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Abstract

Research on seamounts provides some of the best constraints for understanding intraplate volcanism, and
samples from seamounts reveal crucial evidence about the geochemical makeup of the oceanic mantle. There are
still many seamounts in the West Pacific Seamount Province (WPSP) that have not been studied, meaning their
ages and geochemistry remain unknown. A better understanding of these seamount trails and their evolutionary
history, investigated with age and geochemistry data, will enable better understanding of the geological processes
operating underneath the Pacific Ocean Plate. Here, new 40Ar/39Ar ages and trace element and Sr-Nd-Pb isotopic
data for seven basalt rocks from four seamounts in the WPSP are provided. Chemically, these rocks are all Oceanic
Island Alkali basalt (OIA type); analysis of olivine phenocrysts shows that the magmas experienced strong olivine
fractionation and changed from olivine + plagioclase to olivine + plagioclase + clinopyroxene cotectic during their
evolution. Rare earth element (REE) patterns and a spider diagram of the samples in this study show OIB (Ocean
Island Basalt) like behavior. The range of 87Sr/86Sr values is from 0.704 60 to 0.706 24, the range of 206Pb/204Pb
values is from 18.241 to 18.599, and the range of 143Nd/144Nd values is from 0.512 646 to 0.512 826; together, these
values indicate magma sources ranging from EMI to EMII.  Finally,  new 40Ar/39Ar age data show that  these
seamounts formed at ~97 and ~106 Ma, indicating that some may have undergone the same formation processes
as seamounts in the eastern part of the Magellan Seamount Trail,  but other seamounts likely have different
origins.
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1  Introduction
Since the publication of the deep-rooted mantle plume hypo-

thesis (Morgan, 1971, 1972) and the elegant explanation of vol-
canic age progression of the Hawaii–Emperor seamount chain in
the Pacific (Clague and Dalrymple, 1989), mantle plumes and
hotspots have been widely used to explain mantle anomalies
within the interior of a plate. However, over the past two decades,
the hotspot hypothesis has been subjected to several critical re-
evaluations (Anderson, 2002, 2005, 2007; Hamilton, 2003; Foul-
ger, 2002, 2010; Foulger and Natland, 2003; Koppers et al., 2003;
Koppers and Staudigel, 2005; Natland and Winterer, 2005; Tar-
duno et al., 2009). Understanding the nature of hotspot volcan-
ism is important because hotspot trails are used to determine the
absolute motion of lithospheric plates through geological time,
and also because the hotspots are an important means of heat
transport between the deep mantle and the earth’s lithosphere
(Koppers et al., 1998, 2000, 2003, 2004; Koppers and Staudigel,
2005; White, 2005; Chu et al., 2005). Seamounts offer the best dir-
ect evidence of intraplate volcanism originating from the mantle
beneath; when seamounts erupt, they are the best indicators of

how the lithosphere in their local tectonic setting interacts with
magma originating from the deep mantle (Hillier, 2007). Rocks
and minerals from seamounts can therefore provide insights in-
to geological processes in the deep mantle.

There are many seamounts distributed in the West Pacific
Seamount Province (WPSP) (Chu et al., 2006; He et al., 2011;
Zhao et al., 2014; Huo et al., 2015), a region that is characterized
by an unusually shallow seafloor (Menard, 1964) and an unusu-
ally large number of intraplate volcanic edifices formed between
138 and 60 Ma (Lincoln et al., 1993). Some of these seamounts
follow a trail pattern while others do not; for example, three
seamounts (Vlinder, Pako, Loah) in the Magellan Seamount Trail
(MST) show regular age decline, but others show no such pat-
tern (e.g., Ita Mai Tai). The MST is therefore defined as a com-
plex, short and discontinuous chain of guyots. Plate tectonic re-
constructions of the Pacific region indicate that the lithosphere in
the WPSP originated above the South Pacific Thermal and Iso-
topic Anomaly (SOPITA) region of the deeper mantle (Koppers et
al., 1995), and the mantle source of the WPSP is also identified as
a Cretaceous isotopic equivalent of the SOPITA (Smith et al.,  
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1989; Staudigel et al., 1991). However, many seamounts remain
unstudied, particularly those in the Northwest Pacific near the
Mariana Trench; it is thus unclear whether these seamounts are
the same as other WPSP seamounts in having origins above the
SOPITA. It is also unclear whether these seamounts were formed
by hotspots or by lithospheric extension driven by subduction. In
this study, we present new age, geochemical, mineralogical and
isotopic composition data from four seamounts in the WPSP that
are located near the Mariana Trench. We compare these data
with data from the MST to determine whether these seamounts
show any relationships with the MST. We also discuss the mantle
processes associated with these seamounts.

