Geosciences Journal
Vol. 11, No. 3, p. 185 — 199, September 2007

Origin of E-MORB in a fossil spreading center: the Antarctic-Phoenix

Ridge, Drake Passage, Antarctica

Won Hie Choe
Jong Ik Lee*
Mi Jung Lee
Soon Do Hur
Young Keun Jin

ABSTRACT: The fossilized Antarctic-Phoenix Ridge (APR) with
three segments (P1, P2, and P3), Drake Passage, is distant from
the known hotspots, and consists of older N-MORB formed prior
to the extinction of spreading and younger E-MORB after extinc-
tion. The older N-MORB (3.5-6.4 Ma) occur in the southeastern
flank of the P3 segment (PR3) and the younger E-MORB (1.4-3.1 Ma)
comprise a huge seamount at the former ridge axis of the P3 segment
(SPR) and a big volcanic edifice at the northwestern flank of the
P2 segment (PR2). The PR3 basalts have higher Mg#, K/Ba, and
CaO/Al,O; and lower Zr/Y, Sr, and Nag, (fractionation-corrected
Na,O to 8.0% MgO) with slight enrichment in incompatible ele-
ments and almost flat REE patterns. The SPR and PR2 basalts are
highly enriched in incompatible elements and LREE. The extinction
of spreading at 3.3 Ma seems to have led to a temporary magma
oversupply with E-MORB signatures. Geochemical signatures such
as Ba/TiO,, Ba/La, and Sm/La suggest the heterogeneity of upper
mantle and formation of E-MORB by higher contribution of enriched
materials (e.g., metasomatized veins) to mantle melting than the
N-MORB environment. E-MORB magmas beneath the APR seem
to have been produced by low-degree melting at deeper regime,
where enriched materials have preferentially participated in the
melting. The occurrence of E-MORB at the APR is a good exam-
ple to better understand what kinds of magmatism would occur in
association with extinction of the ridge spreading.

Key words: Antarctic-Phoenix Ridge, extinction of spreading, E-MORB,
low-degree melting, mantle heterogeneity

1. INTRODUCTION

Compared to other mantle products derived from subduc-
tion zones or intra-plates, mid-ocean ridge basalts (MORB),
which represent the end product of decompression melting
of upwelling upper mantle, show relatively small geochem-
ical variations. MORB generally have low abundance of
incompatible elements, low radiogenic Sr, and high radio-
genic Nd, suggesting that the oceanic upper mantle is rel-
atively depleted (Zindler and Hart, 1986). However, common
occurrences of incompatible element enriched-type MORB
(E-MORB) in all ridges worldwide indicate that this depleted
MORB mantle (DMM) is compositionally heterogeneous
(e.g., Donnelly et al., 2004; Kent, 2004, Janney, 2005). The
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origin of E-MORB has been generally explained by inter-
action of plumes derived from deep mantle with depleted
upper mantle source of normal mid-ocean ridge basalts (N-
MORB) (e.g., Rhodes et al., 1990; Douglass et al., 1999).

The origin of E-MORB which does not have any rela-
tions with known plumes is yet controversial. E-MORB,
not associated with hotspots, are widespread, and occur on
both fast- and slow-spreading ridges: e.g., fast-spreading
East Pacific Rise (Niu et al., 1999) and slow-spreading
Mid-Atlantic Ridge (Donnelly et al., 2004). Hanson and
Langmuir (1978) first suggested that E-MORB reflect pref-
erential melting of “enriched” veins in the mantle. Recently,
most workers agree that mantle convection and crustal recy-
cling are primary mechanisms that create the enriched het-
erogeneities as “blobs” or “veins” deep in the mantle (Niu
et al., 1999 and references therein).

In the Drake Passage, between South America and Ant-
arctica, there is a remnant of the once-extensive spreading
center, the Antarctic-Phoenix Ridge (APR), consisting of
both N-MORB and E-MORB (Fig. 1). The APR appears to
have become extinct at some time during the Pliocene
(Larter and Barker, 1991). As a result, a small remnant of
the former Phoenix plate, confined between the Shackleton
and Hero Fracture zones, has become welded into the Ant-
arctic plate. On the basis of reconnaissance precision echo
sounder records and magnetic data, Larter and Barker (1991)
concluded that the three inactive segments of the APR are
remnants, which Livermore et al. (2000) refer to as P1, P2,
and P3 from northeast to southwest. However, recent geo-
morphological and magnetic data still argue whether the
extinction of spreading at the three segments occurred
simultaneously or not (Livermore et al., 2000 and refer-
ences therein). Compared to many results from geophysical
investigations, geochemical relations between N-MORB
and E-MORB of the APR are poorly constrained.

Because of the presence of strong Antarctic Circumpolar
Current preventing thick sediment accumulations in the
Drake Passage, the fossil spreading centers of the APR are
uniquely exposed to bathymetric mapping and dredging.
During the 1999-2000 austral summer season, a half of the
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Fig. 1. Tectonic boundary map over the bathymetry using satellite altimetry in Drake Passage (modified from Smith and Sandwell, 1994).
Dark gray color denotes the area below 4000 m depth and light gray above 3000 m. Solid, thin dotted and heavy dotted lines represent
active boundaries, fracture zones and inactive spreading axis, respectively. P1, P2 and P3 denote three segments of the Antarctic-Phoenix
Ridge. Abbreviations: SFZ, Shackleton Fracture Zone; HFZ, Hero Fracture Zone; SST, South Shetland Trench; WSR, West Scotia Ridge;
BS, Bransfield Strait; DFZ, D Fracture Zone; EFZ, E Fracture Zone.

P3 segment was mapped using a multibeam echo sounder
fitted to the Korean research vessel R/V Onnuri (Kim, 2005).
During the 2000-2001 and 2002-2003 summer cruises with
R/V Yuzhmorgeologiya, submarine fresh lavas from the P2 and
P3 segments have been intensively dredged, and geochem-
ically investigated.

In this paper, we report the geochemical characteristics of
both N-type and E-type MORB in the APR, Drake Passage.
The analyzed samples have been systematically collected in
order to delineate temporal and spatial changes in the compo-
sitions of magmas generated from the APR, particularly with
respect to the extinction of spreading. Our data will provide
clues on the heterogeneity of upper mantle beneath the APR.

