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Abstract The geochemical study of the Earth’s mantle provides important constraints on our understanding of the formation
and evolution of Earth, its internal structure, and the mantle dynamics. The bulk Earth composition is inferred by comparing
terrestrial mantle rocks with chondrites, which leads to the chondritic Earth model. That is, Earth has the same relative proportions
of refractory elements as that in chondrites, but it is depleted in volatiles. Ocean island basalts (OIB) may be produced by mantle
plumes with possible deep origins; consequently, they provide unique opportunity to study the deep Earth. Isotopic variations
within OIB can be described using a limited number of mantle endmembers, such as EM1, EM2 and HIMU, and they have been
used to decipher important mantle processes. Introduction of crustal material into the deep mantle via subduction and delamination
is important in generating mantle heterogeneity; however, there is active debate on how they were sampled by mantle melting, i.e.,
the role of olivine-poor lithologies in the OIB petrogenesis. The origin and location of high *He/*He mantle remain controversial,
ranging from unprocessed (or less processed) primitive material in the lower mantle to highly processed materials with shallow
origins, including ancient melting residues, mafic cumulates under arcs, and recycled hydrous minerals. Possible core-mantle
interaction was hypothesized to introduce distinctive geochemical signatures such as radiogenic '*¢Os and Fe and Ni enrichment
in the OIB. Small but important variations in some short-lived nuclides, including “*Nd, *2W and several Xe isotopes, have been
reported in ancient and modern terrestrial rocks, implying that the Earth’s mantle must have been differentiated within the first 100

Myr of its formation, and the mantle is not efficiently homogenized by mantle convection.
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1. Introduction

The Earth’s mantle is the dominant portion of Earth. Man-
tle convection provides the internal driving force shaping the
Earth’s surface: new crust being formed at mid-ocean ridges,
arcs and backarc basins via basaltic volcanism, and oceanic
crust being returned back to the mantle via subduction (Hof-
mann and White, 1982; Stern, 2002; Zheng and Chen, 2016).
Such processes are thought to be important to life (e.g., Kore-
naga, 2012; Seager, 2013; Foley, 2015). For example, the cli-
mate is regulated by carbon cycle, which in turn is controlled
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by plate tectonics (Hilton et al., 2002; Jarrard, 2003; Das-
gupta and Hirschmann, 2010). The changing environments
force life to evolve continuously to fit the new living environ-
ments. Large volcanism provides essential nutrients for life,
such as Zn and Cu (e.g., Kelley et al., 2002). When compared
to other Solar system objects, the composition of the Earth’s
mantle provides important constraints on our understanding
of the early Solar system formation and evolution (Anders
and Grevesse, 1989; Boyet and Carlson, 2005; Huang and Ja-
cobsen, 2017). In the past decade, NASA’s Kepler telescope
found many exoplanets, which led to an emerging field of ex-
oplanet. A thorough understanding of how the Earth’s mantle
evolved to its current situation provides critical constraints in
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studying the possible internal structures of exoplanets (Zeng
et al., 2016).

The Earth’s mantle is hard to be directly sampled for geo-
chemical studies. Consequently, most geochemical studies
focus on the derivative products of the Earth’s mantle, i.e.,
oceanic and continental basalts (Allégre, 1982; Zindler and
Hart, 1986; Hofmann, 1997, 2014; Farmer, 2003). The
mantle, as primarily sampled by oceanic and continental
basalts, shows large chemical and isotopic variations that can
be bracketed by a few end-member compositions (Zindler
and Hart, 1986; Hofmann, 1997, 2014; White, 2015). The
spectrum of geochemical compositions in oceanic basalts
evidently reflects the large-scale geochemical heterogeneity
of the Earth’s mantle. Mantle melting is the primary process
differentiating the silicate Earth. Together with crustal
recycling, mantle metasomatism, delamination and mantle
convection, they produce the observed mantle heterogeneity.
However, the details about how the mantle heterogeneity has
been generated in the Erath’s history and to which extent it
has been sampled by oceanic and continental basalts remain
controversial. In this review, we try to provide an updated
picture of our current understanding of the Earth’s mantle,
focusing on the geochemistry of ocean island basalts (OIB)
with reference to mid-ocean ridge basalts (MORB), because
they may sample different portions of the mantle. Tables 1-3
present a compilation of average major and trace element
abundances and Sr-Nd-Hf-Pb isotope compositions in sev-
eral OIB settings. Continental basalts and island arc basalts
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also provide clues to the mantle, but their geochemistry is
highly influenced by shallow crustal components (Zheng et
al., 2015; Xu and Zheng, 2017).

2. The composition of Earth, and its relation-
ship to chondrites

Studies of seismic waves penetrating the deep interior of
Earth, and the comparison of the observed seismic wave
velocities within Earth with that measured in high-pressure
high-temperature experiments revealed the layered structure
of this planet, including a metallic core, an olivine dominated
mantle, and a feldspar dominated crust (e.g., Birch, 1952;
Dziewonski and Anderson, 1981). How is the composition of
bulk silicate Earth, which is highly differentiated, obtained?
It has been assumed for a long time that the formation of the
Earth is related to the chondrite formation (e.g., Patterson,
1956), so that chondrites have been used to constrain the
composition of bulk silicate Earth (e.g., Jagoutz et al., 1979;
Jacobsen and Wasserburg, 1980; Palme and O’Neill, 2014).
Specifically, Jagoutz et al. (1979) showed that in an Al/Si vs.
Mg/Si plot, chondrites form a positive trend, whereas mantle
peridotites form a negative trend (Figure 1). During nebular
condensation and evaporation processes, Mg and Al are more
refractory than Si (e.g., Lodders, 2003; Palme et al., 2014);
consequently, the positive chondrite Al/Si vs. Mg/Si trend
was interpreted to reflect “cosmochemical fractionation”
(Jagoutz et al., 1979). In contrast, Drake and Righter (2002)

Table 1  Average major element compositions (in wt%) in OIB and MORB®
Location Si0, TiO, ALO; FeOT CaO MgO MnO KO Na,O P,0s
Azores 46.0 2.72 13.5 10.4 11.1 10.3 0.17 1.09 2.64 0.45
Samoa 455 3.39 12.2 11.9 10.6 11.3 0.17 1.24 2.58 0.47
Society 45.1 3.17 11.8 11.9 10.6 11.5 0.17 1.38 2.52 0.52
Marquesas 453 3.21 12.3 11.8 9.8 10.8 0.18 1.08 2.47 0.45
Mascarene 46.5 2.26 13.7 11.9 10.3 10.5 0.17 0.65 2.51 0.27
Kerguelen 46.6 2.06 14.0 11.4 9.9 10.8 0.18 0.84 2.33 0.32
Pitcairn 46.4 2.95 13.3 11.3 9.6 10.5 0.16 0.80 2.49 0.45
Cook-Austral 433 2.71 11.6 12.2 11.8 11.5 0.19 0.95 2.68 0.53
St Helena 44.7 2.57 12.3 11.6 11.3 11.4 0.17 0.79 2.17 0.38
Cape Verde 422 3.64 12.1 12.0 12.4 11.6 0.19 1.04 2.57 0.67
Cameroon Line 43.6 3.33 11.9 13.2 10.6 10.7 0.19 1.38 2.84 0.81
Canary 43.6 3.36 11.8 12.2 11.0 11.1 0.18 1.07 2.85 0.69
Madeira 443 2.68 13.4 11.6 10.8 10.9 0.19 0.84 2.68 0.56
Selvagen 43.0 2.34 12.9 10.7 11.1 10.6 0.19 0.94 2.95 0.78
Comoros 43.7 2.44 12.1 10.3 11.7 11.3 0.20 1.01 2.90 0.56
Iceland 48.0 1.32 15.0 10.5 12.3 9.9 0.18 0.19 1.88 0.14
Galapagos 47.7 1.69 154 9.9 11.3 10.3 0.16 0.40 2.58 0.20
Hawaii 48.1 2.33 12.6 11.5 10.5 10.5 0.18 0.51 2.26 0.30
MORB 50.5 1.68 14.7 10.4 11.4 7.6 0.18 0.16 2.79 0.18

a) In order to minize crystal fractionation/accumulation effects, only lavas with 8%<MgO0<16% are included. MORB data are all MORB mean from Gale et al. (2013) and OIB

data are from GeoRoc data base.
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Table 2 Average trace element compositions (in ppm) in OIB and MORB
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Location Sc v Cr Ni Cu Zn Ga Rb Sr Y Zr Nb Ba La Ce Pr
Azores 28.6 265 505 198 65 93 188 254 555 254 209 432 360 315 656 7.9
Samoa 278 285 550 301 73 120 201 338 543 268 221 448 365 368 739 8.7
Society 233 263 494 315 69 129 186 336 665 285 276 415 442 375 835 106

Marquesas 23.7 285 503 301 59 115 20.6
Mascarene 28.0 267 437 286 86 104 19.3
Kerguelen 27.9 205 455 244 67 97 18.1
Pitcairn 23.5 239 377 234 58 111 19.7
Cook-Austral 304 268 513 248 87 117 17.7
St Helena 35.1 237 566 251 70 93
Cape Verde 279 325 526 256 67 119  20.0
Cameroon Line  26.1 275 414 282 51 123

27.8 597 39.3 259 40.1 328 36.0 726 11.0
14.1 354 256 147 19.8 169 16.8  36.1 4.7
19.6 427 20.7 148 22.0 280 20.0 435 6.1
15.5 483 26.2 229 28.8 216 27.1 59.1 7.7
23.8 663 254 217 52.7 396 404 822 8.8
14.5 460  22.0 185 40.5 228 28.1 59.7 7.0
242 824 277 262 66.4 604 46.6 933 12.3
34.4 848 31.0 302 59.8 566 548 1133