2  Samples and analytical methods

2.1  Geochemistry
The rock samples for this study were obtained by deep dre-

dging of the northwestern part of the MST area during the
DY115–19 and DY125–31 cruises. As shown in Fig. 1, a total of
seven basaltic lava samples were selected: MID20, MID23,
MID24, MJD03, MKD03, MDD47 and MDD53. Back-scatter elec-
tron (BSE) images and mineralogical analyses of theses samples
were obtained with a JOELJXA-8100 microprobe, located at the
Key Laboratory of Submarine Geosciences, Ministry of Natural
Resources, Hangzhou. Major and trace elements were analyzed
at the Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences, with an Axios sequential X-ray fluorescence spectro-
meter and ICP-MS (Agilent 7500). Sr-Nd-Pb isotope analysis was
performed with a multi-collector ICP-MS (Neptune MC-ICP-MS,
Thermo Scientific), using internal standardization and external
calibration with bracketing isotope standard reference materials
(ALS Scandinavia, Luleå, Sweden). Sr and Nd isotope ratios were
normalized to 86Sr/88Sr=0.119 4 and 146Nd/144Nd=0.721 9, re-
spectively. During the analyses, the Nd isotope standard Thermo
Nd yielded an 143Nd/144Nd ratio of 0.512 420±0.000 009 (2σ, n=2),
and the Sr isotope standard NBS987 yielded an 87Sr/88Sr value of
0.710 266±0.000 006 (2σ, n=2). The measured 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb ratios of the standard NBS981 were
16.937 4±0.008 5, 15.491 6±0.007 6 and 36.721 9±0.018 2 (2σ, n=2),
respectively. Standard deviations are reported from repeated

analyses of each sample.

2.2  40Ar/39Ar geochronology
Samples were crushed and sieved into 250 to 125 mm and 150

to 74 mm size fractions. Plagioclase was separated from the 250
to 125 mm fraction using a paramagnetic separator, and from the
150 to 74 mm fraction using a combination of heavy liquid and
paramagnetic methods. Samples were cleaned with mixtures of
HF, HCl and HNO3 before final washing in distilled H2O in an ul-
trasonic bath.

Samples were irradiated in the cadmium-shielded CLICIT fa-
cility at the TRIGA reactor at Oregon State University and incre-
mentally heated at the laser probe dating facility at VU Uni-
versity, Amsterdam. Methods used for data acquisition and re-
duction, mass discrimination correction, and age calculation fol-
lowed those previously described in detail by Koppers et al.
(2000) and Koppers (2002). Ages were calculated using the free-
ware program ArArCALC (Koppers, 2002); a detailed description
of this method is found in the supporting information of Koppers
et al. (2012).

3  Results

3.1  Geochemistry
The results of major and trace element analyses are presen-

ted in Table 1, and isotopic data is provided in Table 2. Repres-
entative electron probe micro-analyzer (EPMA) results from oliv-
ine phenocrysts in seamount basalts are presented in Table 3;
Figure 2 shows micrographs of olivine phenocrysts. The MgO
content shows a large range from 2.20% to 9.06%, and Mg# [Mg2+/
(Mg2++Fe2+)] is from 0.13 to 0.39, indicative of strong magma
fractionation. The TiO2 content is high (generally greater than
2%), as is the Fe2O3 content (average value 13.27%). The basaltic
samples of the Magellan seamount are all classified as alkaline
and fall in the Oceanic Island Alkali (OIA) basalt range (Fig. 3).
The REE pattern and spider diagram of the samples in this study
show OIB-like patterns (Fig. 4). The range of 87Sr/86Sr is 0.704 60
to 0.706 24, for 206Pb/204Pb, it is 18.241 to 18.599, and for
143Nd/144Nd, it is 0.512 646 to 0.512 826.

3.2  40Ar/39Ar ages
The ages of two fresh samples, MID20 and MKD03, were de-

termined. The incremental heating technique was used to slowly
degas grains to remove alterations typically present in the lower
temperature steps (e.g., Koppers et al., 2000, 2004). These results
(Table 4) confidently indicate eruption ages of (106.32±0.4) Ma
for the seamount that MID20 erupted from and (97.93±0.31) Ma
for the seamount from which MK03 erupted (Fig. 5).