2. TECTONIC SETTING

The Phoenix plate was one of the major Pacific Ocean
plates, created by seafloor spreading since the Jurassic. Pre-

vious works (Barker, 1982; Larter and Barker, 1991) sug-
gested that the three remaining segments of the APR
became inactive following collisions between more south-
erly ridge segments and an active subduction zone to the
southwest of the Hero Fracture Zone (HFZ). Continuous
subduction at the South Shetland Trench, together with
oceanward retreat of the hinge of subduction, led to the rift-
ing and separation of a sliver of the Antarctic Peninsula
margin carrying the South Shetland Islands, and the open-
ing of the Bransfield Strait marginal basin (Maldonado et
al., 1994). Magnetic anomaly profiles crossing P1 and P3
suggested a ridge extinction at ca. 4.5 Ma (Barker, 1982) or
3.5 Ma (Larter and Barker, 1991), following a period of
declining spreading rates. Livermore et al. (2000) insisted a
synchronous extinction of all three segments at the time of
magnetic chron C2A (3.3 Ma), using new bathymetry and
magnetic anomaly data. This temporal constraint is syn-
chronous with a ridge-trench collision at the south of the
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HFZ. Kim (2005) suggested that the extinction of the P3
segment occurred at 3.6 Ma, based on the absence of C2A
magnetic chron at the axis.

The three segments between HFZ and Shakleton Fracture
Zone (SFZ) show typical slow-moving discontinuities of
the sharp boundaries and depressions (Livermore et al.,
2000). The APR evolved from an intermediate- to a slow-
spreading ridge. It has the characteristics of both interme-
diate-spreading ridges far away from the ridge axis and
slow-spreading ridges near the axis. At the terminal stage of
spreading, the spreading rates were different between the
southern and northern flanks, suggesting asymmetric spreading
of the Phoenix Ridge. The most significant reductions in
spreading rate occurred among anomalies C4-C3A, C3A-C3,
and C3-C2A.

3. MORPHOLOGY AND K-AR AGE

The P2 segment begins at Fracture Zone D and runs over
a distance of 40 km to northeast (Fig. 2). The rift valley
along the axis has a depth of ca. 2500 m. The off-axis mor-
phology of the P2 segment is generally comparable to that
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of fast- or intermediate-spreading ridges dominated by linear,
axis-parallel magmatic ridges and straight, sharply defined
fracture zones (Livermore et al., 2000). The near-axis mor-
phology of the P2 segment shows very high relief, and is
anomalous when compared to either fast- or slow-spreading
ridges elsewhere. The axial region is flanked by two great
ridges; that on the northwestern flank rises to an unexpect-
edly shallow 570 m depth near the segment center, and that
on the southeastern flank is deeper than 1500 m. Livermore
et al. (2000) pointed out that the high-relief paired ridges on
the P2 segment resulted from abrupt reduction in spreading
rates, when non-magmatic extension became dominant
(Thatcher and Hill, 1995).

Basalt samples (PR2) at the P2 segment were systemat-
ically collected from the inner wall of the northwestern flank.
The K-Ar whole-rock ages for these basalts range from 2.1
to 1.4 Ma, and are generally younger toward the ridge axis
(Choe et al., 2005).

New bathymetry was obtained over the intersection between
the P3 segment and the HFZ during 1999-2000 austral sum-
mer, using a SEABEAM 2000 multibeam sounder on the
Korean R/V Onnuri (Kim, 2005). The P3 segment begins at

58°30°8
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Fig. 2. Bathymetry and depth profile
of the P2 segment, modified from Liv-
ermore et al. (2000). Circles represent
sample locations and the K-Ar ages at
these sites are shown in parentheses
(Choe et al., 2005).
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HFZ and runs over a distance of 200 km to northeast (Fig. 3).
The near-axis morphology of the P3 segment also shows
high relief. In the segment center, a prominent seamount is
present, which rises 2,500 m from the axial valley floor at
4,000 m. The southwestern region of the axial seamount is
flanked by two great ridges which rise to about 2,500 m
depth. The northwestern flank is broader and further away
from the ridge axis than the southeastern flank. It is sup-
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Fig. 3. Bathymetry and depth profile
of the P3 segment, modified from Kim
(2005). Circles represent sample loca-
tions and the K-Ar ages at these sites
d are shown in parentheses (Choe et al.,

2005).

posed that both flanks may be the rifted parts of a former
axial topographic high, and the different morphologies of
the flanks may be caused by asymmetric lithospheric
stretching during the final stage of extension (Kim, 2005).
This suggestion is corroborated by magnetic anomalies,
which show the difference of the spreading rates between
the northwestern and southeastern flanks (Livermore et al.,
2000).
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The PR3 basalts were sampled from the two sites of
steeper southeastern flank of the P3 segment. The K-Ar
ages of these samples are 4.9-6.4 and 3.5-4.5 Ma, and also
become younger toward the ridge axis (Choe et al., 2005).
These ages are significantly older than those of the PR2
samples. The youngest K-Ar ages obtained from inner walls of
the rifted ridges of the P2 and P3 segments probably rep-
resent or approximate the final extension stage. It is thus
likely that extinction of spreading processes at the two seg-
ments occurred at different times: i.e., the spreading at the
P3 segment terminated early. This temporal relationship is
inconsistent with that of the geophysical investigation (Liv-
ermore et al., 2000).

The axial seamount occurs as a single volcano along the
ridge axis of the P3 segment. It rises to a shallow 750 m depth
and has a mean diameter of about 30 km. This kind of huge
seamount, occurring at the ridge axis, is rare even in the slow-
spreading ridges, not associated with hotspot volcanism (e.g.,
Northern Mid-Atlantic Ridge), which generally have low-
relief axial highs (Perfit and Chadwick, Jr., 1998).

The K-Ar ages of axial seamount basalts (SPR), system-
atically collected with depth along the P3 axis (Fig. 3),
range from 3.1 to 1.4 Ma, and become younger toward the
top of the seamount, indicating a discrete, point-source
eruption (Choe et al., 2005). In conjunction with the geo-
physical data (Livermore et al., 2000; Kim, 2005), the K-Ar
ages suggest that huge axial seamount has formed after the
extinction of spreading at the P3 segment.