Canary 29.3 299 502 277 93 114 204 225 747 27.1 264 583 401 56.6 960 13.6
Madeira 29.7 315 540 239 67 101 186 194 606 284 225 482 282 380 772 9.4
Selvagen 248 415 307 117 179 199 795 26.5 202 61.4 479 53.5 1069 12.1
Comoros 276 256 507 283 77 105 185 320 641 272 193 61.3 570 50.6 942 111
Iceland 404 276 477 192 119 81 14.9 6.2 170 20.8 72 9.7 54 6.2 15.1 2.1

Galapagos 337 250 509 243 86 81 18.7 8.2 316 241 116 14.2 115 10.0  22.1 2.8

Hawaii 278 273 556 299 93 117 184 106 423 253 144 200 234 18.0  38.0 5.1
MORB 39.8 309 249 92 74 91 17.5 2.88 129 36.8 117 524 292 521 149 224
Location Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U

Azores 342 719 233 656 095 517 091 238 0324 199 0275 4091 283 243 324 099

Samoa 372 816 258 752 107 579 101 244 0308 1.79 0.253 560 294 345 434 1.02
Society 457 929 306 834 113 604 099 245 0320 1.82 0258 6.66 263 388 514 140

Marquesas 419 9.12 292 958 124 7.62 128
Mascarene 21.0 496 1.69 520 082 465 0.88
Kerguelen 232 496 1.66 499 072 427 081
Pitcairn 3.5 725 229 665 093 526 092
Cook-Austral 394 775 249 671 1.02 518  0.90
St Helena 299 626 205 591 087 459 0.85
Cape Verde 483 100 3.16 873 123 593 1.02
Cameroon Line  55.9 11.9

Canary 490 103 317 9.10 121 6.07 1.04
Madeira 384 790 255 765 1.07 598 1.11
Selvagen 454 888 267 774 123 546 095
Comoros 409 798 245 7.03 099 524 093
Iceland 9.8 270 1.01 321 055 340 0.70

Galapagos 129  3.57 129 414 070 428 0.89

Hawaii 231 582 196 584 088 493 091

MORB 120 382 136 499 090 6.08 128

3.55 0958 237
230 0304 1.90
2,11 0.249  1.67
247 0328 1.85
233 0284 1.72
221 0284 1.73
251 0323 1.88

0322 603 28 500 427 101
0275 359 116 208 203 046
0237 357 153 177 248 046
0256 537 216 285 281 0.70
0245 495 308 275 490 1.12
0242 450 238 1.49  3.06 0.85
0264 678 473 223 419 1.29

319 689 147
0251 563 339 334 578 1.28
0297 539 281 1.90 379 098
0240 472 333 331 562 671
0266 451 394 353 626 130
0288 222 079 093 064 023
242 0349 213 0330 249 1.04 124 096 0.22
229 0308 1.81 0.257 3.52 1.43 146 161 041
3.79 363 053 279 034 057 0404 0.119

252 0317 1.86
2.83 0363 2.08
235 0286 175
237 0340 1.87
199 0293 1.89

described this trend as an “unexplained trend”. The negative
peridotite Al/Si vs. Mg/Si trend reflects the effect of partial
melting, because Al is incompatible whereas Mg is compati-
ble during mantle melting (e.g., Kushiro, 2001). The chemi-
cal composition of bulk silicate Earth is suggested at the in-
tersection of these two trends (Jagoutz et al., 1979), and the
refractory element pattern of the Earth is similar to that in

chondrites (Jacobsen and Wasserburg, 1980; Sun, 1982; Mc-
Donough and Sun, 1995). This is the so-called chondritic
Earth model. It should not be mistaken as that the bulk sili-
cate Earth has the average composition of chondrites. It has
been known for several decades that the bulk silicate Earth is
depleted in volatiles, such as K, relative to chondrites (e.g.,
Figure 2).
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Table 3  Average radiogenic isotopic compositions in OIB and MORB
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LOCatiOn l43Nd/I44Nd X7Sr/86sr 2()6Pbﬂ()4Pb 2(]7Pb/2()4Pb 208Pb/204Pb I76Hf/|77Hf
Azores 0.512884 0.703771 19.642 15.629 39.363 0.282969
Samoa 0.512749 0.705603 18.995 15.603 39.184 0.282938
Society 0.512793 0.704616 19.077 15.585 38.792 0.282952

Marquesas 0.512841 0.704201 19.220 15.582 39.067 0.282992
Mascarene 0.512884 0.703929 18.854 15.584 38.923 0.283056
Kerguelen 0.512678 0.705326 18.333 15.541 38.831 0.282865

Pitcairn 0.512764 0.703948 18.512 15.528 38.954 0.282939

Cook-Austral 0.512839 0.703311 20.267 15.692 39.739 0.282916

St Helena 0.512901 0.702884 20.625 15.757 39.947 0.282885

Cape Verde 0.512836 0.703336 19.429 15.589 39.118 0.282923
Cameroon Line 0.512904 0.703271 19.427 15.637 39.275 0.282930
Canary 0.512911 0.703144 19.483 15.587 39.255 0.283002

Madeira 0.513068 0.702819 19.192 15.539 38.856 0.283251

Selvagen 0.512917 0.703105 19.460 15.575 39.263 0.283035

Comoros 0.512816 0.703421 19.478 15.599 39.333
Iceland 0.513044 0.703178 18.451 15.464 38.093 0.283198

Galapagos 0.513006 0.703142 19.030 15.563 38.656 0.283108
Hawaii 0.512974 0.703548 18.260 15.463 37.946 0.283096
MORB 0.513074 0.702819 18.412 15.515 38.100 0.283164
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Figure1 Plot of Al/Sivs. Mg/Si for chondrites and peridotites. Chondrite
data are from the compilation of Nittler et al. (2004), terrestrial peridotite
data are from GeoRoc database, and bulk silicate Earth (BSE) estimate is
from McDonough and Sun (1995).

Although carbonaceous chondrites seem the closest match
to the bulk silicate Earth in terms of chemical compositions
(e.g., Figure 1), they differ most in isotopic compositions. For
example, in a three oxygen isotope plot, enstatite chondrites
have essentially the same O isotopic compositions as Earth
(Figure 3), but carbonaceous chondrites are very different

from Earth (Clayton, 2003). In fact, compared to Earth,
carbonaceous chondrites show nucleosynthetic anomalies in
many elements, such as 2°Al (Lee et al., 1976), Ca (Lee et
al., 1978; Jungck et al., 1984; Simon et al., 2009; Chen et
al., 2011; Dauphas et al., 2014; Huang and Jacobsen, 2017),
Ti (Niederer et al., 1985; Zhang et al., 2012), Mo (Yin et al.,
2002), and Os (Brandon et al., 2005), which may be related
to the abundant Ca-Al-rich inclusions in carbonaceous chon-
drites (e.g., Niederer and Papanastassiou, 1984; Huang et al.,
2012). Consequently, carbonaceous chondrites may provide
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Figure 3 Three oxygen isotope plot. Data are from Clayton et al. (1991),
Clayton and Mayeda (1999), and Newton et al. (2000).

a good constraint on the chemical compositions of bulk sili-
cate Earth, but they are not suitable for constraining the iso-
topic compositions of Earth.

The recent debate on the non-chondritic Earth model
(Boyet and Carlson, 2005; Campbell and O’Neill, 2012),
in fact, originates from using carbonaceous chondrites as
the reference point for the isotopic compositions of bulk
silicate Earth. Specifically, Boyet and Carlson (2005) found
that carbonaceous chondrites have *Nd/'*Nd ratios about
20 ppm lower than those of terrestrial samples (Figure
4). Since "’Nd is the decay product of the now extinct
short-lived '*Sm with a half-life of 68 to 103 Myr (Meissner
et al., 1987; Kinoshita et al., 2012), this difference may
be interpreted as: (1) the nucleosynthetic Sm or *Nd
anomaly variation in the early Solar System (e.g., Ranen and
Jacobsen, 2006; Andreasen and Sharma, 2006; Huang et al.,
2013); (2) different Sm/Nd ratios for bulk silicate Earth and
chondrites (e.g., Caro et al., 2008; Caro and Bourdon, 2010;
Jackson et al., 2010; Jackson and Carlson, 2011; Jackson and
Jellinek, 2013; Zhang, 2014; Jellinek and Jackson, 2015);
and (3) that the bulk silicate Earth has a chondritic Sm/Nd
ratio, but the accessible portion of the Earth has a higher
Sm/Nd ratio than the chondritic value due to the presence of
an early formed (hidden or lost) reservoir (e.g., Boyet and
Carlson, 2005; Campbell and O’Neill, 2012). The origin of
the '**Nd difference between Earth samples and chondrites
and its inference on the isotopic compositions of bulk sili-
cate Earth have been one of the biggest debates in mantle
geochemistry for the past decade.

Consequent studies of chondrites show large nucleosyn-
thetic anomalies (Figure 4), and in most cases carbonaceous
chondrites have the largest nucleosynthetic anomalies com-
pared to the Earth (e.g, Bouvier and Boyet, 2016; Burkhardt
et al., 2016). A similar case was demonstrated by O isotopes

Sci China Earth Sci

November (2017) Vol. 60 No. 11

3

I 0 E 'Cho'ndr'ites'
[ O O Chondrites
[ A C Chondrites
[ © Earth

Sm

144

&

5148Nd
o
o
T

04} .

£'*Ba

—A—

.

