7 0.040
11.6 2.43 106 2.61 6.42 0.023
11.7 1.63 117 3.02 8.16 0.035
11.4 1.80 110 3.11 8.02 0.027
11.4 0.88 113 2.00 4.36 0.026
11.6 6.10 109 2.89 7.46 0.029
11.4 1.42 107 3.71 9.82 0.017

9.23 2.99 271 2.22 7.47 0.224
11.7 2.13 119 3.82 11.0 0.059
11.4 0.74 125 1.97 4.66 0.047
10.7 2.41 113 3.04 7.98 0.035
10.6 2.35 115 3.56 9.88 0.055
11.0 1.27 105 2.87 7.14 0.044
10.6 1.58 113 4.58 14.3 0.052
10.8 1.88 115 2.92 7.63 0.039
10.7 0.92 110 2.32 5.46 0.061
10.3 2.02 116 3.73 10.8 0.049
10.7 1.40 117 3.61 9.94 0.049
10.5 2.23 118 4.10 12.6 0.056

04Pb)i
b (208Pb/204Pb)i

b (176Hf/177Hf)i
b εHf(i)a

38.0124 0.283081 10.9
37.9869 0.283073 10.6
38.0196 0.283082 10.9
38.0287 0.283083 11.0
38.0007 0.283086 11.1
38.0796 0.283075 10.7
37.9258 0.283077 10.8
38.0484 0.283083 11.0
38.0807 0.283078 10.8
38.2274 0.283029 9.08
38.0576 0.283095 11.4
37.9575 0.283088 11.2
38.0769 0.283067 10.4
38.0874 0.283066 10.4
38.0572 0.283075 10.7
38.0485 0.283067 10.4
38.0115 0.283072 10.6
37.9981 0.283068 10.5
38.0063 0.283058 10.1
38.0407 0.283069 10.5
38.0276 0.283062 10.2
Table 1
Sr–Nd–Pb–Hf isotope compositions and Rb, Sr, Sm, Nd, U, Th and Pb contents of site U1367 and U1368 basalt samples after leach experiments.

Label Id Top
depth
(m)

Bottom
depth
(m)

87Sr/86Sr 143Nd/144Nd εNda 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf

329-U1367F-2R-3-W 11/15 18.46 18.5 0.702718 0.513131 9.62 18.4868 15.5337 38.0265 0.283098
329-U1367F-2R-3-W 43/47 18.78 18.82 0.702527 0.513091 8.84 18.5519 15.5256 38.0051 0.283089
329-U1367F-3R-1-W 10/13 26.7 26.73 0.702540 0.513100 9.01 18.4916 15.5413 38.0390 0.283099
329-U1367F-4R-1-W 67/70 36.87 36.9 0.702496 0.513136 9.71 18.4627 15.5378 38.0378 0.283099
329-U1367F-5R-1-W 69/71 46.59 46.61 0.702574 0.513120 9.40 18.4914 15.5311 38.0175 0.283104
329-U1367F-6R-1-W 20/23 50.7 50.73 0.702505 0.513137 9.73 18.5069 15.5582 38.0930 0.283093
329-U1367F-6R-1-W 84/88 51.34 51.38 0.702660 0.513148 9.95 18.4275 15.5218 37.9639 0.283094
329-U1367F-6R-1-W 140/143 51.9 51.93 0.702544 0.513136 9.71 18.4924 15.5487 38.0589 0.283099
Fill received after U1367F-3R – – 0.702613 0.513122 9.44 18.4198 15.5565 38.0875 0.283094
329-U1368F-2R-4-W 86/90 14.12 14.16 0.702552 0.513065 8.33 19.0112 15.5745 38.3198 0.283033
329-U1368F-4R-2-W 14/16 29.895 29.915 0.702539 0.513105 9.11 18.6598 15.5311 38.0799 0.283102
329-U1368F-5R-2-W 64/69 39.695 39.745 0.702604 0.513134 9.68 18.5709 15.4946 37.9978 0.283095
329-U1368F-7R-2-W 113/115 49.97 49.99 0.702530 0.513100 9.01 18.5702 15.5440 38.0957 0.283074
329-U1368F-8R-1-W 143/148 58.43 58.48 0.702557 0.513125 9.50 18.5784 15.5477 38.1041 0.283073
329-U1368F-10R-1-W 112/116 67.72 67.76 0.702455 0.513095 8.91 18.5528 15.5437 38.0775 0.283082
329-U1368F-11R-2-W 20/23 77.9 77.93 0.702505 0.513089 8.80 18.4754 15.5442 38.0654 0.283073
329-U1368F-11R-2-W 110/116 78.8 78.86 0.702613 0.513103 9.07 18.5885 15.5278 38.0284 0.283078
329-U1368F-12R-2-W 122/127 88.62 88.67 0.702425 0.513094 8.90 18.5209 15.5261 38.0335 0.283074
329-U1368F-13R-1-W 7/11 95.57 95.61 0.702462 0.513077 8.56 18.6386 15.5286 38.0186 0.283064
329-U1368F-13R-3-W 52/56 99.02 99.06 0.702534 0.513094 8.90 18.5812 15.5384 38.0501 0.283075
329-U1368F-14R-1-W 39/43 105.49 105.53 0.702394 0.513107 9.15 18.5864 15.5336 38.0415 0.283068

