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Primitive basalts are rarely found in arcs. The active NW Rota-1 vol-
cano wn the Mariana arc has erupted near-primitive lavas, which
we have sampled with ROV Hyper-Dolphin (HPD ). Samples
Jrom the summit ( HPD480) and eastern flank ( HPD488) include
17 magnesian basalts (51-52wt % S105) with 7-5-9-5wt %
MgO and Mg-number of 61-67, indicating little fractionation.
Olivine phenocrysts are as magnesian as Fogg and contain 0-4 wt
% NiO; the Cr/(Cr+Al) values of spinels are mostly 0-5-0-8,
indicating equilibrium with depleted mantle. There are three petro-
graphic groups, based on phenocryst populations: (1) cpx—olivine
basalt (COB); (2) plagioclase—olivine basalt (POB); (3) porphy-
ritic basalt. Zr/Y and Nb/Yb are higher in POB (3:1-3-2 and
1-2-1°5, respectively) than in COB (Zr/¥Y =2-8-3-0 and Nb/
Yb=0-7-0-9), suggesting that POB formed from lower degrees of
mantle melting, or that the COB mantle source was more depleted.
On the other hand, COB have Ba/Nb (70-80) and Th/Nb (0-4—
0-5) that are higher than for POB (Ba/Nb=30-35 and Th/
Nb=0-1-0-2), and also have steeper light rare earth element
(LREE) -enriched  patterns. Moreover, COB  have enriched
5808 and " Nd/** Nd, and higher Pb isotope values, suggesting
that COB has a greater subduction component than POB.
"CHf/" Hf between COB and POB are similar and Hf behavior
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in COB and POB 1s similar to that of {1, Yand HREE, suggesting
that Hf is not included in the subduction component, which produced
the differences between COB and POB. The calculated primary bas-
altic magmas of NW Rota-I volcano (primary COB and POB
magmas) indicate segregation pressures of 2—1-5 GPa (equivalent
to 65-50 km depth ). These magmas formed by 24—18% melting of
mantle peridotite having Mg-number ~89-5. Diapiric ascent of hy-
drous peridotite mixed heterogeneously with sediment melts may be
responsible for the NW Rota-1 basalts. These two basalt magma
lypes are similar to those found at Sumisu and Torishima volcanoes
in the Lzu—Bonin arc, with COB representing wetter and POB repre-
senting drier magmas, where subduction zone-dertved melt compo-
nents are coupled with the water contents.

KEY WORDS: arc volcano; primary magma; mantle wedge; subduction
zone; magma genesis; hydrous melting; dry melting

INTRODUCTION

Kushiro (2001) noted that ‘melting experiments on mantle
peridotites and related materials at high pressures were
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initiated in the 1950s when it was widely recognized by
Earth scientists that peridotite is the major constituent ma-
terial of the upper mantle of the Earth.—Melting experi-
ments of natural peridotites have been carried out mainly
for the purpose of determining the compositions of
mantle partial melts in relation to the genesis of basalt
magmas. Moreover, supra-subduction zone peridotites
show large compositional variations (e.g. Parkinson &
Pearce, 1998; Takazawa et al., 2000; Ishimaru et al., 2007;
Arai & Ishimaru, 2008; Ionov, 2010), which largely reflect
partial melting processes. In spite of this, our understand-
ing of mantle melting above subduction zones is impeded
because of the scarcity of melts generated in equilibrium
with peridotite, so-called primary magmas. Most arc
magmas are fractionated, with 46wt % MgO (eg.
Tamura & Tatsumi, 2002; Kelemen et al., 2003; Tamura,
2003) and differ significantly from primary magmas.
Finding and studying relatively unfractionated mantle-
derived primary lavas is fundamental to understanding
the nature of the mantle source and the processes that
yield primary magmas.

We present here results from a study of the petrography
and geochemistry of recently discovered primitive and
phenocryst-poor lavas from the submarine NW Rota-1 vol-
cano in the Mariana arc. These magnesian basalts show
surprising compositional variability, which we have classi-
fied petrographically into three groups: (I) cpx—olivine
basalt (COB); (2) plagioclase—olivine basalt (POB); (3)
porphyritic basalt. We calculate primary COB magmas
and POB magmas for NW Rota-1 volcano. By using these
primary magmas, existing melting experiments of mantle
peridotites, and supra-subduction zone peridotites, we
gain new insights into the nature and origin of arc
magmas.

An additional motivation for this study is to compare
primitive Mariana arc lavas with those of the Izu—Bonin
arc. Tamura et al. (2005, 2007) found two types of basalt
magmas (low- and high-Zr basalts) in Sumisu and
Torishima volcanoes originating from wet and dry paren-
tal basaltic magmas, respectively. COB and POB may be
the primitive equivalents of these Izu—Bonin basalt
magma types, further suggesting universal primitive arc
magma types. This finding could help explain the variabil-
ity of fractionated arc magmas, but at the same time it
raises the questions: ‘Why do COB and POB coexist in
arc volcanoes and how are they produced in the mantle
wedge?’

GEOLOGICAL BACKGROUND

The Izu—Bonin—Mariana arc system (IBM) stretches over
2800 km, from near Tokyo, Japan, to beyond Guam, USA,
and is an excellent example of an intraoceanic convergent
margin (Fig. la) [see Stern et al. (2003) for an overview].
The Mariana segment has been subdivided into the

Northern Seamount Province (NSP), Central Island
Province (CIP) and Southern Seamount Province (SSP)
(Bloomer et al., 1989) (Fig. 1b). The CIP is best known and
has the most complete dataset among the three provinces
(e.g. Woodhead, 1989; Elliott et al., 1997; Pearce et al., 2005;
Wade et al., 2005; Stern et al., 2006). Less is known about
the composition of lavas erupted from smaller, submarine
arc volcanoes, where there is a chance that mantle-derived
melts can arrive at the surface without significant fraction-
ation. Northwest Rota-1 (14°36-05'N, 144°46-52'E) is a sub-
marine volcano that is located ~100km north of
Guam in the Mariana SSP (I'ig. 1b); it is the largest edifice
in a volcanic cross-chain that extends east-west along
14°40’N; Kohut et al. (2006) referred to this as the 14°40’'N
cross-chain. NW Rota-1 is located about 40 km west of the
SSP volcanic front, defined in the region by Esmeralda
Bank and West Rota volcanoes. Esmeralda Bank is an
active volcano, dominated by fractionated basalt and bas-
altic andesite (Stern & Bibee, 1984). West Rota volcano is
extinct but erupted voluminous silicic pyroclastic deposits
from a large (10 km diameter) caldera (Stern et al., 2008).
The only volcano in the 14°40’'N cross-chain that has been
studied petrologically is Chaife volcano, ~10km east of
NW Rota-l; this has erupted unusually primitive basalts,
picrite and ankaramite (Kohut et al., 2006). Unpublished
results show that Mt. Manganese to the east of NW
Rota-1 is also dominated by primitive basalts (Kohut
et al., personal communication, 2010). Cross-chains are
common in the Marianas and those that do exist consist
of one or two large edifices aligned behind the magmatic
front (e.g. Guguan cross-chain, Stern et al., 2006; Kasuga
cross-chain, Stern et al., 1993). In contrast, the 14°40'N
cross-chain consists of four substantial edifices (among
which NW Rota-1 is the largest) and at least five smaller
cones scattered throughout an east-west zone that is
~40km at the magmatic front and narrows to its western
terminus, ~100 km away. This region is seismically active
with focal mechanisms that indicate NNE—-SSW extension
(Heeszel et al., 2008). This extension may have enhanced
adiabatic decompression of underlying mantle peridotite
and provided easy access for magmas to rise to the surface
without fractionating.