-0.6 -0.4 -0.2 0.0 0.2
£2Nd

Figure 4 ¢'¥?Nd vs. £'*Sm, £'“Nd and ¢'**Ba in bulk chondrites. Data are
from Boyet and Carlson (2005), Andreasen and Sharma (2006), Carlson et
al. (2007), Gannoun et al. (2011) and Burkhardt et al. (2016).

in the 1970s (Figure 3). It has been shown that Earth and
enstatite chondrites have very similar '*Nd/"**Nd ratios, and
the observed 20 ppm difference in '“*Nd/'**Nd between Earth
and carbonaceous chondrites reflects the nucleosynthetic
anomaly, i.e., a higher proportion of s-process isotopes,
including '°Nd and '**Sm, in the Earth (e.g, Gannoun et
al., 2011; Bouvier and Boyet, 2016; Burkhardt et al., 2016).
Gale et al. (2013) re-calculated the compositions of global
average MORB and inferred that MORB source has Sm/Nd
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and "*Nd/"Nd ratios overlapping with the proposed com-
positions of “bulk silicate Earth” under the superchondritic
Earth model (Jackson et al., 2010; Jackson and Carlson,
2011; Jackson and Jellinek, 2013; Jellinek and Jackson,
2015) or the EDR (early depleted reservoir), which is the
accessible portion of the Earth (Boyet and Carlson, 2005).
Consequently, “there is no possibility of a complementary
relationship between continental crust and oceanic upper
mantle” under the superchondritic Earth model (Gale et al.,
2013). Using published isotope dilution Sm-Nd abundance
data only, Huang et al. (2013) reconstructed the crust-mantle
7Sm-1*Nd systematics, and their mass balance calculations
suggest that the bulk silicate Earth, or the accessible portion
of Earth, has a chondritic Sm/Nd ratio, consistent with the
isotopic studies of chondrites.

3. The structure of mantle: layered mantle
convection vs. whole mantle convection

The Earth has a layered structure of core, mantle, and crust,
as imaged by seismic waves (Dziewonski and Anderson,
1981). There are two global seismic wave velocity dis-
continuities within the mantle at the depths of 410 and
660 km, respectively, corresponding to phase changes from
olivine to wadsleyite, and ringwoodite to bridgmanite and
periclase. The 660 km discontinuity was considered a
barrier for whole mantle convection, and layered mantle
convection, two isolated convection cells separated by the
660 km discontinuity, was popular in the last century (Figure
5a). The seismic finding that some slabs can penetrate the
660 km discontinuity (van der Hilst et al., 1997) challenged
this traditional model of two-layered mantle convection.
Mass exchange across the 660 km discontinuity is allowed in
the whole mantle convection model (Figure 5b). So does a
hybrid model in which mantle convection rates in the upper
and lower mantle are different (Figure 5c), and the mass
exchange between the upper and lower mantle is limited
(Gonnermann and Mukhopadhyay, 2009).

Bercovici and Karato (2003) hypothesized that the mantle
transition zone acts as a filter for water and other highly
incompatible elements due to dehydration melting. Specif-
ically, the mantle transition zone minerals, wadsleyite and
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ringwoodite, have a much higher water solubility than the
upper mantle mineral, olivine, and lower mantle minerals,
bridgmanite and periclase. As a consequence, when the
upwelling mantle flow passes through the 410 km bound-
ary, water dissolved in wadsleyite becomes a free phase
because of the much lower olivine water solubility, which,
in turn, leads to dehydration melting of the mantle. Simi-
larly, when the downwelling mantle flow passes through the
660 km boundary, dehydration melting also occurs due to the
phase transition of ringwoodite to bridgmanite and periclase
(Schmandt et al., 2014). The net effect is that both the
upwelling and downwelling mantle flows through the mantle
transition zone are likely to undergo dehydration melting
at the 410 and 660 km boundaries, respectively, which will
deplete the water and other highly incompatible elements
in the mantle flows that leave the mantle transition zone.
So that even under a whole mantle convection scenario, the
upper and lower mantle may have different compositions,
and the mantle transition zone may be water-rich.

Isotopic variations in oceanic basalts have been observed
probably since Gast et al. (1964), and Hart (1971) showed
that MORB and OIB are characterized by different K/Rb
and ¥Sr/%Sr ratios. For example, despite significant overlap,
MORB tend to have less variable, lower ¥Sr/*Sr and higher
1SN d/"*Nd ratios than OIB (Figure 6). In particular, MORB
are depleted in highly incompatible trace elements such as
large ion lithophile elements (LILE) and light rare earth
elements (LREE) relative to OIB. Recent high precision
isotopic data on noble gas isotopes, Ne and Xe, also reveal a
difference between MORB and OIB (Mukhopadhyay, 2012).
The isotopic difference between MORB and OIB evidently
requires different mantle sources (e.g., Zindler and Hart,
1986; Hofmann, 1997); however, the physical locations of
MORB and OIB sources cannot be placed by geochemical
data. The layered mantle convection model has been used
to explain the observed geochemical difference between
MORB and OIB (Figure 6). The mantle plume hypothesis
(Morgan, 1971), which followed Wilson (1963), was used
to explain the age progression along hot spot tracks such as
Hawaii. Under the plume hypothesis, OIB may be produced
by partial melting of a specific mantle material, which may
rise from the lower mantle, either from the 660 km discon-

lower mantle

(a) (b) (c)
upper mantle m T upper mantle |

lower mantle

| !

lower mantle

Figure 5 Cartoons of mantle convection. (a) Layered mantle convection; (b) whole mantle convection; (c) hybrid model in which upper and lower mantle

are separated but with limited material exchange.
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Figure 6 Sr-Nd-Pb isotopic systematics in oceanic basalts. Data are from GeoRoc and PeTDB databases.

tinuity or even from the core-mantle boundary (Morgan,
1971), and contain recycled oceanic crust (e.g., Hofmann
and White, 1982).

A lower mantle origin of mantle plumes was originally
hypothesized to explain the relatively fixed hotspots (Mor-
gan, 1971); however, hotspots may move in the Earth’s his-
tory. For example, Tarduno et al. (2003) measured the pa-
leolatitudes of Hawaiian-Emperor lavas, and concluded that
the Hawaiian hotspot moved southward rapidly at a speed of
40 mm a' between 81 to 47 Ma (but see Gordon and Morgan,
2016 for a different opinion). Nevertheless, under the deep
plume hypothesis, the OIB sources are in the deep lower man-
tle, and MORB apparently sample the shallow upper man-

tle. Consequently, the isotopic difference between OIB and
MORRB is interpreted to reflect a compositional difference be-
tween the lower and upper mantle. Under this hypothesis, the
lower and upper mantle remain relatively isolated throughout
the Earth’s history, and the mass exchange, if any, between the
lower and upper mantle is very limited in the history of Earth.
For instance, it was estimated that the current global hotspot
buoyancy flux is 50 Mg s™! (Sleep, 1990). If this flux remains
the same for the whole Earth’s history, the total mass trans-
ported from the lower mantle to the upper mantle is 7x10*' kg,
which is negligible compared to the Earth’s mass (6x10%* kg).
However, the mass exchange between the lower and upper
mantle may be not negligible in view of the whole mantle
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convection in the history of Earth.

Historically, basalt *He/*He ratios played an important role
in supporting the mantle plume model (Figure 7). After the
Earth’s accretion, only “He is being made through a-decay
(mostly from U and Th) on the Earth. Since He is a gas
and highly incompatible during partial melting, any mantle
process will decrease mantle He/(U+Th) ratios, with time
leading to low *He/*He ratios. Consequently, a primitive or
less degassed mantle was supposed to have high *He/*He ra-
tios. The early finding that some OIB have He/*He higher
than MORB (e.g., Kurz et al., 1982) has been used to argue
that the OIB sources, mantle plumes, reside in the lower man-
tle, which are primitive or less degassed. Consistent with this
interpretation, Lee et al. (2010) proposed that undegassed
magmas formed during the first 1.0 Ga of the Earth’s history
now piled at the core-mantle boundary are also characterized
by high *He/*He ratios because of their high density. How-
ever, later studies show that *He/*He ratios are more vari-
able in OIB than MORB (Figure 7), and they range from
values lower than MORB average to higher (e.g., Barfod et
al., 1999). More recently, Jackson et al. (2017) argued that
high *He/*He mantle may be denser, and hence they may re-
main isolated from convecting mantle to keep its distinctive
’He/*He signature.

On the other hand, Parman et al. (2005) argued that during
partial melting He may be more compatible than U and Th;
consequently, melting residues may be characterized by high
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Figure 7 2°°Pb/2Pb vs. *He/*He in oceanic basalts. Data are from the
compilation of Huang et al. (2013) using GeoRoc database. Some Baffin
Island picrites have *He/*He up to 50 (Stuart et al., 2003); however, because
the lack of Pb isotope data on the same samples, they are not plotted.
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He/(U+Th) ratios despite their low He abundance. If aged,
they are expected to have high *He/*He ratios. Along this
line, Jackson et al. (2013) found that noble gases are highly
soluble in amphibole, which has large unoccupied A-sites.
Subducted crustal rocks are generally rich in hydrous min-
erals which similar to amphibole also have large A-sites,
and may also be characterized by high He/(U+Th). Because
hydrous minerals may be metastable at deep subduction
zones (Zheng et al., 2016), it is possible for them to carry
recycled noble gases into the deep mantle. As another hy-
pothesis, sulfide-bearing cumulates formed beneath volcanic
arcs during continental growth may be characterized by high
He/(U+Th) because He is soluble in sulfide (Huang et al.,
2014). Hence if formed early in the Earth’s history, these
materials can also be characterized by high *He/*He. These
alternative interpretations imply that the high *He/*He mantle
source may be depleted in noble gases, which conflict with
the hypothesis that high *He/*He mantle sources may be
more gas rich than MORB source (Mukhopadhyay, 2012;
Tucker and Mukhopadhyay, 2014). In summary, Therefore,
it is unlikely that the high *He/*He signature can be used as a
distinctive indicator for a lower mantle origin.