Th Pb Lu Hf Rb/Sr Sm/Nd U/Pb Th/Pb Lu/Hf (87Sr/86Sr)i
b (143Nd/144Nd)i

b εNd(i)a (206Pb/204Pb)i
b (207Pb/2

0.041 0.34 0.93 4.88 0.024 0.386 0.083 0.121 0.191 0.702686 0.513080 8.62 18.4567 15.5323
0.070 0.45 0.78 4.26 0.029 0.360 0.095 0.156 0.184 0.702487 0.513043 7.91 18.5172 15.5240
0.080 0.48 0.98 4.87 0.019 0.346 0.084 0.166 0.200 0.702515 0.513054 8.12 18.4611 15.5399
0.020 0.26 0.88 4.93 0.023 0.406 0.091 0.078 0.179 0.702465 0.513082 8.67 18.4295 15.5363
0.049 0.34 1.02 4.83 0.014 0.370 0.101 0.144 0.211 0.702555 0.513071 8.45 18.4545 15.5294
0.030 0.26 1.07 5.04 0.016 0.388 0.106 0.115 0.212 0.702483 0.513086 8.73 18.4683 15.5564
0.033 0.10 0.96 5.08 0.008 0.458 0.260 0.327 0.190 0.702650 0.513087 8.76 18.3330 15.5174
0.029 0.32 0.92 4.97 0.056 0.388 0.092 0.090 0.186 0.702469 0.513085 8.71 18.4590 15.5472
0.024 0.42 0.92 4.98 0.013 0.378 0.041 0.058 0.185 0.702595 0.513072 8.47 18.4050 15.5558
0.558 0.29 0.36 3.02 0.011 0.297 0.776 1.94 0.120 0.702546 0.513049 8.02 18.8959 15.5692
0.127 0.27 0.91 4.55 0.018 0.346 0.219 0.468 0.199 0.702529 0.513087 8.75 18.6273 15.5296
0.075 0.09 0.88 4.55 0.006 0.422 0.530 0.845 0.193 0.702601 0.513111 9.24 18.4920 15.4910
0.061 0.15 0.93 4.99 0.021 0.381 0.229 0.395 0.187 0.702518 0.513080 8.61 18.5361 15.5424
0.102 0.29 0.99 5.02 0.021 0.360 0.189 0.350 0.198 0.702546 0.513106 9.12 18.5504 15.5464
0.069 0.16 0.91 4.85 0.012 0.402 0.271 0.425 0.188 0.702448 0.513074 8.50 18.5125 15.5419
0.126 0.35 0.89 4.89 0.014 0.320 0.148 0.355 0.182 0.702497 0.513072 8.46 18.4534 15.5432
0.073 0.21 0.85 4.85 0.016 0.383 0.190 0.354 0.175 0.702604 0.513083 8.67 18.5603 15.5265
0.093 0.13 0.87 4.84 0.008 0.426 0.489 0.742 0.180 0.702420 0.513071 8.45 18.4482 15.5228
0.086 0.34 0.91 4.97 0.017 0.344 0.146 0.257 0.183 0.702453 0.513059 8.21 18.6169 15.5276
0.087 0.44 0.84 4.58 0.012 0.363 0.111 0.198 0.183 0.702528 0.513075 8.52 18.5646 15.5376
0.118 0.41 0.84 4.73 0.019 0.325 0.138 0.292 0.178 0.702374 0.513090 8.81 18.5660 15.5327