4. SAMPLING AND ANALYTICAL METHODS

Submarine volcanic rocks of this study were obtained
from 9 dredges on R/V Yuzhmorgeologiya during 2000-2001
and 2002-2003 summer cruises. Sample locations, together
with K-Ar whole-rock ages, are shown in Figures 2 and 3.
The PR2 basalts-were dredged at depths of 2,400 m (PR2-2),
2,000 m (PR2-3), and 1,200 m (PR2-4) from the northwest-
ern flank of the P2 segment, and the PR3 basalts were sam-
pled at depths of 2,500 m (PR3-3) and 3,000 m (PR3-4)
from the southeastern flank of the P3 segment. From the
axial seamount of the P3 segment, the SPR samples were
systematically collected at depths of 2,900 m (SPR1), 2,000
m (SPR2), and 1,000-800 m (SPR3 and SPR4).

The majority of samples are very fresh and many samples
show pillow structures which have glassy surface and radial
joints toward the outer margin. Major and trace element com-
positions for 44 samples were determined using an XRF
(Philips, PW1480) and an ICP-MS (Perkin Elmer, Elan 6100)
at Korea Polar Research Institute (KOPRI). Further analytical
procedures are available in Lee (1994) and Hur et al. (2003).

5. RESULTS

The volcanic rocks from the APR show small variations
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in SiO; ranging from 49 to 52 wt%, MgO from 4 to 9 wt%,
and Al,O; from 15 to 18 wit% (Table 1). The PR3 basalts
have the highest CaO, and the lowest K;O, P,0s, NaO,
TiO,, and Al,O; contents at a given MgO content (Fig. 4).
The SPR basalts show a wide ranges of MgO, and can be
divided into high (> 7 wt%) and low (< 7 wt%) MgO types.
Na.0O, K0, P,0s, TiO,, and AlOs in the SPR basalts increase
with decreasing MgO. The concentrations of these elements
systematically vary with the eruption ages of the SPR vol-
canics. The youngest one (SPR4) from the crest of the P3
axial seamount has the lowest MgO content. The PR2 vol-
canics have MgO contents less than 6.3 wt% (Table 1), and
their compositional variations are generally similar to those
of the low-MgO SPR basalts. However, the PR2 basalts
show steeper variations of CaO and P,Os compared to those
of the low-MgO SPR basalts.

The APR basalts are divided into two magma types in the
total alkali versus silica (TAS) diagram (Fig. 5). The PR3
volcanics (older than 3.5 Ma) with the lowest alkali con-
tents belong to low-K tholeiities, whereas those from the
PR2 and SPR (younger than 3.1 Ma) correspond to medium-K
mildly alkaline basalts.

The Mg number (Mg# = 100xMg/(Mg + Fe?")) is gener-
ally higher in hotter, more primitive, and less-fractionated
liquids. The PR2 and low-MgO SPR basalts have lower Mg
numbers (< 60) (Fig. 6a). The Mg numbers of the PR3 and
high-MgO SPR basalts are higher than 60, and their aver-
ages (64.3) are similar to the most primitive portion of the
Mid-Atlantic Ridge basalts (63.9 ; Lehnert et al., 2000).

The large ion lithophile (LIL) elements are incompatible
and enriched in E-MORB. Inter-element ratios of trace ele-
ments have been employed to distinguish different source
reservoirs. The K/Ba ratio of N-MORB is commonly greater
than 100, whereas that of E-MORB is lower than 30 (Mor-
ris and Hart, 1983). In the K/Ba vs. MgO plot (Fig. 6b), the
PR3 basalts belong to N-MORB, while the PR2 and SPR
basalts to E-MORB.

The APR basalts show large variations in incompatible
element ratios. The La/Sm ratios of younger, PR2 and SPR
basalts are higher (3.5-5.5) than those of the older PR3
basalts (< 1). The Zr/Y ratios vary from 4.7 to 12.4 for the
younger basalts but almost constant (3-4) for the older ones
(Fig. 6¢). In particular, the Zr/Y ratios of the SPR basalts
increase from 5 to 12.4, apparently with decreasing ages.
These characteristics can not be attributed to fractional crys-
tallization, but to different degree of mantle melting with or
without contributions from different source materials. Sr is
a key element for discriminating crystallization from melt-
ing process because it is compatible in plagioclase, and
behaves compatibly during the crystallization but incom-
patibly during the mantle melting. The Sr contents vary lit-
tle with decreasing MgO contents except for some high-
MgO SPR basalts, and this behavior is observed for many
MORB suites (Fig. 6d) (le Roux et al., 2002). The Sr vari-
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Table 1. Major and trace element compositions of the Antarctic-Phoenix Ridge Basalts.

Sample PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR2 PR3
221 22 23 24 25 31 32 322G 33 336G 34 35 41 42 43 31

Major elements (in wt%)

SiO, 4953 5022 49.48 49.37 49.48 4958 49.33 5054 50.04 5057 49.62 49.33 49.13 48.68 4854 49.92
TiO, 217 225 205 214 199 251 263 259 264 261 254 251 210 207 208 139
AlLO; 1671 1642 16.74 16.06 17.18 1646 1641 1631 1647 16.26 16.84 16.77 1650 1576 15.90 15.04
FeO* 915 935 909 1026 872 1009 10.06 991 1003 9.82 9.98 984 1037 1049 1057 9.02
MnO 016 018 016 018 015 018 016 017 017 017 017 016 019 017 021 0.16
MgO 511 536 583 623 573 457 453 531 445 504 434 472 578 587 563 745
CaO 9.77 886 1029 10.67 1049 874 9.08 883 881 856 905 944 1090 1034 1044 12.17
Na,O 345 366 332 307 325 371 35 374 364 382 362 346 300 299 303 274
K20 142 166 126 101 121 158 140 130 156 141 150 143 093 100 09 0.29
P20s 053 064 047 037 045 063 057 056 061 061 064 057 035 036 037 013
LOI 132 102 087 029 08 132 154 075 148 062 118 123 062 132 102 0.72
Total 99.35 99.60 99.55 99.65 99.54 99.37 99.28 100.06 99.92 99.47 99.47 99.45 99.87 99.06 98.74 99.02
Mg# 5252 5316 5597 54.62 56.54 47.28 47.12 5150 46.77 5044 46.25 4873 5246 5258 51.35 62.07
Trace elements (in ppm)