The upper mantle has been well sampled by MORB, so its
composition is well constrained (Salters and Stracke, 2004;
Workman and Hart, 2005; Gale et al., 2013; Dalton et al.,
2014). If the continental crust is compositionally comple-
mentary to the upper mantle (Hofmann, 1988), the volume
of the upper mantle can be estimated. For example, the
47Sm-'*Nd systematics of the upper mantle and continental
crust shows that only 25% of the whole mantle (Figure 8),
which is slightly smaller than the upper mantle above the
660 discontinuity, has been processed to yield the continental
crust and the rest remains primitive or unprocessed (Caro
and Bourdon, 2010). In this case, the lower and upper
mantle would have different geochemical compositions if
they could have remained relatively isolated with each other
throughout the Earth’s history (Figure 5), i.e., a layered
mantle convection or a hybrid model in which convection is
on both layered and whole mantle scales but the mass flux
through the 660 km discontinuity is limited (Gonnermann
and Mukhopadhyay, 2009). In addition, terrigenous material
may be carried into the mantle via plate subduction and
lithospheric delamination (Armstrong, 1968; Anderson,
2005), which may complicate this mass balance approach
(e.g., Jackson et al., 2007; Cabral et al., 2013), because the
subducted crustal rocks could cumulate at the base of the
mantle or the 660 km discontinuity. In this case, the depleted
mantle volume inferred based on the current continental
volume (Figure 8) is the minimum. As such, the history of
continental growth (e.g., Jacobsen, 1988; Hawkesworth et
al., 2016; Tang et al., 2016) is important in understanding the
mantle structure.

Based on the comparison of observed lower mantle S wave
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velocity and model results based on the laboratory determi-
nation of S wave velocities of bridgmanite and ferropericlase,
it has been suggested that the lower mantle might be Si-rich
compared to the upper mantle (Murakami et al., 2012). This
claim to some extent is favored by the so-call “enstatite chon-
dritic Earth” model by Javoy et al. (2010), who based on
the isotopic similarity between Earth and enstatite chondrites
(Figure 3), argued that the Earth is made of enstatite chon-
drites. However, enstatite chondrites have too much Si com-
pared to the Earth’s upper mantle (Figure 1). If the lower
mantle is relatively enriched in Si, this might leverage the Si
problem in the “enstatite chondritic Earth” model. Zhang et
al. (2013) used the first principles calculation to investigate
the elastic properties of bridgmanite (MgSiOs) under lower
mantle conditions, and they found lower shear moduli for
bridgmanite than that reported by Murakami et al. (2012).
Hyung et al. (2016) noted that Al and Ca were not consid-
ered in the original model calculation by Murakami et al.
(2012). Specifically, Al affects the Fe-Mg exchange between
bridgmanite and ferropericlase, and Ca requires a Ca-bear-
ing phase that is Ca-perovskite under the lower mantle P-T
conditions. If such minor elements are taken into account,
the observed lower mantle S wave velocity structure can be
reconstructed using the upper mantle composition (Zhang et
al., 2013; Hyung et al., 2016). That is, the lower and upper
mantle may have the same major element composition. This
favors the whole mantle convection rather than the layered
mantle convection.
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4. Mantle heterogeneity: radiogenic isotopes
and their relations to major and trace element
compositions

Both MORB and OIB are heterogeneous in their radiogenic
isotopic compositions of Sr, Nd, Hf, Pb and He (Figure 6),
and the earliest documentation may be tracked back to Gast
et al. (1964). This topic has been extensively studied in
past five decades (see reviews by Zindler and Hart, 1986;
Hofmann, 1997; Stracke et al., 2005; White, 2015). As
advocated by Zindler and Hart (1986), the Sr, Nd, Hf, Pb and
He isotopic variations in oceanic basalts may be described
by several mantle endmembers such as high x (HIMU,
1="%U/%Pb), enriched mantle I (EM1), enriched mantle
IT (EM2) and depleted MORB mantle (DMM) (Figure 6).
In addition, the oceanic basalts define a highly correlated
SH{/'"THE vs ¥ Nd/"Nd trend called the “terrestrial array”
(see Figure 1 of Vervoort et al., 1999, 2011); consequently,
7°H{/'"Hf by itself does not define any mantle endmem-
ber. However, any deviation from this terrestrial array
yields important constraints on its source compositions (e.g.,
Blichert-Toft et al., 1999; Bizimis et al., 2005; Salters et al.,
2011).

The HIMU represents a high U/Pb component in the
mantle source of oceanic basalts, because it is characterized
by high 2%Pb/2*Pb (Figure 6). It is also characterized by
low ¥St/*Sr that are slightly higher than those of depleted
MORB, and plots below the so-called Nd-Sr mantle array
(Figure 6a, Zindler and Hart, 1986; Hauri and Hart, 1993). It
has generally been considered to represent recycled, altered
basaltic oceanic crust that preferentially gained water-soluble
trace elements such as K, Rb, U and Pb during seawater-hy-
drothermal alteration at ocean ridges (Zindler et al., 1982;
Chauvel et al., 1992; Hofmann, 1997; Hanyu et al., 2011). In
favor of this argument, Parai et al. (2009) found that HIMU
lavas from Cook-Austral islands with 2Pb/**Pb>20 have
low *He/*He (<10 R/Ra), consistent with addition of ancient
U-bearing material to their mantle source. Because altered
oceanic basalts are relatively enriched in U, they can produce
high U melts because U is incompatible. Therefore, HIMU
represents the crustal signature form subducted basaltic
oceanic crust.

Nevertheless, Pb isotopes in MORB do not trend towards
HIMU values, so HIMU is unlikely formed directly from
MORB (Hofmann, 1997; Stracke, 2012). However, this
may be caused by very low Pb abundances in fresh MORB.
In contrast, altered MORB are enriched in Pb and other
water-soluble trace elements from seawater-hydrothermal
fluids. Although these water-soluble trace elements may be
lost through metamorpohic dehydration during subduction,
Pb abundances in MORB-transformed eclogites are still
higher than those in the fresh MORB. More importantly,
low-degree melting of the eclogite makes its derived melts
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with elevated Pb abundances again. Such melts would chem-
ically react with the peridotite to generate the olivine-poor
pyroxenites (silica-deficient), which may serve as the mantle
sources of HIMU-type basalts.

On the other hand, minor and trace elements in olivine phe-
nocrysts of HIMU-type basalts from Mangaia and Tubuai in
the Cook-Austral Islands indicate that their mantle sources
are primarily ancient subcontinental lithospheric mantle that
was metasomatized by subduction-related carbonatite (Weiss
et al., 2016). In this regard, the subduction-related carbon-
atite is relatively enriched in U, consistent with preferential
partition of U into carbonatitic melt than peridotite (Dasgupta
et al., 2009). This model is also consistent with the relatively
low ¥St/*Sr in HIMU lavas (Figure 6). As shown in Figure
2 of Weiss et al. (2016), the estimated HIMU-type mantle
source, a mixture of depleted peridotite and carbonatite-meta-
somatized peridotote, has a near-primitive mantle Rb/Sr ratio.

The EM1 and EM2 are two enriched components in the
mantle source of oceanic basalts, which are thought to con-
tain recycled crustal components such as pelagic and terrige-
nous sediments, oceanic and continental magmatic rocks, and
metamorphic granulite (e.g., Zindler and Hart, 1986; Weaver,
1991; Hofmann, 1997; Blichert-Toft et al., 1999). The EM1
signature is generally linked to the magmatic rocks of oceanic
crust and the lower continental crust of ancient age. For ex-
ample the lower continental crust is dominated by granulites
that have low U/Pb, Th/Pb and Sm/Nd (e.g., Mansur et al.,
2014) because of plagioclase and clinopyroxene accumula-
tion. If the lower continental crust is of ancient age, its melt-
ing residues tend to have unradiogenic Pb and Nd isotope ra-
tios. If such residues would be incorporated into the man-
tle sources by delamination, the resulted OIB may exhibit
EM1-like Pb and Nd isotope compositions (Figure 6¢; Frey et
al., 2016). The EM2 signature is linked to the upper continen-
tal crust and terrigenous sediment. Specifically, Jackson et al.
(2007) found very high ¥Sr/*Sr (>0.72) and low '*Nd/"*Nd
in EM2-type lavas from Samoa, providing strong evidence
for recycling of the ancient continental crust into the mantle
source.

The DMM represents a depleted component in the mantle
source of oceanic basalts. It is characterized by low ¥Sr/%Sr
and high '""Nd/"“Nd in MORB (Figure 6). However, it
still remains to be resolved whether the DMM in OIB is
exactly the same as that sampled by normal MORB. For ex-
ample, based on the geochemical similarities, Blichert-Toft
and White (2001) argued that the depleted component in
Galapagos lavas is the normal MORB mantle. In contrast,
at Iceland, Fitton et al. (1997, 2003) argued that Icelandic
depleted lavas have higher eur at a given enxq than normal
MORB and are enriched in Nb than the MORB, and thus
they sampled a depleted non-MORB component, a point of
view also shared by Chauvel and Hémond (2000). Regelous
et al. (2003) and Frey et al. (2005) argued based on precise
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Pb isotope data that the depleted component in Hawaiian
lavas is not related to MORB. At Ninetyeast Ridge in the
eastern Indian Ocean, the depleted component in OIB is
suggested to be ancient melting residue containing both
garnet and clinopyroxene, and is not related to the source of
modern MORB (Frey et al., 2015). Recycled ancient melting
residues have also been argued to play an important role in
generating the depleted component in Hawaiian rejuvenated
stage lavas/xenoliths (Bizimis et al., 2005, 2013) and OIB in
general (Salters et al., 2011) based on radiogenic "Hf/'""Hf
at a given '"*Nd/'**Nd. In this context, significant extraction
of melts from crustal and mantle rocks has also contributed
to the isotopically depleted signature in the oceanic basalts.