The Mariana Trough is an active back-arc basin located
west of the Mariana arc (Fig 1b). The Mariana Trough
shows marked variations along strike, with seafloor spread-
ing south of 22° and rifting farther north (Yamazaki et al.,
2003). The spreading rate determined by global positioning
system (GPS) increases southward from 16mma' at
18:75°N to 45mma" at 13-5°N (Kato et al., 2003). The
spreading ridge converges toward the arc at its southern
and northern extremities and has a maximum distance
from the arc of about 100 km at 18°N. NW Rota-1 is about
60 km east of the spreading axis (Iig. 1b). Back-arc basin
lavas range from those indistinguishable from mid-ocean
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Fig. 1. Continued.

ridge basalts (MORB) to ones similar to island-arc basalts
(IAB), but the characteristic back-arc basin basalts
(BABB) are intermediate between these two end-members
(e.g. Gill, 1976; Pearce & Stern, 2006). We compare BABB
from the southern Mariana Trough (15-17°N) with COB
and POB from NW Rota-1 to gain insight into mantle
input beneath the back-arc region and the interaction of
mantle and subduction components.

NW Rota-1 is conical and about 16 km in diameter at its
base at 2700 m water depth. The summit is about 520 m
deep (Fig. 1c). Continuous submarine eruption has
occurred near the summit since 2004 and has been wit-
nessed during remotely operated vehicle (ROV) visits in
2004, 2005, 2006, 2008, 2009 and 2010 (Embley et al., 2006;
Chadwick et al., 2008, 2010). This activity is characterized
by the repeated buildup and collapse of a cinder cone at
the vent (Chadwick et al., 2010). We visited NW Rota-l in
2005 (NT05-17) and 2009 (NT09-02), using ROV
Hyper-Dolphin and RV Natsushima. Rocks were collected
from the summit areas at 520-1000m depth (dives
HPD480, HPD481 and HPD952), from the eastern flank
of the volcano [HPD488; 1500-2300 m below sea level
(b.s.l)], where pillow lavas dominate, and from a knoll
~13 km east of the NW Rota-1 summit, which consists of
monolithological andesite lava flows (HPD951; 2000—
2300m b.s.l) (Fig. 1c). We present new analyses of rocks

144°50'E

from NW Rota-1 volcano and the unnamed knoll to its
east.

ANALYTICAL METHODS

After sawing and jaw crushing, all samples were pulverized
in an agate ball mill. Major and selected trace elements
(Ba, Ni, Cu, Zn, Pb, Th, Rb, Sr, Y, Zr and Nb) were deter-
mined by X-ray fluorescence (XRF) at IFREE,
JAMSTEC. Trace elements were analyzed on pressed
powder discs, and major elements were determined on
fused glass discs. A mixture of ~0-4g powdered sample
and 4 g of anhydrous lithium tetraborate (LiosB,O7) was
used; no matrix correction was applied because of the
high dilution. All discussion in this paper refers to analyses
that have been normalized to 100% on a volatile-free
basis with total iron calculated as FeO.

The rare earth elements (REE), V, Cr, Rb, Sr,Y, Zr, Nb,
Cs, Ba, Hf, Ta, Pb, Th and U concentrations were analyzed
by inductively coupled plasma mass spectrometry
(ICP-MS) on a VG Platform instrument at the Geological
Survey of Japan/AIST. About 100 mg of powder from each
sample was dissolved in a HF-HNO3; mixture (5:1). After
evaporation to dryness, the residues were redissolved with
2% HNOg prior to analysis. Reproducibility is better
than £4% (2 standard deviations; SD) for the REE,
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Rb and Nb, and better than £6% (2 SD) for other
elements.

Isotopic compositions of Sr, Nd, and Pb were deter-
mined on 200 mg of hand-picked 0-5-1mm rock chips.
The chips were leached in 6M HCI at 140°C for 1h prior
to dissolution in HF-HNOs. Sr and Nd isotope ratios
were measured on a seven-collector VG Sector 54 mass
spectrometer. Sr was isolated using Sr resin (Eichrom
Industries, Illinois). For Nd isotopic analysis, the REE
were initially separated by cation exchange before isolating
Nd on Ln resin (Eichrom Industries) columns. Sr and Nd
isotopic compositions were determined as the average of
150 ratios by measuring ion beam intensities in multidy-
namic collection mode. Isotope ratios were normalized to
B8rf¥8r =01194 and "°Nd/"™*Nd=07219. Measured
values for NBS SRM-987 and JNdi-l ("*Nd/**Nd=
0-512115; Tanaka et al., 2000) were *'Sr/*°Sr =0-710276 4 6
(2 SD, n=4) and "®Nd/"*Nd = 0512104 £12 (2 SD, n=4)
during the measurement period.

Pb was isolated using AG1-X8 200-400 mesh anion ex-
change resin. Procedural Pb blanks were <30 pg, con-
sidered negligible relative to the amount of sample
analyzed. Pb isotopic measurements were made in multi-
dynamic collection mode using the double spike technique
(Southampton-Brest-Lead 207-204 spike SBL74; Ishizuka
et al., 2003). Natural (unspiked) measurements were made
on 60-70% of collected Ph, giving *’*Pb beam intensities
of (2:5-3-0) x 10" A. Fractionation-corrected Pb isotopic
compositions and internal errors were obtained by a
closed-form linear double-spike deconvolution (Johnson &
Beard, 1999). The reproducibility of Pb isotopic measure-
ment (external error of 2 SD) by double spike is
<200 ppm for all ***Pb/***Pb ratios. Measured values for
NBS SRM-98]1 during the measurement period were
206ph2%*Ph =16:9401 0-0011,  2"Pb/***Pb =15-5003 &
00025, and **Pb/***Pb = 36-7236 4 0-0041.

Hf isotopes were determined in IFREE, JAMSTEC.
Prior to sample digestion, the powder sample splits
were leached with 6N HCI at room temperature for
1h, rinsed with Milli-QQ water, and then dried. The
samples were digested with HF and HCIOy,, and then dis-
solved in HCL Hf was separated by a single-column
method using Ln resin following the method of Miinker
et al. (2001). The total procedural blanks for Hf were
<25 pg.