a The εHf and εNd have been calculated using 176Hf/177HfCHUR = 0.282772 after Blichert-Toft and Albarède (1997) and 143Nd/144NdCHUR = 0.512638.
b The initial ratios of Sr, Nd, Pb and Hf isotopes are corrected to 33.5 Ma and 13.5 Ma for Sites U1367 and U1368, respectively.
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Fig. 4. (a) Plot showing correlations of 208Pb/204Pb vs. 206Pb/204Pb. (b) Plot showing correlations of εNd vs. 87Sr/86Sr. Blue line indicates division of the mantle domains
of EPR and PAR. Blue dashed line indicates division of EPR and PAR data after age correction assuming Rb/Sr and Sm/Nd of 0.02 and 0.35, respectively. (c) Plot showing
the relationships of 87Sr/86Sr vs. 206Pb/204Pb. (d) Plot showing the relationship of εHf vs. 87Sr/86Sr. Data are from PetDB and GEOROC database and normalized relative to
NBS987 of 0.71025 for Sr; Lajolla Nd of 0.511852 or JMCNd of 0.511125 for Nd; NBS981 of 206Pb/204Pb = 16.9373, 207Pb/204Pb = 15.4925 and 208Pb/204Pb = 36.7054 for
Pb. The HIMU, EM I and EM II mantle components are taken from Zindler and Hart (1986) and Salters and White (1998). Data of εHf and 87Sr/86Sr for ESC are from Kingsley
et al. (2007). Data for the West Rift are all from Kingsley et al. (2007), Hanan and Schilling (1989) and Fontignie and Schilling (1991). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
between the two sites cannot be formed by contamination from
the Easter mantle plume because neither of their compositions
can be produced by mixing the Easter Island basalt compositions
with those of the other (Fig. 4b–d). Compositions of basalts from
the two sites are very different from basalts from the East Rift
of the Easter microplate which have suffered significant contam-
ination from the Easter mantle plume (Fig. 4). We can thus ex-
clude a plume-origin for Site U1368 basalts also because all sam-
ples from the ESC plot on the right side of the division line be-
tween the two sub-Pacific mantle domains on the 87Sr/86Sr vs.
εNd field (Fig. 4b) and 87Sr/86Sr vs. εHf (Fig. 4d). Most samples
from Site U1368 plot outside the mixing space between the EPR
and the Easter mantle plume on the 87Sr/86Sr vs. εNd (Fig. 4b),
87Sr/86Sr vs. 206Pb/204Pb space (Fig. 4c) and 87Sr/86Sr vs. εHf
(Fig. 4d). These results suggest that samples from Sites U1367 and
U1368 incurred negligible contamination from the Easter mantle
plume.

Formation of the anomalous mantle represented by Site U1368
basalts (the southern sub-Pacific mantle domain) is also difficult to
be explained by contamination from south Pacific mantle plumes
with a HIMU signature. Negative correlation of 206Pb/204Pb vs.
3He/4He for the PAR samples (Moreira et al., 2008; Fig. 6 of
Hamelin et al., 2011) is in contrast with those of south Pacific
hotspots having both high 3He/4He and 206Pb/204Pb. Correlations
between principal components calculated based on Sr–Nd–Pb iso-
topes (Iwamori et al., 2010; Hamelin et al., 2011) suggests no
plume–ridge interactions took place in the south Pacific leaving
partial melting of a marble-cake assemblage as a plausible expla-
nation for the observed discrepancies between the northern and
southern sub-Pacific mantle domains and between Sites U1367 and
U1368.

6.3. Recycling subduction-related materials

6.3.1. Implications for subduction-related components
Explanation of the geochemical division of the two sub-Pacific

domains requires understanding how their differences in isotopic
and elemental compositions were formed. Mixing of depleted
mantle with subducted altered oceanic crust (AOC) provides a
mechanism that might produce those differences. Subduction-
processed AOC loses Pb more efficiently than other elements,
such as U and Th (Kelley et al., 2005), resulting in a high-μ
(μ = 238U/204Pb) and high-ω (ω = 232Th/204Pb) end-member
that generates high time-integrated 206Pb/204Pb and 208Pb/204Pb
(e.g. Chauvel et al., 1992; Kogiso et al., 1997a). Subduction-
processed AOC loses Rb more efficiently than Sr (e.g. Hanyu and
Nakamura, 2000) which produces a low time integrated 87Sr/86Sr
ratio, while fractionation of Sm relative to Nd and Lu relative to
Hf is too small that cannot produce significant variations in εNd
and εHf. The lower 87Sr/86Sr for Site U1368 samples than those
of Site U1367 at given εNd and εHf values could have been in-
troduced by recycling of AOC. Furthermore, pelagic sediment, if
subducted, could introduce low εNd and εHf (Patchett et al., 1984;
Vervoort et al., 1999), while their Rb/Sr can be very low after sub-
duction processes (Niu and O’Hara, 2003).

Site U1368 samples show consistently higher Nb/La ratios
than those of Site U1367. The alkali sample U1368F-2R-4 (86/90)
also shows positive Nb anomaly and the highest Nb/La ratio.
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Because Nb shows most similar bulk partition coefficient with its
neighboring Th and La (Fig. 3), the positive anomaly of Nb is re-
lated to processes other than partial melting (Sun and McDonough,
1989; Sims and DePaolo, 1997). Nb is significantly less mobile
in subduction-related fluids than La, which would lead to higher
Nb/La ratio in the subducted slab. The subduction-processed ocean
crust can produce rutile-bearing residual eclogite (Saunders et al.,
1980; McDonough, 1991). Because rutile is strongly enriched in
Nb, Ta, Hf and Zr, Nb can be retained in the subducting slab while
La might be reduced with fluids release (Saunders et al., 1980;
McDonough, 1991; Kogiso et al., 1997b), resulting in high Nb/La
ratio in recycled oceanic crust. If the rutile is the major source for
the positive anomaly of Nb, the resulting high Nb relative to La
in lavas would require eclogite melting to eliminate rutile. This is
possible because the stability of rutile in solid solution with other
phases will be decreased with decreasing pressure (Klemme et al.,
2002). Evidence for the melting of rutile in the mantle source is
also supported by the enrichments of Hf and Zr relative to their
neighboring Nd and Sm (Fig. 5a). Fig. 5a shows that N-MORBs of
Site U1368 have higher 206Pb/204Pb and Nb/La ratios than those of
Site U1367. Both high 206Pb/204Pb and Nb/La ratios for Site U1368,
especially for the alkali sample U1368F-2R-4 (86/90) (Fig. 5a), rel-
ative to those of Site U1367 are in concert with the influences
from melting of ancient subduction-related recycled ocean crust.
The two-components mixing curve in Fig. 5a indicates that com-
positions of Site U1368 N-MORBs can be generated by adding ca.
10% E-MORB (U1368F-2R-4 (86/90)) to Site U1367 basalts. Thus,
the relatively high 206Pb/204Pb and Nb/La ratios for all samples
from Site U1368 can be explained by influence from an enriched
mantle end-member.