Be 15 1.8 15 13 15 1.9 17 18 1.9 25 20 1.9 13 14 1.3 05
Li 101 101 103 86 104 120 110 89 101 92 129 118 128 123 140 48
Sc 354 313 366 384 349 344 360 360 342 352 343 355 414 415 429 422
Co 375 347 383 441 366 349 366 378 348 363 348 378 519 486 576 438
Cr 1725 168.0 204.7 1488 2275 1101 705 729 645 66.6 1103 1294 1387 130.1 1356 341.4
Cu 698 683 717 784 702 557 574 552 560 553 549 622 751 738 775 749
Zn 96.7 109.6 1003 99.3 96.8 1095 101.1 883 90.3 1125 1051 1085 1128 1147 65.3
Mo 28 35 25 1.9 24 33 29 31 31 33 3.0 3.0 25 1.9 26 03
Ni 704 749 822 610 823 523 525 603 489 566 536 663 780 644 723 717
Cs 04 04 03 0.2 0.2 0.3 0.3 0.3 03 03 0.3 03 02 0.2 0.2 0.3
\% 3329 3232 3207 3581 3129 359.7 393.1 390.8 386.6 396.8 3713 384.8 377.7 3904 4028 289.7
Ga 229 241 219 208 217 242 248 242 248 249 247 251 222 218 223 165
Rb 220 331 224 187 223 275 246 307 270 331 241 267 175 174 174 6.2
Sr 309.3 3022 3128 3174 3109 3152 3373 3212 3254 3219 317.6 3349 3378 3347 3411 1659
Y 447 507 409 350 385 521 488 488 493 511 514 483 372 372 381 274
Zr 239.6 2882 2222 1719 2104 2885 2743 2770 2932 2979 2861 2706 1754 1765 1782 97.3
Nb 481 600 440 341 416 575 529 520 558 555 554 520 329 335 329 2.7
Ta 29 3.6 2.7 21 25 35 3.3 31 3.3 3.3 34 31 2.0 20 20 02
Hf 5.6 64 51 42 48 6.4 6.3 6.1 6.4 64 6.3 60 41 41 43 2.7
Ba 287.0 3653 2703 2210 2436 337.7 3154 3158 3280 3312 3274 2962 2114 2116 2163 9.2
u 11 14 1.0 0.7 0.9 13 11 1.2 1.2 13 13 12 0.7 0.7 0.8 0.1
Th 3.7 4.7 33 24 3.2 45 41 41 43 44 46 41 24 25 25 02
La 313 393 292 225 266 374 341 338 356 363 363 325 219 219 226 4.0
Ce 634 796 582 457 542 757 703 713 745 756 742 676 436 440 446 123
Pr 7.3 8.9 6.8 5.3 6.3 8.6 8.1 8.0 85 84 85 78 52 5.3 54 20
Nd 309 370 289 230 265 366 350 341 361 360 361 334 231 231 236 104
Sm 8.9 84 65 54 6.2 8.3 7.8 7.9 8.2 8.3 8.2 7.7 5.6 5.6 5.7 35
Eu 2.3 2.6 21 19 20 2.6 25 25 25 26 2.6 24 19 19 20 13
Gd 76 86 7.2 6.0 6.9 8.9 8.6 85 86 87 8.8 8.6 6.4 6.5 6.6 45
Tb 13 15 12 1.0 11 15 14 14 14 15 15 14 11 11 11 0.8
Dy 76 88 7.0 6.1 6.8 8.9 85 85 88 88 8.6 84 6.3 6.3 6.4 51
Ho 1.6 18 15 12 14 18 1.8 1.7 1.8 18 1.8 17 13 13 13 11
Er 4.7 52 43 36 40 54 51 51 5.2 5.3 5.3 50 338 39 40 31
Tm 0.7 0.8 0.6 05 0.6 0.8 0.8 0.8 08 08 0.8 08 06 0.6 06 05
Yb 41 4.8 3.8 33 37 49 46 46 48 48 48 46 35 35 35 29
Lu 0.7 0.7 0.6 0.5 0.6 0.8 0.7 0.7 07 07 0.8 0.7 0.5 0.5 06 04

*Total Fe as FeO. Mg#, 100xMg/(Mg+Fe?) in mole.
G, glass; PR2, P2 segment; PR3, P3 segment; SPR, axial seamount in the P3 segment.
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Table 1. (continued)

PR3 PR3 PR3 PR3 PR3 PR3 PR3 SPR1 SPR1 SPR1 SPR1 SPR1 SPR2 SPR2 SPR2 SPR2
32 33G 34 35 42 43 44 1 2 2G 3 3G 1G 2 3 4
Major elements (in wt%)

SiO, 50.82 50.65 50.29 50.43 49.02 49.09 4995 4881 4855 4929 4850 49.47 48.78 4851 4846 48.47
TiO, 143 140 141 143 123 125 125 160 160 159 159 158 191 193 188 1.89
AlLO; 1532 15.17 1514 1525 16.82 16.94 17.02 16.60 16.63 16.20 16.55 16.36 16.70 16.70 16.64 16.83
FeO* 880 892 875 867 891 892 869 832 844 822 827 805 843 866 864 869
MnO 016 017 016 016 015 015 015 0415 015 015 015 015 015 015 015 0.16
MgO 744 814 753 712 755 709 791 843 845 900 841 894 770 707 742 7121
CaO 1203 1195 1189 1199 1212 1207 1221 1090 11.02 10.88 10.85 10.82 1048 1040 1041 1047
Na,O 276 28 277 277 260 260 255 286 287 284 28 28 327 320 326 321
K20 035 014 026 040 017 015 026 068 063 068 071 066 116 131 123 123
P20s 013 013 014 014 012 013 011 031 031 031 032 030 046 045 045 045
LOI 041 028 055 126 039 082 093 066 087 023 131 025 023 120 080 085
Total 99.66 99.79 98.89 99.61 99.06 99.21 101.02 99.32 99.52 99.39 9951 99.44 99.27 99.60 99.34 99.45
Mg# 6262 6439 63.03 61.93 6267 61.18 6433 66.76 6647 6844 66.82 68.76 6441 6179 63.00 62.16
Trace elements (in ppm)