4  Discussion

4.1  Magma evolution
Olivine crystals can precipitate directly from magma (Eche-

verría and Aitken, 1986), as well as in the form of exotic xeno-
crysts (Révillon et al., 1999) derived from mantle peridotites
(Zhang, 2005) or from previously unerupted magma (Thompson
and Gibson, 2000). Magmatic olivine is associated with mantle-
melting events (Nisbet et al., 1993), whereas olivine xenocrysts
from mantle peridotite may reflect the compositional character-
istics of the lithospheric mantle because they are captured from
the lithospheric mantle during magma ascent (Zhang, 2005). Re-
search on olivine phenocrysts thus provides useful information
about both the magma’s source and its evolution.
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Fig. 1.   Regional geological map (a) and Location of the samples
of this study from seamounts in West Pacific Seamount Province
(WPSP) (b).
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Magmatic olivine phenocrysts and mantle peridotite-derived
olivine xenocrysts have distinct differences in a chemical com-
position (Wang et al., 2013). The CaO content of the former is sig-
nificantly higher than that of the latter (Francis, 1985; Gurenko et
al., 1996; Thompson and Gibson, 2000). The low CaO content of
olivine xenocrysts derived from a mantle peridotite source, typic-

ally substantially less than 0.1% (Gurenko et al., 1996; Thompson
and Gibson, 2000; Hirano et al., 2004), results from the control of
the CaO content, crystallization pressure, temperature, and oxy-
gen fugacity of the olivine crystals by the CaO and FeO contents
of magmatic melts (Jurewicz and Watson, 1998; Libourel, 1999;
Liu et al., 2013). The low CaO content and high Mg# of mantle

Table 1.   The major (%), trace element and REE (×10–6) data of the samples from WPSP of this study
Sample MDD47 MDD53 MID20 MID23 MID24 MJD03 MKD03