Hf isotope ratios were measured by multi-collector
(MC)-ICP-MS on a sector-type Neptune Thermo
Scientific® system at IFREE, JAMSTEC. Mass fraction-
ation factor was determined by the "?Hf/"”"Hf ratio and
isotope ratios were normalized to a "’Hf/"’Hf value of
0-7325 using an exponential law. “Yb and "Lu peaks
were monitored to correct interference of 7°Yb and "°Lu
on the "°HF peak. Repeated measurement of the JMC475
standard provided "°Hf"”Hf ratios of 0-282141 £0-000010

TWO PRIMARY BASALTS, MARIANA ARC

(2 SD, n=9) during the measurements. The reported
VOH{"7Hf ratio is adjusted by reference to a JMCAT75
SH{"Hf = 0-28216.

Representative major and trace element and Sr—Nd-—
Pb—Hf isotope data for NW Rota-1 lavas are reported in
Table 1. The entire dataset of volcanic rocks from NW
Rota-1 volcano, ranging from basalt to andesite, is avail-
able as Electronic Appendix Table 1, which may be down-
loaded from http://www.petrology.oxfordfournals.org/.

Microprobe analyses were carried out on the JAMSTEC
JEOL JXA-8900 Superprobe equipped with five
wavelength-dispersive spectrometers (WDS). Olivine ana-
lyses were made with 100s counting time, 20 kV accelerat-
ing voltage, 25 nA beam current, and 5 pm spot diameter,
which ensured reliable Ni analyses. Pyroxene, spinel and
plagioclase analyses were made with 20s counting time,
I5kV accelerating voltage, and 15 nA beam current.
Representative mineral compositions from NW Rota-1 vol-
cano are given in Electronic Appendix Table 2, which may
be downloaded from http://www.petrology.oxfordfournals

.org/.

MAGMATIC VARIATION OF NW
ROTA-1 VOLCANO

Figure 2a shows silica variation diagrams of lavas and
scoria from NW Rota-1 volcano, which range from 51 to
58wt % SiO9 and form a medium-K suite as defined by
Gill's (1981) criterion (Fig. 2a). Rocks from the summit
area and eastern flank have a similar silica range, but the
east knoll consists of andesite lavas with ~55 wt % SiO,.
These have higher FeO* than NW Rota-1 lavas as well as
lower Na,O, K,O and PyOj5 contents. Thus the east knoll
could be a monogenetic volcano unrelated to the NW
Rota-1 magmatic system. NW Rota-1 andesite lavas with
57-58 wt% SiOy show systematic differences between the
summit area and the eastern flank. Andesites from the
summit area have higher TiO,, AlyOs; and P;Os5 and
lower Si0, and MgO than those from the eastern flank.
Basalts (<533 wt % SiOy) from NW Rota-1 are also vari-
able. Basalts from the eastern flank are the most magnes-
ian (~9-5wt % MgO), but some rocks from the
summit also have >8 wt % MgO (it should he noted that
the present eruption is basaltic, with ~51-52% SiOs).
Interestingly, the magnesian basalts range in TiOy content
from 0-75 to 0-9 wt %.

Figure 2b shows silica vs Mg-number [=100 Mg/
(Mg + > Fe)], silica vs FeO*/MgO and silica vs Zr/Y
(measured by XRF). Rocks from the eastern flank
(HPD488) are calc-alkaline, the east knoll andesites
(HPDO95I1) are tholeiitic, and lavas from the summit (HPD
480, 481 and 952) straddle the calc-alkaline—tholeiitic
boundary of Miyashiro (1974). Arculus (2003) proposed
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Table I: Representative major and trace element and Sr—Nd—Pb—Hf isotope data for NW Rota-I and East Knoll lavas

Locality: NW Rota-1 summit

Magma type: Porphyritic basalt Porphyritic basalt Porphyritic basalt

Sample no.: HPD480RO01 HPD480R06 HPD480R09 HPD480R10 HPD481R01 HPD481R06 HPD481R10
Latitude (N): 14°35-991" 14°36-004" 14°36-077" 14°36-085' 14°36-051" 14°35-451" 14°35-574'
Longitude (E): 144°46-509’ 144°46-435' 144°46-423' 144°46-422' 144°46-522' 144°46-761" 144°46-776'
Depth (m b.s.L): 606 645 570 561 532 1068 952
wt %

Sio, 51-26 51-34 5111 51-05 5173 56-83 56-85
TiO, 076 077 076 076 078 0-96 098
Al,05 17-21 20-27 17-13 17-19 20-33 1854 17-94
Fe,03 847 7-49 862 854 7-55 7-63 7-87
MnO 014 013 015 015 013 014 015
MgO 770 478 824 7:95 472 2:81 306
Ca0 11-18 11-40 11-03 1117 11-43 811 795
Na,0 2:33 2:54 2:28 2:29 259 359 354
K,0 0-61 065 061 0-61 0-66 1-16 1-18
P,0s 0-15 016 015 015 016 024 024
Total 99-83 9951 100-07 99-84 100-06 100-01 9975
Trace elements (ppm) by XRF

Ba 1165 119-8 130-8 1205 2016 220-8
Ni 922 417 120-4 101-4 67 10-4
Cu 855 894 885 902 56-4 62+4
Zn 628 617 655 63-2 737 75-2
Pb 16 24 2:9 36
Th 12 2:1 1-0 2:6 30
Rb 113 118 116 11-2 21-9 22:4
Sr 3208 3771 322:6 3234 3642 3534
Y 17-0 164 16-4 164 25-7 26-0
Zr 54-0 557 533 52:2 995 100-2
Nb 21 19 1-8 19 36 33
Trace elements (ppm) by ICP-MS

v

Cr

Ni

Rb 11-09 11-49 11-30 11-28 12:31 21-33 21-35
Sr 309 379 311 340 369 341 358

Y 180 199 203 18-4 19-4 312 29-9
Zr 577 619 542 57-8 65-1 104-6 1071
Nb 1-89 2:04 1-98 1-91 1-97 371 363
Cs 022 025 025 021 023 0-47 042
Ba 120-3 141-0 134-0 1285 141-8 2415 2325
La 661 7-44 698 7:05 7:03 12:563 12:22
Ce 14-43 15-42 15-07 14-97 14-96 2633 2638
Pr 1-97 2:07 2:09 2:02 205 350 343
Nd 974 976 983 968 10-23 16-67 15-99
Sm 253 269 272 248 251 442 410
Eu 091 096 093 091 091 1-33 1:37
Gd 2:97 314 304 2:87 287 458 457
Tb 050 0-49 051 049 0-48 079 077
Dy 312 305 315 303 305 466 468
Ho 0-66 0-64 067 0-63 063 1-01 098
Er 1-84 1-92 1-99 1-79 1-75 302 294
Tm 028 027 028 028 0-25 0-43 038
Yb 1-79 1-90 2:00 1-72 1-79 302 2:85
Lu 027 028 029 027 0-28 0-44 0-45
Hf 1-79 1-50 1-57 1-44 1-44 277 287
Ta 0-140 0176 0177 0136 0-146 0-278 0-250
Pb 1-51 175 1-86 1-59 1-54 2:90 2:84
Th 0-763 0871 0929 0761 0919 1778 1615
u 0-296 0-368 0-353 0-296 0314 0624 0590
875 /%65y 0-703255 0-703234 0-703244