The enriched pattern, especially the high Sm/Yb and low Lu/Hf
ratios, of sample U1368F-2R-4 (86/90) is consistent with melting
of a garnet-containing mantle source (e.g. Sun and McDonough,
1989). Fig. 5b shows that the enriched mantle end-member for
Site U1368 has the lowest εHf and Lu/Hf, which might reflect
the garnet signature. Because Lu is highly compatible in garnet
while Hf is incompatible in garnet, the presence of garnet as a
residual phase during mantle melting would lead to low Lu/Hf in
the melt and low time integrated εHf, which can explain sample
U1368F-2R-4 (86/90). On the other hand, ancient mantle melt-
ing residues with garnet would have very high Lu/Hf and high
εHf. Melting of such an ancient garnet-containing material (previ-
ous melting residual and present-day source) would produce high
εHf, i.e., the most MORBs with εHf � 0 (Salters and Hart, 1991;
Salters et al., 2011). However, the lowest εHf for U1368F-2R-4
(86/90) (Fig. 5b) is contrary to the melting of garnet having ex-
perienced extensive ancient partial melting. The relatively low εHf
for Site U1368 basalts were most likely resulted from influences
from melting garnet that have not experienced extensive ancient
partial melting. The low εHf for the E-MORB of Site U1368 in-
dicates that the Lu/Hf ratio of its mantle source was low rel-
ative to that of N-MORB mantle for a period of time. Ancient
subducted ocean crust, if it had not experienced partial melting
processes, could have produced eclogite having garnet with Lu/Hf
comparable to that of MORB. However, modern N-MORB mantle
have experienced strong depletion that have increased Lu/Hf ra-
tio and led to higher time-integrated εHf than that of ancient
subducted ocean crust (e.g. Salters and White, 1998). Garnet in
eclogite derived from subducted oceanic crust with lower Lu/Hf,
especially from a garnet-containing mantle source, than the de-
pleted mantle can generate low time-integrated εHf. Most of N-
MORB samples also have lower Lu/Hf and εHf ratios than those
of Site U1367. The two-component mixing calculation shows that
the Lu/Hf and εHf compositions of Site U1368 samples can be
formed by mixing a small part of E-MORB (sample U1368F-2R-4
(86/90)) with Site U1367 basalt samples (Fig. 5b). The composi-
Fig. 5. Plot showing the relationships of 206Pb/204Pb vs. Nb/La and εHf vs. Lu/Hf for
basalts from Sites U1367 and U1368. The number near the mixing curve indicates
the weight percentage of E-MORB.

tional distinctions, e.g. Lu/Hf vs. εHf and 206Pb/204Pb vs. Nb/La,
between Sites U1368 and U1367 basalts could be explained by
an enriched component derived from subduction related recycled
ocean crust.