Sample

Be 0.5 05 0.5 05 0.4 0.4 0.4 1.0 1.0 1.0 1.0 11 14 15 15 1.6
Li 5.6 5.2 5.2 5.3 88 132 6.0 7.2 8.4 6.7 7.9 6.7 6.9 8.3 6.8 8.9
Sc 419 426 456 428 374 377 370 344 352 354 359 359 361 370 358 374

Co 437 472 479 482 446 446 471 454 455 480 458 479 447 450 447 475
Cr 345.6 340.8 360.7 350.0 359.1 3435 366.7 446.3 439.2 4595 446.2 4728 2121 2117 2147 2178

Cu 753 777 797 762 762 805 737 603 641 648 614 653 638 616 604 615
Zn 661 640 683 678 866 916 694 742 717 598 737 577 609 721 695 783
Mo 0.3 0.5 04 05 0.3 0.3 0.3 13 1.2 1.6 13 1.6 2.7 2.6 2.2 2.3
Ni 705 765 774 758 1059 1072 117.6 1909 1939 206.7 196.1 2048 1354 127.7 1423 1535
Cs 0.4 0.0 0.2 0.4 0.2 0.0 0.2 01 0.1 0.2 0.1 0.2 0.3 0.3 0.3 0.3

\Y 281.0 279.1 2994 2854 2719 278.0 260.7 296.0 303.1 308.7 3075 300.2 3133 343.7 323.8 33438
Ga 166 163 174 168 174 172 171 186 186 183 182 181 194 196 197 198

Rb 8.2 12 5.6 94 24 15 46 113 99 145 111 145 257 193 166 162
Sr 1743 1672 1779 1723 150.0 153.6 148.0 279.0 281.2 268.3 2756 2694 3615 3695 3712 3755
Y 273 2710 288 272 254 262 249 281 281 277 286 271 274 294 280 287
Zr 955 960 1015 96 775 785 762 1339 1363 136.7 1368 1348 1839 1878 1842 186.3
Nb 2.8 3.0 29 29 2.8 2.8 28 270 268 262 265 262 465 476 466 46.2
Ta 0.3 0.3 0.2 0.3 0.3 0.2 0.2 1.6 17 1.6 1.6 16 3.2 2.8 2.9 2.8
Hf 2.6 2.6 2.7 2.7 21 2.2 2.2 35 35 3.6 34 3.6 41 4.1 41 4.2
Ba 9.8 9.8 98 137 137 145 9.1 150.7 1435 161.7 1478 1642 2593 2641 2569 258.5
U 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.6 05 0.7 0.6 0.7 1.2 12 11 1.2
Th 0.2 0.3 0.3 0.3 0.3 0.2 0.2 2.2 2.3 2.3 2.3 2.3 4.0 4.1 4.0 4.1
La 3.9 42 42 42 3.5 34 32 171 168 169 170 166 254 269 254 257
Ce 121 131 129 127 9.7 9.9 95 359 362 368 363 362 507 539 517 514
Pr 2.0 21 21 21 17 16 1.6 4.7 4.7 4.6 4.7 4.6 6.1 6.3 6.2 6.3
Nd 106 108 112 1038 8.6 8.6 84 199 201 195 199 198 247 253 246 254
Sm 35 35 3.6 35 3.0 3.0 2.8 49 4.9 4.8 4.9 4.7 55 5.7 55 55
Eu 14 14 14 14 12 12 11 1.7 17 1.7 1.7 1.7 18 1.9 1.9 1.9
Gd 4.6 4.6 49 4.7 4.0 4.0 4.0 55 54 5.2 55 5.2 5.8 5.6 5.6 5.8
Th 0.8 0.8 0.9 0.8 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9 1.0
Dy 5.0 51 53 51 4.7 4.8 4.6 55 55 54 5.6 54 55 5.7 5.6 5.8
Ho 11 11 11 11 1.0 1.0 10 1.2 11 11 1.2 11 12 1.2 1.2 1.2
Er 31 3.2 3.3 3.2 3.0 3.0 2.9 3.3 3.3 3.3 3.3 3.2 3.2 34 3.3 3.4
Tm 0.5 05 0.5 05 0.4 0.5 0.4 05 05 0.5 0.5 05 05 0.5 0.5 0.5
Yb 29 2.8 3.1 29 2.8 2.8 2.7 3.0 3.0 29 3.0 3.0 2.9 3.0 2.9 3.1

Lu 0.5 0.5 0.5 05 0.4 0.4 04 05 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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Table 1. (continued)

SPR3 SPR3 SPR3 SPR3 SPR4 SPR4 SPR4 SPR4 SPR4 SPR4 SPR4 SPR4

Sample —— 2 3 4 1 2 3 7] 5 6 7 8

Major elements (in wt%)

SiO; 50.80 49.89 50.50 49.97 50.98 50.38 51.49 51.85 51.73 51.38 50.29 50.82
TiO, 2.47 248 2.35 2.39 2.22 243 243 242 2.39 2.54 2.50 2.36
AlO3 16.45 16.73 16.72 16.98 17.55 1741 17.80 17.85 17.68 17.68 17.40 17.25
FeO* 9.82 9.68 9.40 9.45 8.44 8.90 8.63 8.58 8.54 8.99 8.97 8.48
MnO 0.20 0.26 0.19 0.21 0.15 0.20 0.17 0.15 0.15 0.16 0.18 0.16
MgO 5.95 5.69 6.01 6.06 6.00 5.53 4.50 4.92 4.89 4.37 4.52 5.54