3Nd/Nd 0512979 0513002 0512989

206pp, /204pyy 18-8060 18-8077 18-8088

207pp /2%%pp 15-5506 15-5516 15-5518

208py /204ppy 38-405 38407 38414

176Hf/177Hf

1148
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Table I: Continued

Locality: NW Rota-1 eastern flank

Magma type: CcOoB POB coB CcoB coB coB

Sample no.: HPD488R01 HPD488R02 HPD488R03 HPD488R04 HPD488R05 HPD488R06 HPD488R07
Latitude (N): 14°35-290' 14°35-306" 14°35-318' 14°35-318’ 14°35-325' 14°35-325' 14°35-325"
Longitude (E): 144°49-609" 144°49-606 144°49-595 144°49-595" 144°49-596 144°49-596 144°49-596
Depth (m b.s.L): 2260 2255 2238 2238 2229 2229 2229

wt %

Sio, 51-21 51-64 50-57 5069 50-74 50-69 50-97
TiO, 0-80 0-90 076 075 075 076 078
AlLOg 16-56 16-75 15-85 15-95 15-89 16-02 16-52
Fe,04 955 892 959 950 963 954 949
MnO 0-16 0-16 017 016 0-16 016 016
MgO 771 775 881 867 902 856 7-96
Ca0 1131 10-42 11-31 11-37 11-33 11-35 11-33
Na,0 2:03 251 1-94 191 191 1-90 2:00
K50 051 054 0-47 048 0-48 050 050
P,0s 0-14 0-16 014 014 014 014 014
Total 9998 99-76 9959 9962 100-06 9961 99-87
Trace elements (ppm) by XRF

Ba 109-3 89-2 921 1145 119:0 108-3 981

Ni 69-1 101-8 996 998 104-8 939 754
Cu 752 58-2 834 836 856 833 784
Zn 72:8 729 724 738 72:4 730 715

Pb 19

Th 09 07 07 07 09
Rb 86 83 79 82 81 77 81

Sr 3535 3111 3458 3439 3479 3499 3506

\4 156 175 14-6 146 14-4 145 145

Zr 438 62:8 416 408 406 408 428
Nb 15 33 12 10 14 10 13
Trace elements (ppm) by ICP-MS

v 274-9 2895 2957

Cr 230-79 287-06 273-84

Ni 107-0 950 103-6

Rb 852 804 773 757 829 800 823
Sr 348 322 330 349 368 340 325

\4 181 211 16-2 16:9 18:3 171 17:0

Zr 47-9 666 438 413 449 409 449
Nb 1-38 366 1-20 134 123 128 1-39
Cs 0-24 0-16 018 017 0-20 0-15 015
Ba 951 102:7 947 959 100-7 970 977

La 573 587 558 552 607 558 627
Ce 13-06 13-45 12:44 11-82 13-82 12:33 1368
Pr 178 175 174 161 1-88 1-61 174
Nd 9-02 836 878 818 915 798 8:85
Sm 235 2:48 230 213 255 215 246
Eu 0-84 0-95 082 0-80 091 079 091
Gd 2:63 2:89 255 2:47 2:92 227 2:81
Tb 0-46 0-49 0-44 042 0-48 0-40 047
Dy 277 312 274 253 279 251 276
Ho 061 070 057 056 059 054 057
Er 1-76 1-94 1-65 1-61 177 1-55 1-68
Tm 0-27 0-31 025 025 0-27 023 027
Yb 1-68 194 1-56 156 1-69 1-46 163
Lu 0-25 0-30 025 024 024 023 024
Hf 119 1-55 1-20 1-10 122 1-04 117
Ta 0124 0182 0118 0086 0132 0-079 0132
Pb 1:37 1-39 127 1-40 1-25 1-94 128
Th 0-594 0577 0532 0583 0534 0588 0596
U 0-237 0-210 0217 0204 0-246 0-204 0229
87y /%8sy 0-703151 0-703111 0-703168 0703152
N/ Nd 0512987 0513019 0513018 0512985
206py, /204pyy 188211 186674 188232 188213
207pp /2%%ppy 15-5471 15-5265 15-5475 15-5490
208py, /204ppy 38:399 38-267 38-398 38403
78R/ HE 0-512987 0513019 0513018 0512985

(continued)
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Table I: Continued

Locality: NW Rota-1 eastern flank

Magma type: COB coB POB POB POB POB

Sample no.: HPD488R08 HPD488R09 HPD488R10 HPD488R11 HPD488R12 HPD488R13 HPD488R15
Latitude (N): 14°35-367" 14°35-400° 14°35-453' 14°35-453' 14°35-514' 14°35-551" 14°35-603"
Longitude (E): 144°49-581 144°49-569' 144°49-541 144°49-541 144°49-466' 144°49-422' 144°48-126
Depth (m b.s.L): 2196 2180 2151 2151 2117 2079 1675
wt %

Si0, 5076 50-98 51-04 50-83 50-66 5076 5753
TiO, 075 079 0-87 0-84 085 0-86 0-81
Al,05 15-82 16-20 16-24 15-90 15-95 15-78 17-18
Fe,04 969 952 910 915 920 923 7-48
MnO 016 016 016 016 016 0-16 016
MgO 876 805 857 940 9:04 929 377
Ca0 11-39 1125 11-06 11-08 10-96 11-05 7-81
Na,0 1-91 1-99 2:25 217 2:22 2:20 356
K,0 050 051 050 0-45 048 0-45 119
P,0s 013 014 0-15 014 014 014 021
Total 99-87 9959 9993 100-12 99-66 99:92 9969
Trace elements (ppm) by XRF

Ba 102:4 107-2 84-0 830 827 1025 2127
Ni 101-2 779 1235 142:4 1350 1318 175
Cu 77:0 761 795 717 764 731 531
Zn 719 733 72'5 713 75-8 721 695
Pb 16 2:9
Th 06 09 11 15
Rb 80 88 76 68 74 71 23-6
Sr 344-2 3493 3011 2889 2986 3010 3959
Y 145 14-9 17-7 169 17-4 16-8 25-6
Zr 401 43-1 547 526 53-8 53-6 92-8
Nb 11 15 24 23 24 2:6 28
Trace elements (ppm) by ICP-MS