6.3.2. Constraints from Nd–Hf isotopes
MORB samples from global ocean basins show wide ranges of

εHf for given εNd, which was considered to be derived from vary-
ing degrees of ancient melting of garnet-containing source (Salters
and Hart, 1989; Salters et al., 2011). Salters et al. (2011) show that
MORBs from global ocean basins show sub-parallel arrays of εHf
vs. εNd. They proposed a two-stage melting model, first varying
degrees of ancient melting in the garnet stability field and there-
after melting in the spinel stability field, to explain the global
decoupling and local coupling of εHf vs. εNd. Since the Pacific
MORB mantle have the lowest εHf in the global oceans for given
εNd, it might have experienced lowest degrees of ancient melt-
ing with garnet as residues according to Salters et al. (2011). Thus,
the lowest εHf and Lu/Hf ratio of E-MORB sample from Site U1368
could be explained from partial melting of garnet that has not ex-
perienced extensive ancient partial melting. However, melting of
such garnet-containing mantle source cannot explain the positive
Nb anomaly or the mixing relationship on the space of Nb/La vs.
206Pb/204Pb. An alternative source for the garnet-containing man-
tle is recycled oceanic crust that has not experienced ancient par-
tial melting. If the recycled oceanic crust-derived eclogitic mantle
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Fig. 6. Correlations of εNd vs. εHf. Data sources for EPR, PAR, Indian and Atlantic
MORBs are from PetDB. Endmember data of pelagic sediments are from Vervoort et
al. (2011). The calculation for recycled oceanic crust follows Stracke et al. (2003). In
calculations for compositions of recycled oceanic crust from the average EPR, MAR
and Indian ridge MORBs, the initial 143Nd/144Nd and 176Hf/177Hf ratios for recycled
oceanic crust at 2.0 Ga are 0.5100 and 0.28148, respectively, based on Stracke et al.
(2003). The modern 143Nd/144Nd and 176Hf/177Hf ratios for the average MORBs are
as follows: EPR, 0.51313, 0.28317; MAR, 0.51304, 0.28311; Indian ridge, 0.51303,
0.28317, according to data from PetDB (www.earthchem.org/petdb). The Sm/Nd and
Lu/Hf ratios for the average MORBs are as follows: EPR, 0.32, 0.179; MAR, 0.367,
0.21; Indian ridge, 0.336, 0.191, according to PetDB (www.earthchem.org/petdb).

has not experienced ancient partial melting, their Hf–Nd isotopes
would not be decoupled.

Despite strong differences in Sr–Nd–Pb–Hf isotopes between
the EPR and PAR basalts (Fig. 4), their Nd and Hf isotopes are
well coupled (Fig. 6). This shows that processes other than an-
cient melting of garnet-containing mantle source have formed the
two sub-Pacific mantle domains. While none of Indian and Atlantic
MORBs trend towards a HIMU component on the plot of Nd–Hf
isotopes (Salters et al., 2011), those of the EPR and PAR show a
clear trend towards a HIMU component (Fig. 6). The unradiogenic
Hf isotope of the HIMU component is considered to be compatible
with a contribution of recycled oceanic crust (Salters and White,
1998; Stracke et al., 2003). Because Lu/Hf and Sm/Nd ratios are
insensitive to alteration and subduction processes, the correlation
between εHf and εNd in subducting slab would not be decou-
pled. The Nd–Hf isotope array of the PAR (including Site U1368)
MORBs is unlikely resulted from the recycled pelagic sediments
which have relatively high εHf for given εNd (Fig. 6).

To show whether the Nd–Hf isotopes of the PAR and Site U1368
MORBs can be formed from recycled oceanic crust or not, we cal-
culate here the modern Nd–Hf isotope compositions of recycled
ancient oceanic crust (Fig. 6). Before our calculation the initial iso-
topic (Nd–Hf) composition, parent/daughter (Lu/Hf, Sm/Nd) ratios
and recycling age of the recycled ancient oceanic crust have to be
known. These parameters are determined according to Stracke et
al. (2003) and clarified in the caption of Fig. 6. The initial isotopic
compositions are equivalent to those of bulk earth (BE) reservoir
at, e.g. 2 Ga. The recycling ages are assumed 0.5 Ga to 2 Ga ac-
cording to Hauri and Hart (1993). We have calculated the modern
Nd–Hf isotope compositions of recycled oceanic crusts with Lu/Hf
and Sm/Nd of the average EPR, Atlantic and Indian MORBs, respec-
tively. The recycling of MORBs from all the three ocean ridges can
produce components that intersect with the trend formed by PAR
and Site U1368 MORB samples (Fig. 6). Furthermore, recycling of
the EPR MORBs with varying ages can form a trend consistent with
that formed by the PAR and Site U1368 samples (Fig. 6). Thus, the
south Pacific sub-domain was likely resulted from the recycling of
ancient, e.g. 2 Ga, MORBs.
Fig. 7. The trace element patterns of a calculated E-MORB source and its melt sim-
ilar to the E-MORB at Site U1368 and mixture showing mixing between the U1368
E-MORB and the average U1367 N-MORB to produce the average U1368 N-MORB.
The calculation of the E-MORB source and its melt is based on Stracke et al. (2003).
The N-MORB of Hoffmann (1988) is used as the recycling material. The elemental
mobility coefficients through subduction zone are after Kogiso et al. (1997b). The
total amount of basalt in the mantle is assumed 20%. A fractional melting style and
melting degree of 4% are chosen. Garnet and clinopyroxene are assumed 5% and
95% in the eclogitic E-MORB mantle source.