Al2O3 19.49 16.30 15.13 14.41 12.61 13.74 15.31

CaO 8.00 6.11 10.97 12.10 12.60 10.43 9.81

Fe2O3 8.79 11.63 16.11 14.60 13.52 14.62 13.62

K2O 2.09 2.11 1.17 1.33 0.60 2.06 1.25

MgO 4.14 3.38 4.42 6.39 9.06 2.20 5.72

MnO 0.22 0.12 0.12 0.20 0.18 0.27 0.14

Na2O 2.31 3.07 2.14 1.46 2.86 2.53 2.67

P2O5 1.55 1.03 1.08 0.81 0.69 1.10 0.92

SiO2 44.05 48.48 41.44 41.45 40.97 43.58 44.03

TiO2 1.74 2.52 2.11 2.14 2.45 2.75 2.61

LOI 7.03 4.63 4.69 4.47 3.82 6.13 3.28

Total 99.41 99.38 99.38 99.38 99.37 99.40 99.37

Mg# 0.31 0.22 0.21 0.29 0.39 0.13 0.29

Sc 16.98 25.64 29.19 41.25 28.61 32.26 23.34

Ti 10 892.4 14 490.0 12 663.6 14 085.2 14 320.2 18 961.7 15 741.9

V 141.0 85.8 311.3 281.9 231.6 263.3 212.4

Cr 143.0 306.2 669.6 532.1 640.5 692.0 243.7

Mn 1 853.6 1 015.8 957.0 1 661.0 1 262.0 5 005.2 1 174.3

Co 33.88 58.11 34.67 58.97 51.56 166.20 50.53

Ni 107.6 227.5 195.6 151.7 287.0 383.5 186.2

Cu 213.6 443.6 220.1 137.6 104.5 546.4 287.9

Zn 186.9 485.2 351.8 184.6 139.6 464.0 396.8

Ga 29.11 22.15 20.86 16.53 17.15 18.28 22.43

Ge 2.477 1.052 1.468 3.815 1.693 2.320 1.621

Rb 59.09 46.21 23.22 30.24 15.67 36.39 22.32

Sr 726.8 494.2 469.9 576.8 626.0 282.9 827.1

Y 63.20 41.36 57.36 47.02 30.16 33.76 26.89

Zr 584.7 205.6 164.7 181.8 201.7 263.0 170.9

Nb 131.80 28.87 45.67 74.59 101.70 68.59 45.07

Cs 0.798 2.106 1.203 1.022 5.383 1.133 0.967

Ba 788.4 248.0 319.4 279.6 689.7 234.2 674.5

La 140.3 34.13 53.11 72.25 86.43 44.30 40.80

Ce 219.3 67.99 87.81 130.10 156.50 94.51 79.61

Pr 21.77 8.064 9.032 13.640 16.720 11.770 9.389

Nd 70.37 34.74 36.46 49.86 59.39 47.58 37.75

Sm 10.36 7.673 6.989 9.205 9.643 9.842 7.470

Eu 2.638 2.491 2.200 2.912 2.771 2.896 2.464

Gd 8.676 7.228 7.509 8.638 7.738 9.225 6.726

Tb 1.324 1.113 1.111 1.288 1.106 1.272 0.952

Dy 7.885 6.327 6.708 7.630 6.157 6.920 5.002

Ho 1.701 1.311 1.411 1.543 1.165 1.308 0.984

Er 4.705 3.443 3.803 4.110 2.997 3.176 2.358

Tm 0.694 0.482 0.530 0.581 0.396 0.426 0.308

Yb 4.456 3.097 3.241 3.657 2.487 2.616 1.890

Lu 0.697 0.460 0.478 0.546 0.353 0.367 0.281

Hf 12.000 4.536 3.671 3.992 4.458 5.727 3.871

Ta 9.638 1.923 2.658 4.604 5.822 3.936 2.785

Pb 25.460 22.210 15.630 12.850 6.825 51.190 15.720

Th 42.31 3.475 4.404 10.210 12.430 7.954 5.001

U 2.816 1.184 1.324 1.212 2.449 0.895 1.192

          Note: LOI is abbreviated from loss on ignition.
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peridotites results in very low CaO contents in olivine xenocrysts.
Because the CaO content of olivine phenocrysts in the basalt
samples from the Magellan Seamounts is typically higher than

0.1% (Fig. 6a), a mantle peridotite source can be ruled out. The
relationship between the CaO and NiO contents and the forster-
ite (Fo) content also suggests a magmatic origin for the olivine.
The NiO content of the olivine is consistent with a decrease in the
Fo content that deviates significantly from typical trends of
mantle peridotites, but instead follows a trend typically indicat-
ive of magmatic fractionation (Fig. 6b) (Sato, 1977).

Fe-Mg partition coefficients between olivine and magmatic
melt are commonly used to investigate whether the olivine
phenocrysts are equilibrated to the whole rock Mg# values (Nis-
bet et al., 1993; Thompson and Gibson, 2000). If magmas do not
undergo fractional crystallization or crystal accumulation, the
olivine composition and the whole-rock Mg# would constitute an
equilibrium curve. The olivine richest in Mg that crystallized in
equilibrium with the initial magma should fall within the range of
the equilibrium curve; olivine that crystallized from evolved
magma would fall below the equilibrium curve. Meanwhile, oliv-
ine xenocrysts may fall above or below the equilibrium curve de-
pending on their source characteristics (Révillon et al., 1999). The
olivine phenocrysts in the Magellan Seamount basalts studied
here consistently fall below the equilibrium curve (Fig. 7a), sug-
gesting that they are the result of crystallization from the same
(subsequently fractionated) magma as the whole rock.
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Fig. 2.   Photomicrographs of olivine phenocrysts.
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Fig. 3.   Na2O+K2O-Si2O and TiO2-MnO×10-P2O5×10 diagram of
basalts from the seamounts of this study.

Table 2.   The isotopic data of the samples from seamounts of this study
Sample 206Pb/204Pb 208Pb/204Pb 207Pb/204Pb 87Sr/86Sr 143Nd/144Nd
MJD03 18.432±21 38.468 15.617 0.706 24±15 0.512 701±9

MKD03 18.241±16 38.257 15.614 0.704 60±23 0.512 646±8

MID23 18.599±15 38.666 15.624 0.704 61±25 0.512 826±7

Table 3.   Representative EPMA results (%) of olivine phenocrysts in basalts from the Seamounts of this study
Element MID23–6 MID23–7 MID23–10 MID23–12 MJD03–1 MJD03–2 MJD03–11 MJD03–12 MJD03–14 MJD03–16 MJD03–18