Y 2966 2971 283-8 2785 2777

Cr 330-65 343-59 360-37 384-72 40455

Ni 962 99-2 124-8 1325 148:0

Rb 755 7-68 7-20 677 713 660 22:72
Sr 352 345 306 322 303 305 395

Y 166 169 196 20-8 19-8 19:0 29-0
Zr 411 41-9 57-8 614 565 56-2 100-6
Nb 1-30 1-23 2-89 2:84 271 258 315
Cs 016 016 017 015 015 012 043
Ba 960 95-8 871 889 867 84-2 222:0
La 531 529 4-99 534 4-86 483 12:02
Ce 171 12:08 11-84 13-04 11-49 11-38 26-17
Pr 1-59 1-58 1-61 1-70 1-54 1-52 348
Nd 778 7:92 7:70 914 7-60 773 16-22
Sm 215 2:16 229 268 226 217 426
Eu 077 0-80 0-85 093 0-85 0-88 142
Gd 2:45 2:41 260 304 2:80 256 445
Tb 041 041 0-47 053 047 0-45 076
Dy 2:52 2:47 304 324 301 2:89 457
Ho 054 054 063 072 066 0-65 1-01
Er 1-63 1-52 1-90 215 1-98 1-85 290
Tm 025 023 029 033 028 028 037
Yb 1-56 1-47 1-83 2:02 1-85 1-80 2:88
Lu 024 023 029 033 029 027 0-46
Hf 1-09 1-06 1-38 1-48 1-34 1-34 235
Ta 0-081 0076 0141 0227 0139 0-141 0229
Pb 1-39 1-35 1-22 1-42 1-33 113 291
Th 0576 0583 0-461 0-475 0-470 0-467 1583
u 0211 0-198 0179 0277 0-208 0-164 0618
875 /%65y 0703072 0-703064

3Nd/Nd 0513015 0513016

206pp, /204pyy 186786 186730

207pp /2%%pp 15-5326 15:5264

208py /204ppy 38-286 38-268

1781/ HE 0513015 0513016

(continued)

1150

210T ‘L7 ATeniqaq uo sef[e(] 3t sexa], Jo ANSIOATU Je /310" s[ewnolpioyxo’A3ojoned//:dyy woiy popeoumo


http://petrology.oxfordjournals.org/

TAMURA et al. TWO PRIMARY BASALTS, MARIANA ARC

Table I: Continued

Locality: NW Rota-1 eastern flank East Knoll

Magma type: POB

Sample no.: HPD488R17 HPD488R19 HPD951R02 HPD951R06 HPD951R08 HPD951R14
Latitude (N): 14°35-604° 14°35-615' 14°37-484' 14°37-455' 14°37-417" 14°37-281"
Longitude (E): 144°48-102' 144°48-085’ 144°53-962' 144°53-928 144°53-879' 144°53-709'
Depth (m b.s.L): 1649 1629 2314 2267 2212 1992
wt %

Sio, 5134 57-00 54-07 53-56 53-34 53-93
TiO, 0-89 0-80 0-92 092 092 091
Al,O5 16-77 17-65 17-19 1712 17-11 17-20
Fe,03 9-00 7-42 10-62 10-84 10-82 10-64
MnO 0-15 016 018 018 018 018
MgO 7-68 369 335 345 346 338
Ca0 11-15 810 858 869 867 860
Na,O 243 346 281 273 270 2:82
K0 0-47 113 075 075 0-86 076
P,05 0-15 021 016 016 016 0-16
Total 100-03 99-62 98-62 98-39 9821 9857
Trace elements (ppm) by XRF

Ba 1075 2036 1671 154-7 163-4 157-4
Ni 95-9 16:2 62 55
Cu 92:9 557 94-9 107-6 106'5 1011
Zn 717 682 873 86-3 871 845
Pb 2:1 23 2:6 27
Th 07 18 1-2 06 12 09
Rb 91 225 12:8 120 14-3 12:2
Sr 3153 4053 324-4 3227 3245 326:8
Y 18-2 24-8 19-9 212 20-8 2141
Zr 57-4 897 672 65-3 647 668
Nb 28 27 19 18 19 21
Trace elements (ppm) by ICP-MS

v 2855 198:0 284-9 302'5 3256 3345
Cr 291-95 47-98 2:24 8:30 2:09 317
Ni 1055 21-0 757 802 826 503
Rb 757 22-60 11-44 11-48 13-03 11-55
Sr 319 381 325 340 327 335

Y 204 28-3 237 237 23-6 245
Zr 577 94-0 704 64-6 675 70-0
Nb 2:82 318 2:30 227 218 217
Cs 028 039 029 0-30 0-29 0-30
Ba 92:4 210-0 1717 161-0 1637 166-4
La 522 11-94 6:01 587 5-88 638
Ce 12:28 25-22 13-88 1313 13-73 14-53
Pr 1-65 343 1-90 1-86 1-86 1-98
Nd 816 15-60 947 923 948 976
Sm 2:37 421 264 272 263 288
Eu 0-88 1-36 0-95 097 0-96 098
Gd 270 435 326 329 322 348
Tb 0-48 072 055 057 057 0-60
Dy 315 447 369 361 374 391
Ho 070 095 0-80 079 076 082
Er 2:02 275 229 2:33 229 238
Tm 0-30 0-41 037 0-36 0-36 038
Yb 1-94 2:85 2:32 2:24 2:34 2:31
Lu 0-30 0-44 0-35 034 034 037
Hf 1-45 2:45 1-83 1-80 1-79 1-86
Ta 0-150 0179 0163 0151 0-149 0-168
Pb 1-37 273 2:10 2:04 2:01 212
Th 0-503 1-609 0726 0-669 0-650 0751
u 0178 0542 0-344 0318 0315 0-358
87y /%8sy 0-703235

N/ Nd 0512978

206py, /204pyy 188377

207pp /2%%ppy 15-5498

208py, /204ppy 38429

176Hf/177Hf
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Table 2: Phenocryst assemblages and modal proportions (vol. %) of primitive basalts ( Mg-number> 61 and

MgO>75wt % )

Magma type: Porphyritic basalts POB

Sample no.: HPD480R1 HPD480R9 HPD480R10 HPD488R2 HPD488R10 HPD488R11 HPD488R12 HPD488R13 HPD488R17
Vesicle vol. % 122 193 225 217 184 309 29-3 146 77
Vol. % excluding vesicles

Olivine 93 37 4-4 38 2:3 0-8 17 15 25
Plagioclase 16-1 19-0 205 19 10 0-8 + 0-6 14
Clinopyroxene 2:0 07 1-3 0-0 03 0-0 + 0-0 0-2
Groundmass 726 766 738 94-3 96-4 98-4 98-3 979 960
Magma type: COB

Sample no.: HPD488R1 HPD488R3 HPD488R4 HPD488R5 HPD488R6 HPD488R7 HPD488R8 HPD488R9
Vesicle vol. % 184 115 215 123 21-4 109 192 24-4

Vol. % excluding vesicles

Olivine 17 2:8 4-6 30 38 11 34 25
Plagioclase 0-0 02 01 0-0 02 0-0 01 0-0
Clinopyroxene 0-0 1-0 0-8 1-0 2:4 0-3 2:2 15
Groundmass 98-3 96-0 945 96-0 935 986 94-3 96-1

Modal proportions (vol. %) based on 4000-5000 points counts.

that the spectrum of sub-alkaline rocks be divided into
high-, medium-, and low-Fe suites, complementing div-
isions made on the basis of K contents.On this basis, rocks
from the eastern flank, the summit and the east knoll
form low-Fe, medium-Fe and high-Fe suites, respectively.
We focus here on NW Rota-1 primitive and near-primitive
basalts, with Mg-number >61 (Fig. 2b), and use these com-
positions to understand the genesis of basaltic magmas in
the mantle wedge. These basalts, however, are somewhat
heterogeneous; for example, they have Zr/Y from 2-8 to
36 (Fig. 2b). These variations suggest that the mantle
source is also compositionally variable or is variably
melted, as has been shown for lavas from Sumisu and
Torishima volcanoes in the Izu—Bonin arc, which have Zr/
Y ranging from 14 to 2-2 (Tamura et al., 2005, 2007).