The FOZO was proposed by Hart et al. (1992) as a com-
mon component in the mantle source of oceanic basalts, and
it is generally characterized by high *He/*He and '*Nd/"*Nd
ratios. It is equivalent to the PHEM (primitive He mantle)
by Farley et al. (1992), C by Hanan and Graham (1996)
and PREMA (prevalent mantle) by Worner et al. (1986).
In detail, the FOZO is a model component rather than an
endmember for most OIB and MORB arrays (Stracke et al.,
2005). Its high *He/*He was hypothesized to originate from
a less processed mantle source, which is consistent with
its high "*Nd/"*Nd, with exa of +7 (Jackson and Carlson,
2011). If the Earth has a superchondritic Sm/Nd ratio,
~6% higher than chondritic Sm/Nd, as inferred based on
the 20 ppm '“Nd/'*Nd difference between the Earth and
carbonaceous chondrites (Boyet and Carlson, 2005), the
primitive mantle would have exq of +7, more depleted than
the chondritic Earth value. In this regard, the FOZO could
represent the unprocessed, primitive mantle (Jackson et al.,
2010; Jackson and Carlson, 2011). However, as reviewed
in Section 2, the bulk silicate Earth has a chondritic Sm/Nd
ratio.

Different mantle endmembers are also characterized by dif-
ferent major and trace element compositions (Figures 9 and
10). Jackson and Dasgupta (2008) showed that after correc-
tion for olivine fractionation, the major element compositions
of OIB form linear correlations with isotopic compositions,
with HIMU at the low SiO, and high CaO end (Figure 9)
and EM1, represented by Makapuu-stage Koolau lavas, at
the high SiO; and low CaO/ALO; end (Figure 9). EM-type
OIB are often characterized by high K,O content. When com-
paring with experimental partial melts of eclogite/pyroxenite,
Dasgupta et al. (2010) suggested that carbonated SiO,-poor
eclogite contributed to HIMU-type lavas (Kogiso et al., 2003)
and volatile-free, SiO,-rich eclogite contributed to EM1-type
lavas (e.g., Hauri, 1996; Lassiter and Hauri, 1998; Huang
and Frey, 2005; Sobolev et al., 2005, 2007; Herzberg, 2006,
2014). It is known from experimental petrology that partial
melting of the silica-excess eclogite and pyroxenite only pro-
duces andesitic to dacitic melts whereas basaltic melts are
produced by partial melting of ultramafic lithologies such as
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peridotite, silica-decifient pyroxenite and hornblendite. It has
been argued that such SiO,-rich melts would either mix with
a picritic melt from peridotite in a magma chamber before
eruption (e.g., Hauri, 1996; Jackson et al., 2012), or react

with peridotite to form fertile, enriched peridotites (Herzberg
et al., 2014) to olivine-free pyroxenites (Sobolev et al., 2005,

2007).

Figure 10 shows the primitive mantle-normalized trace el-
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tionation effects. Data are from GeoRoc data base and are listed in Table 2. MORB averages are from Gale et al. (2013).

ement patterns for OIB. In order to minimize the crystal frac-
tionation effect, only lavas with §%<MgO<16% have been
used. In contrast to MORB whose highest enrichment is ob-
tained in moderate incompatible elements, the highest enrich-
ment in OIB are achieved in highly incompatible elements,
implying a role of crustal components in the OIB mantle
sources (Hofmann, 1988). Highly incompatible element con-
tents in all OIB vary by a factor of 10, but HREE-V-Sc by a
factor of less than 2. The limited variations in HREE-V-Sc
that are compatible in garnet, implying that partial melting of
the mantle to produce OIB could have occurred in the garnet
stability field (e.g., Hofmann et al., 1984). Alternatively, their
mantle sources may be generated by metasomatic reaction of
the depleted MORB mantle peridotite with variable amounts
of felsic melts derived from partial melting of the subducted
oceanic crust in the garnet stability field (Zheng et al., 2015),
because such melts are characterized by enrichment in highly
incompatible elements and depletion in HREE-V-Sc. This
is a crustal metasomatism process to the mantle (Frey and
Green, 1974; Zheng, 2012). Recently, Xu et al. (2017) and
Xu and Zheng (2017) have provided a quantitative account
for the geochemical balance in the origin of OIB-like conti-
nental basalts using this model.

In the primitive-mantle normalized diagram (Figure 10),
all OIB are characterized by negative U and Pb anomalies.

Importantly, in general, Nb/U and Ce/Pb are negatively cor-
related with ¥Sr/%Sr in OIB, in which EM-type OIB define
the low Nb/U and Ce/Pb but high ¥Sr/*Sr end (Figure 9).
This has been used to argue for a contribution from ancient
continental crust component to the EM-type mantle source
(e.g., Hofmann et al., 1986; Hofmann, 1997; Jackson et al.,
2007; Sun et al., 2008), because continental crust is character-
ized by low Nb/U and Ce/Pb ratios (Rudnick and Gao, 2003).
HIMU-type lavas tend to have higher abundances of highly
incompatible elements, thus form steeper trends in Figure 10.
This is better shown in a °°Pb/?*Pb vs. Th plot, in which OIB
averages form a positive trend (Figure 9c). This might reflect
more of a recycled crustal component in the mantle source
of HIMU-type lavas. Finally, OIB averages form a positive
Rb/Sr vs. ¥Sr/*Sr trend (Figure 9d), implying that EM-type
mantle sources have higher Rb/Sr. The high K,O content and
high Rb/Sr are often associated with EM-type OIB (Jackson
and Dasgupta, 2008), consistent with the suggestion that their
mantle sources contained recycled terrigenous materials (e.g.
Weaver, 1991). This positive Rb/Sr vs. 8’Sr/*Sr yields an age
of 1.4440.65 Ga, if treated as an errorchron. Interestingly, the
OIB array in a Pb-Pb diagram (Figure 6b) also yields an age
of about 2.0 Ga, if interpreted as an errorchron. These ages
were interpreted as the average time of mantle homogeniza-
tion.
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S. Mantle heterogeneity: the role of olivine-
poor lithologies

Hofmann and White (1982) proposed that recycled oceanic
crust is important to the origin of OIB and thus to the com-
position of mantle plumes. Niu and O’Hara (2003) argued
that recycled MORB are too depleted in highly incompatible
trace elements such as LILE and LREE to generate the highly
incompatible trace element enrichment in OIB. However, re-
cycled oceanic crust includes both underlying basaltic crust
and the overlying sediment, and this mixture is able to explain
the enrichment of highly incompatible elements in OIB (e.g.,
Lassiter and Hauri, 1998; Huang and Frey, 2005; Jackson
et al., 2007). Under mantle conditions, the bulk subducted
MORSB is denser than the peridotitic mantle; consequently,
they may eventually sink to the core-mantle boundary (e.g.,
Niu and O’Hara, 2003; Hirose et al., 2005). This has been
used to argue against the contribution of a subducted MORB
component to mantle plumes (e.g., Niu and O’Hara, 2003).
However, this problem can be solved by simply arguing thata
mantle plume is a mixture of peridotite and recycled MORB,
so that this bulk mixture may be buoyant under higher tem-
perature compared to ambient mantle. Nevertheless, Sun et
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al. (2011) provided a different solution. In detail, they ar-
gued that the subducted MORB at the core-mantle boundary
may experience segregation of dense minerals, such as Mg-
and Ca-bridgmanites, which increase the SiO, content and de-
crease the density of the subducted MORB until they become
buoyant.

Under mantle P-T conditions, recycled crustal rocks trans-
form to silica-excess eclogite/garnet pyroxenite. Their partial
melts are andesitic to dacitic. Consequently, they cannot be
the major component in the OIB mantle source. Although it
is now well accepted that recycled ancient slabs are present
in the mantle sources of oceanic basalts, it is under debate
whether they are sampled in the form of eclogite/garnet py-
roxenite in the mantle sources of OIB (Hauri, 1996, Lassiter
and Hauri, 1998; Huang and Frey, 2005; Jackson et al., 2012),
or eclogite/garnet pyroxenite-derived melts are incorporated
into the mantle source of OIB (Sobolev et al., 2005, 2007,
Herzberg, 2006; Zhang et al., 2009; Zheng, 2012; Xu et al.,
2017).

What happens when a mixture of peridotite and eclog-
ite/garnet pyroxenite partially melts? There are three possible
models (Figure 11). The first is magma mixing, in which
peridotite and eclogite/garnet pyroxenite are completely isol-

magma chambe
100 km [nagma chamber
o
£
3
E - -* -
] e o e
c L ] - L J
o L 3 - L 2
£X o L (]
% ; - - -
£o et [ et [ ] ® L]
'R e e e
88
B o . ) "
50 peridotite and pyroxenite peridotite and pyroxenite B . -
o Q . o~ pyroxenite melt reacts with peridotite
an are NOT equilibrated by melts are equilibrated by melts to generate secondary pyroxenite
2 ...... '.....
e 00,0 00,0
150 km £ ( 2 O ()
m Se2e%
B ®
g 00,0
o% %
I3
(=%
2
=
[
X
I
a
<
=
: @ .
o]
g
E Case A: Magma-Magma mixing Case B: Solid-Solid mixing Case C: Wo-stage partial melting of pyroxenite
melt olivine orthopyroxene clinopyroxene garnet melt clinopyroxene garnet
Peridotite Pyroxenite
Figure 11 Cartoons showing three possible scenarios for partial melting of a mixture of pyroxenite and peridotite. In case A, pyroxenite and peridotite melt

separately, and their magmas do not mix with each other in the mantle. These two magmas flow to the magma chamber separately, and then they mix before
eruption. In case B, pyroxenite melts at greater depth, and its melt wets both pyroxenite and peridotie minerals. This process homogenizes both pyroxenite and
peridotite, so that this case is equivalent to partial melting a peridotite fertilized by a pyroxenite. Case C describes the two-stage partial melting model, in which
the subducted oceanic crust underwent partial melting at first to produce felsic melts, which react with the depleted MORB mantle to generate the metasomatic

pyroxenite, whose partial melting gives rise to oceanic island basalts.
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ated from each other, and they melt separately to produce
basaltic and andesitic-dacitic magmas, respectively. These
partial melts make their own way to a shallow magma cham-
ber in which they mix before eruption (Figure 11a). Be-
cause of their different solidus temperatures (e.g., Pertermann
and Hirschmann, 2003; Lambart et al., 2016), peridotite and
eclogite/garnet pyroxenite will melt to different degrees at
the same P-T conditions (e.g., Phipps Morgan, 1999; Stracke
and Bourdon, 2009; Lambart et al., 2016). Although eclog-
ite/garnet pyroxenite may melt to a higher degree, the pro-
portion of its SiO,-rich melt in the erupted magma is also
dependent on its proportion in the mixed mantle source. If
the mixed mantle source has only a small amount of eclog-
ite/garnet pyroxenite, the erupted magmas are still basaltic
(Hauri, 1996; Hirschmann and Stolper, 1996; Lassiter and
Hauri, 1998; Huang and Frey, 2005; Jackson et al., 2012).