6.3.3. Constraints from trace element modeling
Stracke et al. (2003) have successfully modeled trace element

patterns of various E-MORBs by adjusting the proportions of re-
cycled N-MORB and sediment and the proportions of the E-MORB
source and ambient mantle, choosing suitable melting degrees and
style and source mineral compositions. On the basis of Stracke et
al. (2003), we have evaluated whether a trace element pattern
similar to the E-MORB of Site U1368 can be formed by melting
recycled oceanic crust. The N-MORB of Hoffmann (1988) is chosen
as the recycling material. The subduction-induced elemental mo-
bility coefficients used are after Kogiso et al. (1997b). The detailed
parameters used for modeling are shown in the caption of Fig. 7.
Fig. 7 shows that a melt with trace element pattern similar to that
of E-MORB at Site U1368 can be produced by recycling N-MORB
from Hoffmann (1988). Our two end-member mixing calculation
has also found that the trace element pattern of the average U1368
N-MORB can be formed by adding ca. 10% U1368 E-MORB to the
average U1367 MORB, which approximates the modeling results
on 206Pb/204Pb vs. Nb/La and 176Hf/177Hf vs. Lu/Hf in Fig. 5. Thus,
discrepancies in trace element compositions between the two sites
can be explained by influences of recycled N-MORB on Site U1368.

7. Mantle dynamics along the EPR–PAR

7.1. Tectonic reconstructions

The composition of the oceanic crust can reflect its mantle
source nature where it was formed. Thus, the composition of
basalts from the actively spreading EPR can reflect the mantle
source signature beneath the ridge axis. However, the oceanic crust
drifts away from the ridge when it is formed. Therefore, it is im-
portant to know the axial locations of Sites U1367 and U1368 at
the time of crustal formation. The straightforward way is to back-
track the two sites to the time of crustal formation along the flow
lines, considering the factors like northwestward ridge migration
in this part of the EPR over the past ∼50 Myrs.

Here we use GPlate (Boyden et al., 2011) to backtrack Sites
U1367 and U1368. GPlates is desktop software for the interactive

http://www.earthchem.org/petdb
http://www.earthchem.org/petdb
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Fig. 8. Reconstruction of flowlines and absolute locations of mantle sources of Sites U1367 and U1368. The calculations are based on GPlate (Boyden et al., 2011).
visualization of plate tectonics. It offers a novel combination of
interactive plate-tectonic reconstructions, geographic information
system (GIS) functionality and raster data visualizations. It en-
ables both the visualisation and the manipulation of plate-tectonic
reconstructions and associated data through geological time. The
‘flowlines’ module is used here to calculate the flowlines of crust
at the two sites, in which we calculate the motion of the Pacific
plate relative to the EPR (see A0–A for Site U1367 and B0–B for
Site U1368 in Fig. 8). We use the ‘Motion Path’ module to calculate
the absolute initial locations of the ocean crust at the two sites, in
which we choose the motion of Pacific plate relative to the Pacific
hotspots (see the absolute motion paths A0–A1 for Site U1367 and
B0–B1 for Site U1368 in Fig. 8).

7.2. Implications for a geochemical mantle boundary

Based on the reconstructed flowlines shown in Fig. 8, our results
from Sites U1367 and U1368 basalts fill a data gap between EPR
28◦S–30◦S (Fig. 9) that allows us to observe a sharp mantle com-
positional discontinuity along the EPR–PAR. However, this discon-
tinuity will not appear if we assign the latitudes of the two sites
according to their absolute initial locations (not shown), which will
be discussed in Section 7.3. Basalts from the EPR–PAR south of
29◦S have systematically lower 87Sr/86Sr (Fig. 9a) and 208Pb/206Pb
(Fig. 9b) and higher 206Pb/204Pb (Fig. 9c) than those from the EPR
north of 29◦S. Site U1367 and Site U1368 samples also plot in
northern and southern Pacific sub-domains (Fig. 4), respectively.
Additionally, samples of the EPR north of Easter microplate and the
EPR–PAR south of Easter microplate plot in different mantle sub-
domains (Fig. 4). These are consistent with a geochemical mantle
boundary near the Easter Microplate as defined by Vlastélic et al.
(1999) and Haase (2002). Lavas from the EPR–PAR between 57◦S
and 29◦S exhibit the lowest 208Pb/206Pb (Fig. 9b) and the high-
est 206Pb/204Pb (Fig. 9c). Lavas from this ridge section also have
systematically lower 3He/4He ratios (6.3 to 7.8 R/RA) than those
of the EPR at 23◦S–5◦S (8–9.5 R/RA) based on data from PetDB
(www.earthchem.org/petdb). The anomalous compositions of lavas
from the EPR–PAR at 57◦S–29◦S are also tracked by the indepen-
dent component calculated based on Sr–Nd–Pb isotopes (Iwamori
et al., 2010). This area of the EPR coincides with change in ax-
ial depth between the shallow EPR (∼2450 m) and deep PAR
(∼2850 m) (Fig. 9d) (Small and Danyushevsky, 2003).
7.3. The asthenospheric mantle flow along the EPR

Based on the calculation results shown in Fig. 8, the location
(A in Fig. 8) on the ridge that formed the crust at Site U1367 is
to the north of the location (B in Fig. 8) on the ridge that formed
the crust at Site U1368. However, the location (A1 in Fig. 8) of
the source mantle that formed Site U1367 crust is to the south of
that (B1 in Fig. 8) formed Site U1368 crust. This is because the
EPR has migrated northwestward in the past 33 Myr. The ridge
has moved from A1 to A within the past ∼33.5 Myr, while it has
moved from B1 to B within the past ∼13.5 Ma. Thus, the mantle
at B1 (at ∼13.5 Ma) belongs to the south Pacific mantle domain,
while the mantle at A1 (at ∼33.5 Ma) belongs to the north Pacific
mantle domain, which is apparently inconsistent with the obser-
vation from Fig. 4. To address this contradiction, an asthenospheric
mantle flow along the ridge faster than the ridge migration rate
was required. We suggest that the boundary between the north
and south sub-Pacific mantle domains was to the south of A1 be-
fore ∼33.5 Ma, and moved to the north of B1 after ∼13.5 Ma.