SiO2 40.24 40.14 40.16 39.98 40.24 40.19 39.47 39.71 38.51 0.01 38.80

TiO2 0 0 0.01 0.06 0.02 0.03 0.01 0.03 0.04 0.007 0.03

Al2O3 0.05 0.07 0.04 0.07 0.06 0.04 0.06 0.07 0.31 0.087 0.09

Cr2O3 0.06 0 0.26 0.09 0.14 0.03 0.15 0.29 0.12 45.23 0.49

FeO 12.25 14.51 13.11 14.71 13.77 13.36 13.84 12.28 15.45 0.54 12.27

MnO 0.24 0.24 0.25 0.28 0.13 0.12 0.23 0.15 0.18 0.17 0.19

MgO 47.19 44.91 46.26 45.05 46.03 46.31 44.68 46.37 43.35 0.06 45.59

CaO 0.33 0.39 0.33 0.38 0.25 0.22 0.61 0.20 0.59 0 0.20

Na2O 0.02 0.01 0 0.02 0.01 0.04 0 0.01 0.04 14.42 0.01

K2O 0 0 0 0.01 0.01 0.01 0.01 0 0.03 39.06 0

NiO 0.27 0.21 0.20 0.15 0.17 0.23 0.10 0.26 0.09 0.116 0.25

Total 100.66 100.49 100.61 100.80 100.83 100.56 99.18 99.37 98.71 99.70 97.92

Fo 87 85 86 85 86 86 85 87 83 85 87

          Note: Fo=100 Mg/(Mg+Fe)
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The basalts from the western part of the MST show a positive
correlation of CaO with MgO at MgO<8.0% (Fig. 7b), suggesting
that the magma forming the Magellan Seamounts changed from
the olivine+plagioclase to the olivine+plagioclase+clinopyroxene
cotectic, because the much higher CaO content of clinopyroxene
than that of olivine and plagioclase means that clinopyroxene
fractionation would be associated with a decrease in magma CaO
concentration.

4.2  Magma source
Most basalts from seamounts in the Pacific Ocean are OIBs,

but their magma source differs between EMI, EMII and HIMU. As
illustrated in Fig. 8, 87Sr/86Sr-206Pb/204Pb and 143Nd/144Nd-
87Sr/86Sr values indicate that different seamount trails in the Pa-
cific Ocean have different magma sources (Koppers et al., 2003).
Considering samples in this study from the western part of the
MST, the seamounts from which samples MKD03 and MID20

1 000

100

10

1

S
am

p
le

/C
l 

ch
o
n
d
ri

te
1 000

100

10

1

S
am

p
le

/p
ri

m
it

iv
e 

m
an

tl
e

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu UC
s

C
e

B
a

N
d

N
b Sr

SmR
b

D
yTa Pr Zr

EuTh YLa

MID20/MID23/MID24

MDD47/MDD53

MJD03

MKD03

OIB

 

Fig. 4.   The REE pattern and spider diagram of basalts of this study.
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Fig. 5.   High-resolution incremental heating 40Ar/39Ar age analyses for the basalts.
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Fig. 6.   Correlation diagram of Fo-CaO (a) and Fo-NiO (b).

Table 4.   40Ar/39Ar age results of basalt in this study
Sample Material Age type Age/Ma±2σ K/Ca±2σ
MID20 groundmass eprution age 106.32±0.36 0.035 4±0.000 1

MK03 groundmass eprution age   97.93±0.31 0.103±0.013
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were obtained may have a similar magma source to MST and
Hemler (EMI), but the seamount from which sample MJD03 was
obtained has a different magma source to MST that is an inter-
mediate between EMI and EMII. This may suggest that the two
seamounts from which MJD03 and MID20 were obtained belong
to the MST trail, but that the seamounts from which MJD03 was
obtained does not.

4.3  Formation implications
The seamounts that from which MKD03 and MID20 were ob-

tained have ages of 97 and 106 Ma, respectively. Therefore, these
follow the same linear age trend as seamounts in the eastern part
of the MST such as Vlinder, Pako, and Loah, and have a similar
magma source; this suggests that they belong to the MST and un-
derwent the same petrogenetic processes in the Cretaceous
South Pacific SOPITA, before moving to their present location
(Koppers et al., 1998). Meanwhile seamount Hemler, of age 100
Ma, has a different mantle source from the MST, with a reduced
bulk earth component compared with the MST, and was likely
formed by different processes, e.g., lithospheric extension; altern-
atively, it may instead belong to another seamount trail contain-
ing other low-volume seamounts nearby.

5  Conclusions
OIA-type magmas that formed basalts in the western part of

the MST, in the West Pacific Seamount Province, experienced
strong olivine fractionation, and moved from the olivine+plagio-
clase to the olivine+plagioclase+clinopyroxene cotectic during
their evolution. Some of the seamounts have an EMI type magma

source like the MST, but others have a magma source intermedi-
ate between EMI and EMII. New 40Ar/39Ar ages show that these
seamounts formed at ~97 Ma and ~106 Ma. Our results indicate
that while some seamounts may have been formed through the
same petrogenetic processes as the eastern part of the MST, oth-
ers may have different origins.
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