The second is source mixing. During upwelling, eclog-
ite/garnet pyroxenite may melt first. This melt may percolate
through peridotite; consequently, it will homogenize both
peridotite and eclogite/garnet pyroxenite. In this case, the
eclogite/garnet pyroxenite does not act as an independent
lithology. This case is equivalent to basaltic melts originated
from relatively homogeneous, enriched peridotites (Figure
11b). Pietruszka et al. (2013) used this model to successfully
reproduce the trace element patterns in several Hawaiian
volcanoes, Makapuu-stage of Koolau, Mauna Loa, Kilauea,
and Loihi.

The third is the two-stage partial melting model, in which
peridotite is metasomatized by eclogite/garnet pyroxenite-de-
rived melts at first, and then the ultramafic metasomatites par-
tially melt to generate basaltic magmas (Figure 11c¢). The
melting residue from the first stage may also undergo par-
tial melting at a shallower depth, and contribute to intraplate
volcanism (Herzberg, 2006). If the degree of eclogite/gar-
net pyroxenite melting reaches ~100% in the first stage, this
model is equivalent to the second model (Figure 11b). In this
case, no enrichment of incompatible trace element occurs in
the andesitic-dacitic melts (Xu et al., 2017; Xu and Zheng,
2017).

A role of garnet/garnet pyroxenite in Hawaiian lavas was
suggested based on the conflicting inferences from trace el-
ements and major elements. High pressure liquidus exper-
iments on primitive Hawaiian tholeiite compositions show
that the major element compositions of Hawaiian tholeiites
were equilibrated with a harzbugite residue, and they are too
enriched in SiO; to be in equilibrium with garnet peridotite
(e.g., Green, 1970; Eggins, 1992; Wagner and Grove, 1998).
In contrast, a role of residual garnet is inferred for Hawaiian
tholeiites based on their relatively constant HREE contents
(after correction for olivine fractionation) (e.g., Hofmann et
al., 1984; Huang and Frey, 2005). Reaction of the mafic
melt with peridotite (Kelemen, 1986) was used to solve this
dilemma (Eggins, 1992; Wagner and Grove, 1998; Stolper et
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al., 2004), in which the primitive Hawaiian magma was first
produced by partial melting of garnet peridotite (a kind of fer-
tile, enriched peridotite), then it reacted with a harzburgite (or
a sterile, depleted peridotite) on its way up toward the magma
chamber. Alternatively, it is argued that silica-excess eclog-
ite/garnet pyroxenite played an important role in generating
Hawaiian tholeiites (e.g., Hauri, 1996; Lassiter and Hauri,
1998; Huang and Frey, 2005; Kogiso et al., 2005; Sobolev
et al.,, 2005, 2007; Herzberg, 2006; Jackson et al., 2012).
Specifically, Hauri (1996) and Huang and Frey (2005) ar-
gued that the eclogite/garnet pyroxenite was sampled as a dis-
tinctive lithology (Figure 11a). In this case, andesitic-dacitic
melts from eclogite/garnet pyroxenite could mix with basaltic
melts from peridotite in a magma chamber before eruption.

Sobolev et al. (2005) proposed the source mixing model in
which felsic melts originated from silica-excess eclogite/gar-
net pyroxenite would react with the peridotite, and replace
olivine with pyroxene to form a metasomatic pyroxenite
which is characterized by high MgO and Ni contents. Then
mafic melt from this pyroxenite would mix with that from
peridotite in a magma chamber before eruption (Figure 11b).
This model explains the high SiO, and high Ni contents
in some OIB, especially Hawaiian lavas. Based on CaO
contents, Herzberg (2006) even argued that the majority of
Hawaiian tholeiites represent mafic melts from this type of
metasomatites, and only a small group of lavas with high
CaO content are partial melts of peridotites.

The requirement for the involvement of eclogite/garnet
pyroxenite in the origin of Hawaiian tholeiites was origi-
nally based on geochemical observations, such as high SiO,
(Hauri, 1996), high Ni (Sobolev et al., 2005, 2007), and low
CaO contents (Herzberg, 2006). After taking into account the
large Ni variation in peridotites, and a careful reevaluation
of the Ni partition coefficient between olivine and basaltic
melt (Matzen et al., 2013), it is possible that partial melts
from peridotites also have high Ni contents (e.g., Putirka et
al., 2011; Rhodes et al., 2012). Similarly, model calculations
using BATCH program (Longhi, 2002) suggest that basaltic
melts saturated with all four garnet peridotite phases have
a large CaO variation (Huang and Humayun, 2016); conse-
quently, a low CaO content cannot be used as a “smoking
gun” for the role of eclogite/garnet pyroxenite in generating
the mantle source of some OIB, a conclusion also reached by
Herzberg et al. (2014).

In addition to SiO,-rich eclogite/garnet pyroxenite as dis-
cussed above, SiO,-poor (carbonated or not) eclogites/gar-
net pyroxenites have also been proposed to play a substan-
tial role in OIB petrogenesis, especially for these SiO,-poor
HIMU lavas (e.g., Hirschmann et al., 2003; Kogiso et al.,
2003; Keshav et al., 2004; Kogiso and Hirschmann, 2006;
Dasgupta et al., 2006, 2010; Lambart et al., 2009; Jackson et
al., 2012). While the silica-excess eclogite/garnet pyroxenite
are of metamorphic origin, the silica-deficient pyroxenite is
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of metasomatic origin. The former serves as the crustal com-
ponents in the magma sources of oceanic basalts, and its par-
tial melts are felsic with preliminary enrichment in incompat-
ible trace elements. In contrast, the latter serves as the source
rocks of some OIB, and its partial melts are mafic with the
observed enrichment in incompatible trace elements. There-
fore, the two-stage processes are necessary (Figure 11c) in
order for OIB to acquire distinctive geochemical signatures
like enrichment in highly incompatible trace elements such
as LILE and LREE from the subducted oceanic crust (Fig-
ure 10). However, the quantitative budget of these trace el-
ements between the subducted MORB and the erupted OIB
has raised the problem for physical mixing models (e.g., Niu
and O’Hara, 2003). Furthermore, the radiogenic Sr-Nd-Pb
isotope compositions of OIB are primarily dictated by those
of felsic melts because elements like Sr, Nd and Pb are highly
incompatible during crustal anataxis and their abundances in
the felsic melts dominate the budget relative to the depleted
MORB mantle (Xu and Zheng, 2017).

6. Mantle heterogeneity: recycled crustal sig-
natures in oceanic basalts

There are basically two physical ways to generate mantle
heterogeneity: (1) subduction of oceanic and continental
lithosphere (Hofmann and White, 1982; Zindler and Hart,
1986; Zheng, 2012), and (2) delamination of lower oceanic
and continental crust and their underlying lithospheric man-
tle (McKenzie and O’Nions, 1983; Anderson, 2005; Lee,
2014). In either case, lithospheric rocks were recycled into
the mantle to cause its heterogeneity. Because many crustal
and mantle rocks in the recycled lithosphere are susceptible
to partial melting in the asthenospheric mantle, felsic to
mafic melts are produced at mantle depths to react with the
surrounding peridotite. Such reaction can produce fertile,
enriched peridotites, a process that was collectively called
mantle metasomatism in the literature (e.g., Frey and Green,
1974; Niu and O’Hara, 2003; Donnelly et al., 2004; Work-
man et al., 2004; O’Reilly and Griffin, 2013).

Zheng (2012) distinguished two types of metasomatism in
the mantle. One is the mantle metasomatism whereby the
peridotite is metasomatized by mafic melts derived from par-
tial melting of fertile mantle domains. The other is the crustal
metasomatism whereby the peridotite is metasomatized by
felsic melts derived from partial melting of subducted or de-
laminated crustal rocks. It appears that the crustal metasoma-
tism denotes the geochemical signatures transferred from the
crust to the mantle, which is a primary mechanism for mantle
heterogeneity. In contrast, the mantle metasomatism trans-
fers the geochemical signatures from one mantle domain to
the other, which is a secondary mechanism for mantle het-
erogeneity. At converging plate boundaries, crustal materi-
als including sedimentary and magmatic rocks are modified
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by metamorphic dehydration and partial melting at subduc-
tion zone, producing aqueous solutions and hydrous melts
that serve as metasomatic agents for crustal metasomatism
of the mantle peridotite (Zheng et al., 2016). Once mafic
to ultramafic metasomatites are generated in the mantle, they
may undergo partial melting to produce mafic melts for man-
tle metasomatism. Compared to the primitive mantle and
residual mantle, therefore, the addition of various metaso-
matic agents would lead to geochemical and mineralogical
heterogeneities, at least for incompatible elements, isotopes
and new minerals.