CaO 9.92 9.94 9.77 10.03 9.32 9.49 9.57 9.52 9.43 9.68 9.66 9.34
Na,O 3.24 3.15 3.20 3.16 3.59 3.52 3.83 3.73 3.89 3.82 3.60 3.68
K:0 115 1.02 1.10 0.95 1.45 1.38 1.55 1.59 1.56 1.60 1.47 1.42
P20s 0.42 0.45 0.41 0.33 0.43 0.50 0.47 0.33 0.36 0.57 0.51 0.45
LOI 0.21 115 0.4 0.32 0.35 0.78 0.25 0.21 0.31 0.27 1.2 0.68

Total ~ 100.63  100.45 100.04 99.84 10049 100.50 100.68 101.13 100.92 101.05 100.31 100.17
Mg# 54.54 53.78 55.86 55.94 58.47 55.17 50.81 53.16 53.16 49.02 49.98 56.44

Trace elements (in ppm)

Be 1.0 1.0 1.0 0.9 1.0 11 0.9 1.0 11 11 11 11
Li 6.3 6.9 6.1 6.1 6.8 6.4 6.5 5.8 6.7 6.7 6.7 6.5
Sc 28.1 28.8 275 275 22.3 234 24.4 23.2 235 22.6 234 23.3
Co 37.7 60.9 39.9 48.4 28.9 41.9 34.6 24.0 235 254 34.3 29.3
Cr 186.8 183.5 189.7 196.2 99.6 89.3 88.5 96.1 96.0 89.7 91.3 95.7
Cu 50.2 47.5 43.6 38.9 49.4 44.0 36.7 37.9 38.1 54.8 45.0 44.1
Zn 119.6 1331 116.6 119.8 99.7 111.7 106.3 92.4 97.0 104.1 105.6 101.2
Mo 2.8 2.9 2.9 2.7 2.9 3.2 1.7 25 21 2.8 2.7 3.2
Ni 86.4 90.7 914 98.7 67.0 59.8 457 457 46.3 39.8 47.0 53.9
Cs 0.2 0.2 0.2 0.2 0.3 0.2 01 0.2 0.1 0.2 0.1 0.2
\% 3231 333.8 320.0 326.6 235.7 262.4 290.5 2741 2713 291.6 282.1 274.2
Ga 20.7 21.0 20.7 204 17.8 18.6 18.9 18.8 18.5 18.9 18.2 18.3
Rb 16.8 141 15.7 12.8 23.9 20.9 22.8 22.3 23.3 10.9 18.9 21.0
Sr 258.6 273.0 265.1 271.1 3944 395.6 387.4 383.2 387.8 382.3 385.8 391.2
Y 30.3 325 29.8 25.8 21.2 26.4 22.2 18.9 18.1 24.2 24.7 244
Zr 214.0 220.1 2138 198.7 204.5 224.3 212.0 2174 2244 2315 2215 2275
Nb 40.1 41.9 40.2 39.3 51.0 54.1 54.5 53.4 54.2 56.3 54.2 54.4
Ta 4.2 3.9 35 33 43 45 4.4 4.4 45 4.7 4.6 4.6
Hf 5.3 5.6 54 5.2 5.0 5.7 5.7 5.6 5.8 6.0 59 6.0
Ba 191.9 192.3 187.8 176.4 3118 312.7 333.6 322.1 332.2 334.3 329.9 3231
U 0.8 0.9 0.8 0.7 1.0 1.6 0.9 0.9 1.0 14 12 11
Th 2.6 3.4 2.7 2.8 4.0 4.7 4.4 35 3.9 43 4.7 44
La 18.6 20.7 18.1 145 214 25.8 18.3 14.4 13.9 205 224 22.9
Ce 39.5 48.4 38.4 33.9 41.4 51.6 415 29.7 28.6 43.5 46.4 45.0
Pr 4.7 5.2 4.6 3.8 4.7 5.9 4.6 3.6 3.6 51 53 5.2
Nd 19.8 21.8 19.3 16.3 185 23.1 18.8 14.8 14.9 21.2 21.8 20.8
Sm 4.9 53 4.8 4.2 4.0 5.2 4.4 35 35 49 5.0 4.7
Eu 18 1.9 17 1.6 15 18 17 15 15 18 18 17
Gd 6.1 6.6 6.1 5.3 4.8 6.2 5.3 4.3 4.3 5.9 6.0 5.7
Th 10 11 1.0 0.9 0.7 0.9 0.8 0.7 0.7 0.9 0.9 0.9
Dy 6.0 6.5 6.0 5.2 43 5.5 48 4.0 4.0 5.4 5.4 52
Ho 1.2 13 12 11 0.9 11 0.9 0.8 0.8 11 11 1.0
Er 35 3.8 3.5 31 25 3.2 2.7 24 2.3 31 31 3.0
Tm 0.6 0.6 0.6 05 0.4 0.5 04 0.4 0.4 05 05 05
Yb 34 3.6 33 3.0 25 31 2.7 24 24 3.0 29 3.0

Lu 0.5 0.5 05 05 0.4 0.5 04 0.4 0.4 04 0.4 0.4
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ations of the APR basalts are thus considered to reflect
those of mantle sources.

The sodium behaves as a moderately incompatible ele-
ment, and its concentration in melt is roughly inversely pro-
portional to the extent of melting. Liquid lines of descent

from each area can be calculated for low-pressure fraction-

ation of

olivine, plagioclase and clinopyroxene from pri-

mary magma. Because these lines are subparallel, the Na,O
content at 8 wt % MgO (Nas,) can be inferred by projecting
along a line. The Naso approximates the sodium abundance
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in relatively primitive magma and regional Na variations
indicate the change in the degree of melting (Klein and
Langmuir, 1987). The extent of melting is thus likely to be
lower in the mantle source of the younger, E-type basalts
(PR2 and SPR) than in that of the older, N-type basalts
(PR3) (Fig. 6e).

In general, Ca increases and Al decreases in melts with
the progression of melting, compared to the Na variability,
because Ca and Al are major components of mantle mate-
rials (Niu and Hékinian, 1997). In particular, the Ca/Al ratio
increases nearly linearly with melting until clinopyroxene is
exhausted at the condition of high (>25%) degree of melt-
ing (Jaques and Green, 1980; Niu and Batiza, 1991). The
CaO/Al,O; ratios of the PR3 basalts are higher than 0.7, and
those of the PR2 and SPR basalts lower than 0.7, indicating
that the former represents higher degree of melting than the
latter (Fig. 6f).