To further test the asthenospheric flow as we suggest, it is
necessary to know if the asthenospheric flow has continued af-
ter ∼13.5 Ma and the present location of the boundary between
the two sub-Pacific mantle domains. Despite the possible influ-
ence of the Easter hot spot on the EPR (East Rift), the most de-
pleted basalts from the East Rift and West Rift show distinctions
that indicate a geochemical boundary. We will identify the present
location of the mantle boundary based on comparison of the up-
dated geochemical data between the East Rift and the West Rift
(Fig. 4). The basalts of the West Rift are similar in isotope com-
positions to those of the northern EPR and distinct from those of
the PAR. Most data of the West Rift are plotted in the northern
Pacific sub-domain on 208Pb/204Pb vs. 206Pb/204Pb (Fig. 4a), εNd
vs. 87Sr/86Sr (Fig. 4b), 87Sr/86Sr vs. 206Pb/204Pb (Fig. 4c) and εHf
vs. 87Sr/86Sr (Fig. 4d). However, the most enriched samples of the
East Rift are within the field of the Easter Seamount Chain basalts
(Fig. 4a–d), while the most depleted samples are within in the
field of the PAR basalts, indicating mixing and interactions of the
Easter mantle plume with the south Pacific mantle sub-domain.
Thus, the mantle sources of the West Rift basalts and the de-
pleted East Rift basalts belong to the northern and southern Pa-
cific mantle sub-domains, respectively, suggesting a modern man-
tle boundary between the two mantle sub-domains. This corrob-
orates that the mantle boundary between northern and southern

http://www.earthchem.org/petdb
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Fig. 9. Latitudinal variations of (a) 87Sr/86Sr, (b) 208Pb/204Pb and (c) 206Pb/204Pb
along the EPR–PAR from 5◦S to 65◦S after exclusion of plume–ridge interaction
samples at Hollister, Foundation, Easter and 18◦S hotspots. The shaded segment
shows the zone of the strongest isotopic anomalies. Average depths along the ridge
axis panel (d) are from Small and Danyushevsky (2003). The latitudinal variations
of the spreading rate are based on NUVEL-1 (Argus and Gordon, 1991).

Pacific sub-domains has moved from the location south of A1 in
Fig. 8 before 33.5 Ma to the north of B1 in Fig. 8 after 13.5 Ma,
and moved further to the location beneath the East Rift of Easter
microplate within the past 13.5 Myr.

To explain the depth discontinuity (Fig. 9d) near the EPR–PAR
transition zone, Small and Danyushevsky (2003) proposed that
the EPR has higher asthenosphere consumption (thinner astheno-
sphere) than the PAR due to their differences in spreading rate.
Based on the assumption that the asthenosphere has a higher
temperature than underlying mantle proposed by Morgan (1971,
1972a, 1972b), Buck et al. (2009) proposed that the asthenosphere
has a lower density and viscosity than underlying mantle. Buck
et al. (2009) have successfully explained the ridge depth disconti-
nuity near the EPR–PAR transition zone by lateral asthenospheric
flow caused by an asthenosphere consumption contrast between
the EPR and the PAR. The along-axis asthenospheric flow predicted
by Buck et al. (2009)’s model has also been observed, for exam-
ple, near the Australian–Antarctic Discordance (AAD) (Weissel and
Hayes, 1974) along the ridge between the Australia and the Antarc-
tica. Rocks from the west (the Indian ocean type) and east (the
Pacific ocean type) sides of the AAD also show strong geochemical
contrasts, which is similar to this study area. However, evidence
from the isotope data from the off-axis drill sites showed that
this geochemical boundary has remained there for 30 Myr, which
can be explained by the underlying old subducted slab that pre-
vented the along-axis asthenospheric flow (Kempton et al., 2002).
Another example for the along-axis asthenospheric flow was sug-
gested by Niu and Hékinian (2004) along the mid-Atlantic ridge
near the Iceland. They showed that the asthenospheric mantle be-
neath the ocean ridges is the region of the lowest pressure in the
mantle, which leads to ‘ridge suction’. The ridge suction model
successfully explains the along ridge flow of the asthenosphere
beneath the Iceland as evidenced by the along ridge topographic
and isotopes variations. Niu and Hékinian (2004) proposed that
ridge suction increases with increasing spreading rate, which is
supported by the greater influence of Iceland plume on the Reyk-
janes ridge (full spreading rate >2 cm/yr) to the south than on the
South Kolbeinsey ridge (full spreading rate <2 cm/yr) to the north.
The spreading rate of the EPR near the location of the modern
Easter microplate is the fastest along the EPR–PAR (Fig. 9e) (Naar
and Hey, 1991). This spreading rate is also fastest since >30 Ma
according to the calculation using GPlates (Boyden et al., 2011).
Based on calculation of mass flux (per km ridge length within
the first Myr) required to form ocean crust and lithospheric man-
tle, mass flux (km3/(km Myr)) = 25 × spreading rate (mm/yr)
(Niu and Hékinian, 2004), the southern EPR and northern PAR
require an asthenospheric mass flux of 2000 km3/(km Myr) and
1250 km3/(km Myr), respectively. Thus, the EPR near the Easter
microplate has the highest ridge suction and asthenosphere con-
sumption that can explain the northward asthenospheric flow from
beneath the PAR. Unlike the AAD where there is a stagnated old
slab in the transition zone, the asthenosphere can flow along
the PAR–EPR freely to place where asthenospheric consumption is
greatest (e.g. Niu and Hékinian, 2004).