If the crustal rocks were carried into the deep mantle,
they contribute to the mantle heterogeneity in both physical
and chemical ways. Because the MORB are depleted in
highly incompatible trace elements such as LILE and LREE
whereas the sediment is enriched in these elements, the
physical mixing models for the formation of OIB sources
require much more contributions from the sediment than the
MORB in order to account for the mass balance between
the subducted oceanic crust and the erupted OIB. This is
inconsistent with geochemical observations that the majority
of OIB share some key trace element signatures with MORB
(Hofmann et al., 1986; Sun et al., 2008). This problem can
be solved by a chemical mixing model (Zhang et al., 2009;
Zheng et al., 2015; Xu et al., 2017), in which the subducted
MORB undergo low-degree partial melting, producing felsic
melts that are relatively enriched in these trace elements
(McKenzie, 1989; Donnelly et al., 2004; Xu et al., 2017). If
such melts, together with partial melts from the subducted
sediment, react with the depleted MORB mantle, it is able
to generate ultramafic metasomatites with considerable
enrichment in these highly incompatible trace elements. In
doing so, rutile in the subducted oceanic crust broke down
and dissolved into the felsic melts, making no depletion
or even enrichment of HFSE such as Nb, Ta and Ti in the
OIB source (Ringwood, 1990; Prytulak and Elliott, 2007,
Jackson et al., 2008; Zheng, 2012; Xu and Zheng, 2017).
Therefore, it is possible for the convective mantle to undergo
the crustal metasomatism before the subducting slab sinks to
the core-mantle boundary.

Recycling of supracrustal material into the mantle has been
recognized in OIB. In fact, many OIB show geochemical sig-
natures that can only be produced on the surface of Earth.
Lassiter and Hauri (1998) interpreted the high §'*0 values
(>5.6%o) in olivines from Makapuu-stage Koolau volcano at
Hawaii reported by Eiler et al. (1996) as a result of recy-
cled sediments in the mantle source of Hawaiian basalts. This
is based on the knowledge that high %0 values can only
be generated by low temperature water-rock reaction, where
low 6'%0 values can only be produced by high temperature
water-rock reaction (e.g., Muehlenbachs and Clayton, 1976;
Gregory and Taylor, 1981; Eiler, 2001). Olivines from Soci-
ety and Samoa, all EM2-like, also have high §'®0 values of
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5.7-6.0%o (Eiler et al., 1997; Workman et al., 2008), and they
are attributed to recycling of terrigenous material into their
mantle sources. Similar arguments have also been made to
MORB. Eiler et al. (2000) reported ~0.4%o0 6'*0 variations
in MORB, which are correlated with compositional varia-
tions. They argued for a role of the recycled crustal com-
ponent in the mantle source of MORB. Furthermore, Cooper
et al. (2004) observed variable 60 values (up to 5.6) in
MORB glasses from mid-Atlantic ridge, and they preferred
a metasomatic model in which the depleted MORB mantle
was metasomatized by felsic melts derived from partial melt-
ing of a subducted, altered but dehydrated oceanic crust. So
did Donnelly et al. (2004) for the trace element systematics in
enriched MORB from the mid-Atlantic ridge. Therefore, the
high 6'80 signatures in both OIB and MORB originated from
the supracrustal process. Mineral O isotope homogenization
is fast at mantle temperatures (Zheng et al., 2003), so that it is
critical to evaluate the timescale for preservation of these su-
percrustal O isotope signatures in the mantle sources of these
oceanic basalts (Zhang et al., 2009).

Farquhar et al. (2000, 2002) reported distinctive mass in-
dependent fractionation (MIF) of S isotopes in sulfides and
sulfates from crustal rocks older than 2.3 Ga, which disap-
peared in crustal rocks after 2.0 Ga. This is interpreted to be
associated with the great oxygenation event in the Paleopro-
terozoic. Cabral et al. (2013) reported negative MIF of S iso-
topes in both olivine sulfide inclusions and bulk olivines from
HIMU-type basalts at Mangaia in Austral-Cook islands, and
argued for a role of ancient (>2.3 Ga) supracrustal material
in their mantle source. A similar observation has also been
made on OIB at Pitcairn (Delavault et al., 2016). Thus, it is
also important to evaluate how these supercrustal S isotope
signatures have survived during crustal and mantle melting.

Compared to silicate Earth, carbonates have light Ca iso-
topes (e.g., Fantle and Tipper, 2014). Huang et al. (2011a)
observed that Hawaii Makapuu-stage Koolau lavas have
0*0Ca values lower than that of typical upper mantle by
0.3%o, and §*/*°Ca values for Hawaiian lavas are correlated
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with St/Nb and ¥’Sr/*Sr ratios (Figure 12). They attributed
this to a role of recycled carbonates (up to 4%) in the mantle
source of Hawaiian lavas. Because of the different element
diffusion rates in mantle rocks and melts (e.g., Hofmann and
Hart, 1978; Van Orman et al., 2002), kinetic studies may
provide insights into the physicochemical mechanism for the
preservation of supracrustal signatures in deep mantle.

7. Core-mantle interaction signatures in OIB

Seismic images suggest that some mantle plumes may rise
from the core-mantle boundary (Montelli et al., 2004, 2006;
French and Romanowicz, 2015). It has also been proposed
that mantle plumes may be associated with the LLSVP (large
low shear wave velocity province) at the bottom of the mantle
(e.g., Hart, 1984; Castillo, 1988; Ni and Helmberger, 2003;
He et al., 2015). Furthermore, geochemical zoning was ob-
served in mantle plumes (Abouchami et al., 2005), which may
be linked to their relative positions to LLSVPs (Huang et al.,
2011b; Weis et al., 2011; Chauvel et al., 2012; Farnetani et
al., 2012; Payne et al., 2013; Rohde et al, 2013; Harpp et al.,
2014; Jackson et al., 2014; Hoernle et al., 2015; Cordier et
al., 2016; but see Jones et al., 2016 for a different point of
view). Consistent with this hypothesis, some OIB have dis-
tinctive geochemical signatures that may originate from outer
core (e.g., Brandon and Walker, 2005), implying a very deep
origin.

The Earth’s outer core has been argued to have high Pt/Os
ratio based on partition coefficients inferred from studies
of iron meteorites, so that it has been inferred to have high
1860s/'%80s ratios (e.g., Walker et al., 1995; Brandon et al.,
1999). High '%Qs/'330s ratios observed in Hawaiian picrites
(Brandon et al., 1999; Ireland et al., 2011) and Gorgona
komatites (Brandon et al., 2003) were interpreted as an outer
core signature. However, high-pressure experiments on
solid/liquid partitioning of Pt-Re-Os in Fe-S system indicate
that solid/liquid partition coefficients of these three elements
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Figure 12

5*"*OCagsrmorsa vS. ST/NDb and ¥’Sr/%°Sr in Hawaiian tholeiites. These two trends can be reproduced by adding a recycled ancient carbonate component

to a plume component. The maximum amount of carbonate added (4%) is labeled at the end of the model mixing lines, and the tick marks represent 1%
increments. Mixing line with a modern carbonate forms a shallower 5*/*°Casgmoisa vs. ¥’Sr/*Sr trend, which cannot explain the Hawaiian trend. Data are from

Huang et al. (2011a).
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become more similar to each other at high pressure (Van Or-
man et al., 2008). Consequently, differentiation of the Earth’s
core is not able to fractionate Pt/Os large enough to explain
the observed high '*¢0s/'®30s at Hawaii and Gorgona. In ad-
dition, Luguet et al. (2008) argued that sulfides from eclog-
ites and pyroxenites have Pt/Os high enough to yield high
186Qs/'880s, if formed early.

Hawaiian tholeiites have Fe/Mn ratios higher than Icelandic
lavas and MORB (Figure 13), which was interpreted as an
outer core signature (Humayun et al., 2004; Huang et al.,
2007; Qin and Humayun, 2008). This interpretation rises be-
cause Fe and Mn behavior similarly during partial melting of
peridotite, so that a high Fe/Mn ratio in OIB is thought to re-
flect Fe enrichment in their mantle source that may be caused
by the core-mantle interaction. Alternatively, a mantle source
with higher fO,, i.e., higher Fe**/Fe*', can also generate high
Fe/Mn in the melt, because Fe** is more incompatible than
Fe*". The fO, of primitive Hawaiian lavas is close to the mag-
netite-wiistite buffer with a Fe**/total Fe of 0.08 (Rhodes and
Vollinger, 2005). For comparison, MORB have a Fe**/total
Fe of 0.12-0.17 (e.g., Bézos and Humler, 2005; Kelley and
Cottrell, 2009). Consequently, it is unlikely that the observed
high Fe/Mn at Hawaii is the result of a higher fO..

As a third option, partial melts of pyroxenite, either sili-
cate-excess or silicate-deficit, are also characterized by high
Fe/Mn because Fe is more incompatible than Mn in garnet
and pyroxenes (Pertermann and Hirschmann, 2003; Sobolev
et al., 2005, 2007). Consequently, it has been suggested that
the observed high Fe/Mn in Hawaiian tholeiites (Humayun et
al., 2004) can be used to reflect a role of eclogite/garnet py-
roxenite in the mantle source of Hawaiian lavas (Sobolev et
al., 2005, 2007; Herzberg, 2006). In this case, a correlation
is expected to exist between Fe/Mn and olivine fractionation
adjusted SiO; content (Huang et al., 2007). Nevertheless, the
absence of this correlation in the Hawaiian lavas may have
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different reasons. It is possible that the high Fe/Mn sig-
nature at Hawaii would result from partial melting of the
metasomatic, secondary garnet pyroxenite. This is because
intraplate basalts generally show higher Fe/Mn ratios than
MORB, indicating the difference in their source composition.

In the core-mantle interaction model by Humayun et al.
(2004), Fe in the liquid outer core is dissolved back into
mantle silicates at the core-mantle boundary. In contrast,
Herzberg et al. (2013) proposed a different type of core-man-
tle interaction, in which silicate mantle and liquid outer core
exchange Ni and Fe to cause a Ni enrichment in the reacted
mantle. That is, Ni becomes less siderophile at higher tem-
perature (e.g., Fischer et al., 2015). Herzberg et al. (2013)
observed high Ni contents, but not high Fe/Mn and low CaO
contents, indicators for partial melting of the metasomatic py-
roxenite (e.g., Sobolev et al., 2005, 2007; Herzberg, 2006), in
petrogenesis of some OIB and large igneous provinces (LIP)
including Baffin Island, Ontong Java Plateau, Isla Gorgona
and Fernandina at Galapagos. The authors attributed these
to the result of core-mantle interaction, implying a very deep
origin of their mantle sources. This involves identification
of both crustal and mantle metasomatism in the deep mantle,
which remains to be resolved in the future.