The CaO/Al,O; ratios from the E-type PR2 and SPR basalts
gradually decrease with decreasing MgO, toward younger
varieties. These correlations clearly support the assumption
that the extent of melting gradually decreased with time dur-
ing the generation of the younger, E-type basalts.

N-MORB normalized multi-element diagrams also show

different patterns between the older and younger basalts
(Fig. 7). The older PR3 basalts generally show similar pat-
terns to those of N-MORB, but are much higher in some of
incompatible elements, such as Cs, Rb, and K, compared to
those in typical N-MORB (Fig. 7a). This apparent incon-
sistency is attributed to alteration because the altered MORB are
strongly enriched in Cs (65x higher than fresh glass), Rb
and U (both ~10x higher than glass) (Krolikowska-Ciaglo
et al., 2003). Wei et al., (2004) reported that the alkali met-
als (K, Rb, Cs) are strongly partitioned into the fluid phase
at high temperatures. Thus, ridge-crest hydrothermal fluid
from younger E-type MORB may have affected the older
N-type MORB. In addition, the extent of enrichment in the
PR3 basalts increases, slightly but progressively, toward more
incompatible elements. This feature may indicate that the
enriched component was contributed to the mantle source
or the melting degree was lower than that of N-MORB dur-
ing the formation of primary magma for the PR3 basalts.

The younger PR2 and SPR basalts are highly enriched,
corresponding to that of E-MORB (Fig. 7b). They are enriched
in the incompatible elements, such as Rb, Ba, Th, U, Nb,
and LREE, and the extent of enrichment progressively
decreases toward more compatible elements. However, it is
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McDonough (1989).

difficult to change drastically from N-MORB to E-MORB
environments during a short time interval of about 0.5 m.yr., if
the mantle source is homogeneous. There is currently no
direct evidence for the presence of heterogeneous enriched
mantle, such as metasomatized mantle veins, beneath the
APR. If veins are present, the E-type signatures of the
younger PR2 and SPR basalts can be explained by lower
extent of mantle melting, because mantle veins would pref-
erentially participate in the melting at low-temperature and
low-extent melting regime (Holness and Richter, 1989; Hir-
schmann and Stolper, 1996).

The REE patterns are basically consistent with trace ele-
ment patterns. On the chondrite-normalized REE plots, the
older PR3 basalts exhibit overall flat patterns with slight
depletion in LREE (Fig. 8a), indicating that garnet is
unlikely to be a residual phase during the melting, whereas
the younger PR2 and SPR basalts show LREE-enriched
patterns relative to HREE, suggesting a small degree of par-
tial melting and/or a possible presence of garnet in the
sources (Fig. 8b).
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Fig. 8. Chondrite-normalized REE patterns of (a) PR3 basalts and
(b) PR2 and SPR basalts. Symbols are the same as Figure 4. The
chondritic values used for the REE normalization are from Sun and
McDonough (1989).

6. DISCUSSION AND CONCLUSIONS
6.1. Occurrence of E-MORB in a Fossil Ridge System

The enriched chemistry of E-MORB has been commonly
explained by influence of hotspots or plumes, because
plumes can impose large physical and chemical anomalies
on normal ridges, such as variation of mantle flow, melting,
axial morphology, and basalts chemistry (Rhodes et al.,
1990; Douglass et al., 1999). However, the APR area is sit-
uated far away from any hotspot. Donnelly et al. (2000)
revealed that a small proportion of basalt (E-MORB) is
enriched in incompatible elements from the Mid-Atlantic
Ridge, south of the Kane Fracture Zone. It is apparent that
the enriched magma sources, not associated with hotspots,
are widespread in the upper mantle and are common on
both fast- and slow-spreading ridges (Cooper et al., 2004;
Donnelly et al., 2004).

Alternatively, the occurrence of E-MORB may be related
to the abrupt reduction in spreading rates and/or the extinc-
tion of spreading. This reduction results in a temporary
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magma oversupply, leading to high extrusion rate and high
volcanic edifice (Mitchell and Livermore, 1998). In the
APR, extinction appears to have been simultaneous on all
three segments at the magnetic chron of C2A (3.3 Ma; Liv-
ermore et al., 2000). This result together with K-Ar age data
(Choe et al., 2005) suggest that the magmas to form SPR
(3.1-1.5Ma) and PR2 (2.1-1.4 Ma) volcanics, with E-MORB
signatures, are supplied after the cessation of spreading.
Processes of melt segregation in the mantle can lead to
discrete loci of melt delivery, and melt focusing can occur
in the absence of tectonic influences (Whitehead et al.,
1984). The ultraslow-spreading at PR3 prior to extinction
may foster the focusing of partial melts, and consequently
a large seamount (SPR) after the extinction of spreading.
The upward younging trend in the flank of this seamount
(Fig. 3) clearly supports this possibility. At PR2, however,
the same process would have happened at the former rifted
fault in northwest rather than the central axis (Fig. 2).

6.2. Origin of E-MORB at the APR

The rapid change from N-MORB to E-MORB in the
APR could be attributed to the increase in lithospheric
thickness with time and consequently in the contribution of
enriched melt to N-MORB, together with the decrease in
the degree of partial melting. Because (Sm/Yb)y is sensitive
to final depth of melting (Shen and Forsyth, 1995), the
higher (Sm/Yb)y ratios of E-MORB at the APR (1.5~2.2)
indicate deeper final depths of melting than those of
N-MORB (1.2~1.4). As the spreading rate decreases and
ultimately becomes zero, the extent of mantle melting and
melting column (solidus to liquidus depth interval) would
decrease due to conductive cooling and lithospheric thick-
ening. The low degree of melting in the mantle, responsible
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Fig. 9. Ba/TiO, vs. Mg# plot of the APR basalts. Note that the
younger SPR and PR2 basalts have higher Ba/TiO, ratios (>70),
indicating an enrichment of mantle source prior to eruption. Sym-
bols are the same as Figure 4.
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for the formation of E-MORB beneath the APR, may reflect
either an abrupt change of tectonic process or an extinction
of spreading. However, the latter alone cannot explain
geochemical characteristics of the APR basalts.