TWO BASALT MAGMA TYPES

Cpx-—olivine basalt (COB) and
plagioclase—olivine basalt (POB)

Samples from HPD480 (summit) and HPD488 (eastern
flank) include 17 magnesian basalts (51-52wt % SiOy)
with 7:5-9-5wt % MgO and Mg-number of 61-67, indi-
cating little fractionation (Fig. 2). These magnesian basalts

are classified on the basis of their petrography into three
groups: (1) cpx—olivine basalt (COB); (2) plagioclase—oliv-
ine basalt (POB); (3) porphyritic basalt (Fig. 3 and
Table 2). The COB (eight samples from deeper part of
HPD488) contain phenocrysts of augite (0-2-4%) and
olivine (1'1-4:6%) sometimes with rare (<0-2%) plagio-
clase. The POB (six samples from shallower part of
HPD488) have plagioclase (rare to 19%) and olivine
(0-8-3-8%) phenocrysts with 0-0-:3% clinopyroxene. The
porphyritic basalts (three samples from HPD480) contain
up to 9% olivine, 20% plagioclase, and 2% clinopyroxene
(Table 2).

Most COB olivines are 0-5-10mm across, rarely as
large as 4mm. In contrast, POB olivines are smaller
(mostly <0-5>mm). COB clinopyroxenes and POB plagio-
clases range from 0-4 to 10 mm. Porphyritic basalts con-
tain much coarser olivine, clinopyroxene and plagioclase
phenocrysts up to 6 mm, 2mm and 3 mm, respectively.
Vesicularities (size and vol. % of vesicles) of COB
and POB, on the other hand, do not differ systematically;
vesicles up to 7mm in size range from 10 to 24 vol. %
in COB and from 8 to 30 vol. % in POB (Table 2).
POB have higher Mg-number (63-67) than COB
(61-65) at the same silica contents (Iig. 3). Magnesian
POB cannot differentiate into COB via crystal
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Fig. 2. SiO, variation diagrams of NW Rota-l lavas and scorias, collected by ROV Hyper-Dolphin, from the summit (HPD 480, 481 and 952),
castern flank (HPD 488) and cast knoll (HPD 951). Dive tracks are shown in Fig. lc. (a) Variation diagrams of SiO, vs major element oxides
(wt %). Medium- and low-K boundary after Gill (1981). (b) Variation diagrams of wt % SiOg vs Mg-number [100Mg/(Mg+ ) Fe)], FeO*/
MgO and Zr/Y. The discriminant boundary (dashed line) between calc-alkaline and tholeiitic suites is from Miyashiro (1974). The discriminant
boundaries (continuous lines) between low-, medium-, and high-Fe suites are from Arculus (2003). The rectangle in the upper diagram encom-
passes the most primitive basalts (Mg-number > 61 and MgO > 7-5wt %); this is shown enlarged in Fig. 3.
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Fig. 2. Continued.

fractionation, because plagioclase has no reaction rela-
tions with any other phase. Finding these two magma
types coexisting within the same volcano is new in the
Mariana arc.

Major and trace elements of COB, POB,
and porphyritic basalt from NW Rota-1
and primitive back-arc basin basalt from
the Southern Mariana Trough

Figure 4 shows silica variation diagrams for major elem-
ents (Fig. 4a), trace elements and trace element ratios
(Fig. 4b and ¢) among the POB, COB and porphyritic bas-
alts from NW Rota-1 volcano from this study and
near-primitive basaltic glasses with Mg-number >61 of
BABB of the Southern Mariana Trough (SMT) from 15°N
to 17°N (Gribble et al., 1996; Pearce el al., 2005). Primitive
SMT BABB glasses range from 49-5 to 52 wt % SiO,, but
all NW Rota-1 primitive basalts are relatively SiO,-rich
(51-52:5 wt %).

TiOy, Al,O3, K5O and Na,O increase with SiO» in both
POB and COB. POB have distinctly higher TiO, and
NayO and lower FeO* contents than COB (Fig. 4a). On
the other hand, Al,O3, MgO and K,O for the two groups
overlap at the same SiO, content. Porphyritic basalts have
higher Al,O3 and KyO and lower FeO* than POB and
COB, which could result from the accumulation of olivine,
plagioclase and clinopyroxene in differentiated melts.
Primitive BABB glasses have higher TiO,, AlyOj3 and
NayO and lower FeO*, MgO and K,O. Although some
values overlap with those of POB and/or porphyritic
basalt, KoO contents of BABB (0-2-0-3wt %) are dis-
tinctly lower than those of NW Rota-1 basalts (0-4-0-6 wt %).

Figure 4b shows the variation of Sr, Y, Zr, Nb, Ba, Hf
and Th contents (measured by ICP-MS) and Zr/Y with
Si0,. POB have higher Y, Zr, Nb and Hf contents and
lower Sr, Ba and Th contents compared with COB.
Moreover, POB have higher Zr/Y than COB. Zr/Y is a
proxy for mantle fertility and per cent melting as shown
by Tamura et al. (2005, 2007), suggesting that the COB
magmas could have resulted from a higher degree of par-
tial melting of similar mantle to that which generated the
POB. BABB glasses are more like POB in terms of the
‘mantle fertility’ indicators Y, Zr, Nb, and Hf, but have dis-
tinctly lower abundances of ‘subduction component’ indi-
cators such as K,O (Fig. 4a), Sr, Ba and Th (Fig. 4b) than
either POB or COB.