8. Early-formed, isolated mantle sources: evi-
dence from short-lived nuclides

Short-lived nuclide systems, such as "?Hf to '"*W (#,,~9
Myr), "Sm to "°Nd (#.~68 or 103 Myr), I to '*Xe
(t12~15.7 Myr), and ***Pu to 13! 132 134 B36Xe (7, ~80 Myr)
that are also produced by **U, became extinct within the first
(up to several) hundred million years of the Earth’s history.
Isotopic variations involving the daughter products of these
short-lived nuclides were produced early in the Earth’s his-
tory, and any such isotopic variations recorded in terrestrial
rocks provide important constraints on the accretion and
evolution of Earth (e.g., Jacobsen and Harper, 1996).

In fact, low £'®2W was one of the geochemical signatures
proposed for outer core (e.g., Scherstén et al., 2004). W is
the decay product of the short-lived '?Hf (#,,~9 Myr). Since
W is siderophile but not Hf, the Earth’s core has a lower Hf/W
and hence a lower &'W compared to the mantle (Yin et al.,
2002; Kleine et al., 2002). The lack of measurable £'#*W in
Hawaiian tholeiites that have high '360s/"¥0s (Walker et al.,
1995; Brandon et al., 1999) led Scherstén et al. (2004) to sug-
gest that OIB contain no contribution from the Earth’s core.
With much improved precision, +0.05 & unit compared to
>+0.2 ¢ unit by Scherstén et al. (2004), a recent study reported
negative ¢'¥*W data, —0.05 to —0.20, in modern OIBs, in-
cluding Hawaiian lavas, which are negatively correlated with
SHe/*He (Mundl et al., 2017). They attributed this combined
isotopic signature to the entrainment of material from mega-
ultralow-velocity zones at the bottom of the mantle, which



Figure 14
anomalies are found in modern rocks, but only positive anomalies are re-
ported in ancient rocks (>2.8 Ga). Data are from Willbold et al. (2011,
2015), Touboul et al. (2012, 2014), Rizo et al. (2016a, 2016b), and Mundl
et al. (2017).
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may contain metals formed within the first 60 million years
after accretion. On the other hand, positive £'W anomalies
have been reported for both ancient and modern rocks (Fig-
ure 14), including: 4.0 Ga Acasta gneiss complex in Canada
(Willbold et al., 2015), 3.9 Ga supracrustal rocks from the
Nuvvuagittuq Greenstone Belt, Quebec, Canada (Touboul et
al., 2014), 3.8 Ga rocks from Isua Supracrustal Belt in Green-
land (Willbold et al., 2011; Rizo et al., 2016b), 2.8 Ga Kos-
tomuksha komatiites (Touboul et al., 2012), and Phanerozoic
flood basalts from Baffin Bay and Ontong Java Plateau (Rizo
et al., 2016a). Willbold et al. (2011, 2015) suggest that the
high £'W in early Archean rocks may represent the W iso-
topic composition of Earth before the arrival of the “late ve-
neer” which controls the modern Earth’s platinum group ele-
ment budget (Day et al., 2016). On the other hand, Touboul
et al. (2012) and Rizo et al. (2016a) argued that the positive
£'8W anomalies found in much younger 2.8 Ga Kostomuksha
komatiites and Phanerozoic flood basalts suggest the preser-
vation of an early formed, within the first hundred million
years after Earth accretion, differentiated, with high Hf/W,
mantle reservoir until present.

Although no £'*Nd anomaly has been found in modern ter-
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restrial rocks (e.g., Andreasen et al., 2008; Murphy et al.,
2010; Cipriani et al., 2011; Jackson and Carlson, 2012; but
see also Hyung and Jacobsen, 2016), both positive and neg-
ative £'*Nd anomalies have been found in ancient (>2.7 Ga)
terrestrial rocks (Figure 15). Harper and Jacobsen (1992) re-
ported ~30 ppm **Nd excess in 3.8 Ga metasediments from
Isua in West Greenland, which was confirmed by a follow-up
study reporting 15 ppm '*2Nd excess in these rocks (Caro
et al., 2003, 2006). It is further shown that high &'*Nd,
10-19 ppm, is a common feature in >3.6 Ga West Greenland
rocks (Bennett et al., 2007). Up to 18 ppm '**Nd deficits have
been reported in Hadean/Eoarchean mafic and felsic rocks
from the Nuvvuagittuq greenstone belt in northern Quebec,
Canada (O’Neil et al., 2008, 2012; Roth et al., 2013). Partic-
ularly, O’Neil et al. (2012) observed a positively correlated
trend between Sm/Nd and 'Nd/'"*Nd in the Nuvvuagittuq
greenstone belt rocks, which, if treated as an isochron, gave
an age of 4.4 Ga. In contrast, the Lu-Hf systematics of these
rocks yields an age of 3.86+0.07 Ga, consistent with zircon
U-Pb ages and whole-rock ’Sm-!**Nd dates (Guitreau et al.,
2013). Rizo et al. (2012) reported up to 11 ppm '“*Nd deficits
in 3.4 Ga Ameralik dykes from southwest Greenland. Roth
et al. (2014a) reported up to 14 ppm **Nd deficits in 4.3 Ga
Acasta gneiss complex at Canada, which are negatively cor-
related with positive &'2W anomalies (Willbold et al., 2015).
Boyet and Carlson (2005) reported 9—16 ppm “*Nd excess in
2.7-2.9 Ga Belingwe and Kostomuksha komatiites, and De-
baille et al. (2013) reported ~7 ppm '¥Nd excess in 2.7 Ga
Abitibi meta-tholeiites. Upadhyay et al. (2009) reported up to
20 ppm '**Nd deficits in 1.48 Ga Khariar alkaline rocks from
southeastern India. However, a subsequent study was not
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Figure 15  ¢'¥’Nd anomaly in terrestrial rocks. Since all published modern
rocks do not show measurable ¢'**Nd anomaly (Andreasen et al., 2008; Mur-
phy et al., 2010; Cipriani et al., 2011; Jackson and Carlson, 2012; but see
also Hyung and Jacobsen, 2016), only ancient rocks (>2.7 Ga) are plotted.
Compilation of Roth et al. (2014a) are used with data from Caro et al. (2003,
2006), Boyet and Carlson (2005), Bennett et al. (2007), O’Neil et al. (2008,
2012), Rizo et al. (2011, 2012), Roth et al. (2013, 2014a), Debaille et al.
(2013).
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able to reproduce such a negative anomaly (Roth et al.,
2014b). These results evidently imply the early Sm/Nd
fractionation in the first hundred million years after Earth
formation and its subsequent isolation from mantle convec-
tion.

Xenon has nine stable isotopes, 124, 126, 128, 129, 130,
131, 132, 134, and 136, among which ¥Xe is the decay
product of '*I with #1, of 15.7 Myr, 31 132 134 136X e are pro-
duced by spontaneous fission of 2**Pu (#1» ~80 Myr) and >*U,
and '?% 3°Xe are primordial. Large and correlated '*Xe/"*"Xe
(2.1-2.7) and "**Xe/"Xe (6.3—7.9) variations have been ob-
served in both MORB and OIB (see Figure 11 of White,
2015; Poreda and Farley, 1992; Kunz et al., 1998; Trieloff et
al., 2000; Hopp and Trieloff, 2005; Holland and Ballentine,
2006; Tucker et al., 2012; Parai et al., 2012; Mukhopadhyay,
2012; Petb et al., 2013). The large '*Xe/"**Xe and **Xe/*'Xe
variations require the early differentiation of I/Xe and Pu/Xe
(within the first hundred million years after the Earth accre-
tion) and subsequent preservation of such differentiated man-
tle reservoirs until present.

Several short-lived isotopic systems, '2Hf-'2W, 146Sm-
INd, I-"Xe and ***Pu-'*¢Xe, have been investigated in
terrestrial rocks. The observed isotopic anomalies in daugh-
ter isotopes require early differentiation events, which must
have happened within the first hundred million years after
the Earth accretion, and that the early formed differentiated
reservoirs must have been preserved for most or all of the
Earth’s history.

9. Ending remarks

Although our understanding of the Earth’s mantle has been
greatly advanced in the past several decades, there are still
important questions that remain to be solved:

(1) The Earth’s mantle is chemically and isotopically
heterogeneous, and several mantle reservoirs have been
proposed. However, their relationship to mantle structures
that are imaged by seismic waves, such as the large low
shear wave velocity provinces (LLSVPs) at the bottom of
the mantle, is unclear. Ideally, the geochemical pictures of
the mantle must be consistent with the geophysical pictures,
but geochemical anomalies in the mantle may have much
smaller sizes than those imaged by geophysical techniques.

(2) What is role of an olivine-poor lithology, i.e., eclog-
ite/garnet pyroxenite, in the petrogenesis of oceanic basalts?
It seems that both peridotite and eclogite/garnet pyroxenite
contribute to the formation of oceanic basalts; however, their
relative contributions need to be better constrained. It also
merits to test whether eclogite/garnet pyroxenite-derived
melts dominate the budget of trace elements and their per-
tinent radiogenic isotopes whereas peridotite dominates the
budget of major elements in OIB.

(3) What are the stable isotopic compositions, including
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both light and metal stable isotopes, of oceanic basalts? Cur-
rently, there are only limited data sets, and we feel that it is
too early to review them. Nevertheless, it has been shown
that stable isotopes are powerful tools to investigate the geo-
chemical kinetics in OIB petrogenesis. In particular, the rate
of light element stable isotope (e.g., H, C, O S and N) ex-
change is much faster than that of heavy element isotopes
(e.g., Mg, Ca, Fe, Sr, Nd, Pb, Hf and Os), enabling the es-
timate of timescales for residence of geochemical anomalies
in the mantle.
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