The Ba/TiO, ratio is a key index for evaluating an enrich-
ment of mantle sources in incompatible elements (Michael
et al., 2003). The SPR and PR2 basalts with E-MORB sig-
natures have high Ba/TiO; ratios (>70), indicating a contribu-
tion of the enriched mantle source to magma generation
(Fig. 9). These basalts are medium-K mildly alkaline basalts
and younger than 3.1 Ma. The PR3 basalts (N-MORB)
older than 3.5 Ma, however, are very low in Ba/TiO, ratios
(<20) and likely to be a product from depleted mantle
source. It is remarkable that there are no transitional basalts
indicating a mixing relationship between the N- and E-type
basalts. The sources could not change rapidly from a
depleted to an enriched mantle in the absence of influx of
new materials during a short time interval less than ca. 0.5 m.yr.
It is thus likely that the source mantle beneath the APR was
intrinsically heterogeneous when the magma was formed.
In addition, the E-MORB could be produced from the con-
tribution of enriched materials such as metasomatized veins
or pyroxenite veins/blobs to mantle melting.

The HREE depletion is typical for the signature of resid-
ual garnet (le Roux et al., 2002; Nauret et al., 2003; lonov,
2004). From the LREE enrichment and the HREE depletion
of E-MORB, the most plausible source material could be
the garnet pyroxenite (including recycled oceanic crust)
(Hirschmann and Stolper, 1996; Nauret et al., 2003) or the
subduction-modified mantle (Donelly et al., 2004). How-
ever, garnet is unstable at the MOR setting except for high
pressure conditions (28-30 kbar) (Robinson and Wood, 1998).
Nevertheless, garnet can persist on the solidus of pyroxenite
to much lower pressures than that of peridotite, and the
upper mantle may contain 2-5% pyroxenite (Hirschmann
and Stolper, 1996). Typical mantle pyroxenites have lower
solidus temperature than peridotites (e.g., by 150-200 °C at
20-30 kbar) and are capable of producing large melt frac-
tions at depths where peridotite is either solid or only
slightly melted (Hirschmann and Stolper, 1996). If pyrox-
enite is present in the MOR setting, it may produce a gar-
net-like signature of E-MORB. Also conductive cooling by
slow-spreading may deepen the final depth of mantle melt-
ing, resulting in the decreased melting degree. Therefore,
pyroxenite would preferentially participate in the melting at
low-extent melting regime when the E-MORB of the APR
were formed.

Because there is no peridotite complementary to MORB
from APR, it is difficult to exactly model the mantle pro-
cess beneath APR. In addition, the available E-MORB data
cannot place exact constraints on the enriched material at
the APR. Thus, we assumed that the enriched material has
considerable amount of garnet.

The Ba/La versus Sm/La ratios are illustrated together
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Fig. 10. Ba/La vs. Sm/La ratios of the APR basalts. Modal melting
equation, Ci=Co/[Do+F(1-Do)] is performed. Dashed, thin, and thick
curves represent the partial melting of pyroxenite (PY), enriched
mantle (EM), and depleted mantle (DM), respectively, calculated
assuming a batch melting. Partition coefficients and source com-
positions of EM, DM, and PY are adopted from Donnelly et al.
(2004), Salters and Stracke (2004), and Sun and McDonough
(1989).

with modal melting models from various sources to eval-
uate possible source materials and extent of melting (Fig. 10).
Large degree of melting (up to 7%) from a depleted mantle
source is required for the formation of the older N-type PR3
magma. This is fairly possible, when compared to other
N-MORB from ocean ridges worldwide, though the calcu-
lated melting degree is slightly lower. The slight enrichment
in incompatible elements of the PR3 basalts relative to N-
MORB average (Fig. 7a) may indicate smaller degree of
partial melting. However, extremely low-degree partial melting
(less than 0.3%) is necessary to produce the younger, E-type
SPR and PR2 magmas, if the source is composed of a
depleted mantle alone, but this extent of melting seems to
be too low to produce proper quantity of melts. Instead, if
we presume the source as an enriched mantle alone, the E-
MORB in the APR could not be produced, because the
majority of the E-MORB data are plotted below the calcu-
lated melting curve. Therefore, the models given in Figure
10 suggest that probable enriched materials consisting of
pyroxenites (recycled oceanic crust) have played an impor-
tant role for the generation of E-MORB magmas beneath
the APR, as well as the melting of the surrounding depleted
mantle. If this is the case, the upper mantle beneath the
APR may be composed of aggregates of pyroxenites that
have been left by the melting of subducted oceanic crust,
and peridotites that have been contaminated by the melts
from pyroxenites (Blichert-Toft et al., 1999).

As an alternative source material of E-MORB, the meta-
somatized mantle from the subduction zone cannot be ruled
out. Donnelly et al. (2004) suggested that oceanic lithos-
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pheric mantle can be enriched by the addition of low-degree
melts of subducted crust. However, E-MORB from the
metasomatized lithospheric mantle have major element
compositions similar to N-MORB. The E-MORB and N-
MORB of the APR have different major and trace element
chemistries. Therefore, this model alone cannot explain the
different geochemistry of two types of the APR basalts.

Taking into account the geochemical characteristics of the
N- and E-MORB, we have to assume that the APR upper
mantle is a mixture of two compositionally distinct sources:
one is a volumetrically small and low-temperature melting
component enriched in alkalis and other incompatible ele-
ments, and the other is the depleted peridotite host (DMM).
In a setting of normal spreading of the APR at > 3.5 Ma,
peridotite with higher melting temperature would have
melted extensively at shallow level and the signal from
enriched materials could have been diluted. On the contrary,
in a setting of thickened lithosphere and conductive cooling
after the extinction of spreading (< 3.3 Ma), the amount of
peridotite-derived, N-MORB melt would become relatively
smaller, and the enriched materials with lower melting tem-
perature have more preferentially participated in the melting
to produce the E-MORB of the APR.
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