Incompatible and compatible trace element abundances
can be significantly modified by fractional crystallization
and crystal accumulation in porphyritic basalts. Ba, Th
and Nb are highly incompatible, behaving similarly
during melting and crystallization, but only Ba is mobile
in hydrous fluids. Ratios of incompatible trace elements
are likely to be useful for inferring whether the porphyritic
basalts are related to POB, COB, or neither. Figure 4c
shows Nb/Yb, Ba/Nb, Th/Nb and Ba/Th vs SiO, content,
and Fig. 4d shows Th/Nb vs Ba/Nb and Th/Nb vs Nb/Yb.
Nb/Yb is a ratio of two fluid-immobile elements with dif-
ferent compatibilities and highlights mantle depletion
(Pearce et al., 2005). Ba/Nb, Th/Nb and Ba/Th highlight
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Fig. 3. Mg-number [100Mg/(Mg+ Y Fe)] vs wt % SiO, for primi-
tive basalts (Mg-number>61 and MgO >7-5wt %). These basalts
are classified into three types [plagioclase—olivine basalt (POB),
cpx—olivine basalt (COB) and porphyritic basalt] based on the
phenocryst assemblage and phenocryst content. (See Table 2 for
modal analyses.)

subduction input; Ba/Nb proxies for total subduction add-
ition, Th/Nb proxies for deep subduction addition (sedi-
ment melting) and Ba/Th is sensitive to shallow (hydrous
fluid) subduction addition (Pearce et al., 2005). Assuming
that melting occurs in the spinel peridotite stability field,
the lower Nb/Yb of COB relative to POB suggests greater
depletion and/or higher degrees of melting of its source,
which is consistent with variations in Zr/Y (Fig. 4b). Ba/
Nb and Th/Nb variations suggest that COB have total
and deep subduction additions that are larger than those
for POB (Fig. 4c). These ratios partially reflect the lower
abundance of Nb in COB relative to POB (Fig. 4b); how-
ever, the positive correlation between Th/Nb and Ba/Nb
(Fig. 4d) emphasizes the importance of subduction add-
ition in COB and porphyritic basalts. Ba/Th does not
differ systematically between two magma types, but both
Ba/Th and Ba/Nb are higher than in BABB, suggesting
that the shallow subduction addition is equally important
for COB and POB. Differences in mantle source depletion
(Nb/Yb) are continuous between POB and COB, but sub-
duction additions (Th/Nb and Ba/Nb) show a clear gap

TWO PRIMARY BASALTS, MARIANA ARC

between COB and POB (Fig. 4d). These incompatible
element ratios also show that the porphyritic basalts are
more akin to the COB. On the other hand, BABB are
more similar to the POB in terms of Nb/Yb, Ba/Nb and
Th/Nb, suggesting that subduction addition and degrees
of melting in BABB and POB also might be lower than
for COB (Fig. 4d).

Rare earth element (REE) patterns

Figure 5 shows chondrite-normalized REE plots for (a)
COB and porphyritic basalt, (b) POB, (c) BABB from the
Southern Mariana Trench (SMT) and (d) comparison of
COB, POB and BABB REE patterns. NW Rota-I basalts
are more enriched in light REE (LREE; La, Ce, Pr and
Nd) and middle REE (MREE; Sm, Eu, Gd, Tb and Dy)
compared with heavy REE (HREE; Ho, Er, Tm, Yb and
Lu). The chondrite-normalized patterns slope downwards
from lanthanum (La) to dysprosium (Dy), but HREE
from Ho to Lu have gentle slopes or are almost flat. The
porphyritic basalts have steep patterns of LREE and
MREE, which are parallel to COB REE patterns
(Fig. 5a). The REE patterns suggest a close relationship be-
tween COB and porphyritic basalt, which was already
shown by the trace element ratios (Fig. 4c). The BABB are
four primitive glasses with Mg-number 61-65, which are
shown in previous figures, and two most MORB-like
glasses from D84 (Mg-number 54-53) (Gribble et al.,
1996; Pearce et al., 2005). The REE patterns of the BABB,
especially D84 (Fig. 5c), show contrasting LREE-depleted
patterns. These LREE-depleted patterns are similar to
those of Quaternary Izu arc front basalts, which are, how-
ever, not similar in terms of other parameters, such as Ba/
Yb—Nb/Yb systematics (Yokoyama et al., 2003; Tamura
et al., 2005, 2007; Ishizuka et al., 2008).

Figure 5d shows that COB REE patterns are steeper
than those of POB. Both magma types have similar con-
centrations of LREE, but COB contain much lower
HREE abundances (Fig. 5c). The POB and primitive
BABB have similar contents of HREE, but BABB contain
much lower abundances of LREE, the extreme of which is
shown by N-MORB-like sample D84 (Gribble et al., 1996).

COB and POB MgO diagrams

Figure 6 shows MgO variation diagrams for COB and
POB, which allow data to be normalized to 8 wt % MgO
(Klein & Langmuir, 1987; Langmuir e al., 2006). Arrows
in the diagrams indicate model trend lines for olivine frac-
tionation to illustrate the predicted slope of the process.
Major element vs MgO diagrams show linear trends, par-
allel to olivine fractionation, that are mutually distinctive
for COB and POB except for K,O (Fig. 6a). Based on the
phenocryst assemblages and contents (Table 2), these
trends are deemed to have resulted mainly through olivine

fractionation from two different primary magmas. SiOs,
TiOy, Al,Os3 NayO, K,O and Py0O; increase with
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Fig. 4. Silica variation diagrams for primitive basalts from NW Rota-1 and the Southern Mariana Trough (SMT). Data for primitive back-arc
basin basalts (BABB) from the SMTare from Gribble ¢t al. (1996) and Pearce et al. (2005). (a) Variation diagrams of wt % SiOy vs major element
oxides (wt %). (b) Variation diagrams of wt % SiOy vs selected trace elements (ppm) and Zr/Y. (c¢) Variation diagrams of wt % SiOy vs se-
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tion addition and Ba/Th a proxy for shallow subduction addition (Pearce et al., 2005). (d) Th/Nb vs Ba/Nb, Th/Nb vs Nb/Yb. The higher Th/
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decreasing MgO for both COB and POB, and POB trends
are higher in these elements for a given MgO content
than COB except for KyO (Fig. 6a). COB and POB show
negative and overlapping trends on the KoO-MgO dia-
gram. Higher FeO* contents of COB compared with
POB for a given MgO content are consistent with higher
degrees of partial melting. As a consequence of this, POB
have higher Mg-numbers than COB for a given MgO con-
tent. Thus, COB may be more differentiated than the

POB at 8wt % MgO, suggesting that correcting to 8 wt
% MgO may not indicate the same degrees of differenti-
ation for melts in equilibrium with the source mantle. In
fact, Mg-number should be calculated as 100 Mg/
(Mg + Fe?™), so the apparently lower Mg-number of COB
at 8% MgO may reflect the fact that they are more oxi-
dized magmas.

Figure 6b shows selected trace elements vs MgO con-
tent. Nb, Zr, Hf and Y contents are higher in POB than in
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Fig. 5. REE patterns of primitive basalts from NW Rota-1 and the Southern Mariana Trough. (a) COB and porphyritic basalts. (b) POB.
(c) BABB from the SMT, including four primitive glasses with Mg-number 61-65, and most MORB-like glasses from D84 (Mg-number
54-55) (Gribble et al., 1996; Pearce et al., 2005). (d) Comparison of COB, POB and BABB REE patterns; the first two groups are more strongly
enriched in the LREE (La, Ce, Pr and Nd) and MREE (Sm, Eu, Gd, Th and Dy) compared with the HREE (Ho, Er, Tm, Yb and Lu).

Cl1 chondrite composition is that of McDonough & Sun (1995).