7.4. Separation of the northern and southern sub-Pacific mantle
domains and generation of the geochemical mantle boundary

While plate subduction might produce mantle compositional
heterogeneity, mantle convection plays a role in homogenizing
mantle compositions. Despite our lack of knowledge of the reason
for the generation of the Pacific Superswell (McNutt et al., 1997;
Hanyu and Kaneoka, 1997; Janney et al., 2000; Smith, 2003;
Natland and Winterer, 2005; Conrad et al., 2011), the deep man-
tle processes that formed Pacific Superswell might have played
a role in changing the Pacific mantle convection style. If man-
tle plume activities beneath the Pacific Superwell were initiated,
for example, before the Cretaceous time (e.g. McNutt et al., 1990;
Davies and Pribac, 1993), it might have prevented interactions and
homogenization between the southern and northern sub-Pacific
mantle domains since the Cretaceous time. For a non-plume ori-
gin of the Pacific Superswell, the separation of the two sub-Pacific
mantle domains would indicate that the shallow mantle convec-
tion played a limited role in homogenizing the Pacific upper man-
tle since at least before the Cretaceous time. A geochemical mantle
boundary is vulnerable to shallow mantle convection, thus the
mantle boundary suggested in this study could have been main-
tained by a dynamic model. The dynamic model as we suggested
in this study can form a sharp geochemical mantle boundary by
northward asthenospheric flow from the southern sub-Pacific man-
tle domain to where the asthenospheric consumption is greatest



162 G.-L. Zhang et al. / Earth and Planetary Science Letters 383 (2013) 153–163
(e.g. Small and Danyushevsky, 2003; Niu and Hekinian, 2004; Buck
et al., 2009).

8. Conclusions

To investigate the nature and genesis of the geochemical man-
tle boundary near the Easter microplate along the EPR–PAR, MORB
samples from off-axis IODP Sites U1367 and U1368 were analyzed
for major and trace elements and Sr–Nd–Pb–Hf isotopes. Our in-
terpretations of these data show the following:

(1) Most samples from the two drill sites are N-MORB, except
that one sample from Site U1368 is alkali E-MORB. The basalts
from the two sites show distinct compositions in Sr–Nd–Pb–
Hf isotopes. Comparison of our data with those from the EPR
and PAR shows that basalts at Sites U1367 and U1368 plot
within the northern and southern sub-Pacific mantle domains,
respectively.

(2) Compositional differences in Sr–Nd–Pb–Hf isotopes and trace
element ratios, e.g. Nb/La and Lu/Hf, between the two IODP
sites could be explained by influences of recycled oceanic crust
on the mantle source of Site U1368 basalts. The correlation of
Nd–Hf isotopes of the two sites and the EPR–PAR basalts is
consistent with recycling of oceanic crust which formed the
southern Pacific mantle sub-domain. The trace element pat-
tern of average U1368 N-MORB can be formed by adding a
small part of U1368 E-MORB to average U1367 MORB. Our cal-
culations show that the trace element pattern of the U1368
E-MORB can be formed by melting a subduction-processed
typical N-MORB.

(3) Reconstructions of initial locations of oceanic crust at Sites
U1367 and U1368 suggest that the geochemical boundary sep-
arating the northern and southern sub-Pacific mantle domains
has moved from south of 35◦S to north of 32◦S from 33.5 Ma
to 13.5 Ma, and further to the East Rift (23◦S to 27◦S) of
the Easter microplate since 13.5 Ma. A dynamic model, in
which the asthenospheric flow from the southern and north-
ern sub-Pacific mantle domains, respectively, to place where
asthenospheric consumption is strongest, can explain the exis-
tence and movement of the mantle boundary.
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