COB for a given MgO. POB and COB show distinct
trends, parallel to olivine fractionation trends (Fig. 6b).
On the other hand, Ba, Th, La and Sr, which are mostly
added from subducted sediments and crust and are
referred to as ‘subduction components’, are higher in COB
than in POB. Interestingly, the Ba and Sr contents of
COB do not increase as MgO decreases and thus seem in-
dependent of fractionation (Fig. 6b). It seems that the
COB source is much more enriched in subduction compo-
nents (K,O, Ba, Th, La, Sr) than that of POB.
Enrichments of these elements in the COB source may re-
flect recent introduction by hydrous metasomatic fluids or
melts, which should have also caused more mantle melting

and thus systematic differences between COB and POB in
terms of high field strength elements (HFSE) and major
element compositions (Fig. 6). However, subduction com-
ponent abundances are not uniform within the COB, so
there must be a threshold of fluid- and subduction
component-addition required to produce COB.

8wt % MgO values

Figure 7 shows (a) MORB-normalized incompatible trace
element patterns of eight COB and six POB,
(b) MORB-normalized patterns for COB and POB cor-
rected to 8% MgO (using the linear trends shown in
Fig. 6), (c) POByig0—s and (d) COByg0—s, highlighting
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distinctive mantle, deep subduction and shallow subduc-
tion components as suggested by Pearce et al. (2005).
In a given subduction system, shallow subduction input is
characterized by elements such as Ba, Rb, Sr and Pb,
which are mobile in low-temperature aqueous fluids. In
contrast, deep subduction is characterized by source-region
enrichments in both this group of elements as well as the
group of melt-mobile incompatible elements including Th
and LREE, which are mobile at higher temperature or as
a result of sediment melting (Pearce et al., 2005).
COBy1g0—g are more enriched in the deep subduction
component than POBy;g0—g The shallow subduction com-
ponent appears to be similar between COByz0—g and
POBMgO:g. LOWCI" TiOQ, AlQOg, NaQO, PQO:-,, ZI", and Hf
of COB compared with POB at MgO =8 wt % 1n Fig. 6
also suggests that the COB are derived from a more
depleted mantle source or by higher degrees of melting of
a similar mantle source.

Sr—Nd-Pb-Hf isotopes

New Sr, Nd, Pb and Hf isotopic data for NW Rota-1 lavas
are integrated with previously published data for the
SMT (Gribble et al., 1996; Woodhead et al., 2001) and
Mariana CIP (Fig. 8; Woodhead, 1989; Elliott et al., 1997;
Woodhead et al., 2001; Wade et al., 2005; Stern et al., 2006).
NW Rota-1 samples plot at the high *Sr/**Sr and high
296ph/2*Ph ends of arrays formed by SMT lavas, or the
lowest ¥Sr/*°Sr and lowest “’°Pb/*”*Pb ends of the
Mariana CIP arrays (Fig. 8a), as is expected for magmas
that formed behind the magmatic front. NW Rota-1 lavas
show a negative trend on the "Nd/**Nd-*'Sr/*°Sr
diagram and a gentle positive slope on the
20ph 2 Ph-2Ph/**Ph diagram, both of which are dif-
ferent from Mariana CIP arrays. Positive co-variation of
Sr and Nd isotopic compositions is characteristic of arc
cross-chains (e.g. Ishizuka et al., 2003; Stern et al., 2006;
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Fig. 8. (a) Sr—Nd—Pb isotope variation in NW Rota-1, Southern Mariana Trough (SMT) and Mariana CIP lavas. The ‘Northern Hemisphere
Reference Line’ of Hart (1984; NHRL) is indicated by a continuous line in the Pb—Pb plots. Data for the SMT are from Gribble ez al. (1996)
and data for the Mariana CIP are from Woodhead (1989), Elliott et al. (1997), Wade et al. (2005) and Stern et al. (2006). Cretaceous OIB-derived
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Rota-l, is for less magnesian basalts (480R6 and 481R1) and andesites (481R6 and 488R19). (b) "°HEHF vs "Nd/"**Nd for NW Rota-1,
SMT and Mariana CIP lavas. Dashed line shows the Indian—Pacific boundary line of Pearce et al. (1999). NW Rota-1 basalts are less
Indian-plate like than CIP lavas. Data for the SM'T and Mariana CIP are from Woodhead et al. (2001) and Wade ez al. (2005). In contrast to
FSr /081, "IN/ NG, 27°Ph/ 2 Ph, 27 Ph/* " Ph and 2**Ph/*'Ph, "HIJ""Hf values show no systematic differences between COB and POB.
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Tollstrup et al., 2010), which is opposite to the observed
negative co-variation for the NW Rota-1 and the SMT.
The steep array on “"°Ph/*""Pbh—"""Ph/***Ph diagrams
formed by the Mariana CIP is consistent with mixing be-
tween Pacific MORB-like Pb and bulk sediment Ph
(Wade et al., 2005). However, the arrays formed by the
SMT and NW Rota-l on °Pb/*"*Pb-"*Pb/***Ph dia-
grams are consistent with mixing between Indian Ocean
MORB and magmatic front melts and/or with subducted
Cretaceous ocean island basalt (OIB)-derived volcanic
turbidites.

There are systematic isotopic differences between NW
Rota-1 POB and COB. ¥’Sr/*°Sr, 2°°Pb/***Pb, *"Pb/***Pb
and 2®Pb/***Pb of POB are lower than for COB and are
more similar to the SMT. A74 and A8/4, which measure
the wvertical distance of samples from the Northern
Hemisphere Reference Line of Hart (1984), also show that
COB have higher A74 and lower A8/4 than POB.
Isotopically, POB are more ‘BAB-like’ (i.c. lower ¥Sr/*®Sr
and higher A8/4) and COB are more ‘arc-like’ (i.e. higher
8781 /%°Sr, higher A7/4), which is consistent with their trace
element ratios (Fig. 4d).

The new Hf and Nd isotope data for NW Rota-1 samples
are plotted in Fig. 8b together with results for SM'T and
Mariana CIP lavas (Woodhead et al., 2001; Wade et al.,
2005). Unfortunately, only one "°Hf/"’Hf value, which is
the most depleted in the SMT, has been published by
Woodhead et al. (2001). Thus we cannot discuss the relation-
ship among SM'T, Mariana CIP and NW Rota-1 in terms
of "CHF"HL. As the "Nd/"**Nd values of SMT overlap
with those of Mariana CIP and NW Rota-1 as shown in

Fig. 8a, the SMT "PHf’Hf variation is certainly
interesting.

Single Mariana CIP volcanoes and NW Rota-1 have dis-
tinct Nd—Hf isotopic compositions. Asuncion is the most
radiogenic and Sarigan the least among the CIP volca-
noes, which show positive correlation (Woodhead et al.,
2001). Samples from NW Rota-1 are out of the alignment.
The dashed line in Fig. 8b shows the Indian—Pacific
boundary line of Pearce et al. (1999). NW Rota-1 basalts
are less Indian-like than the CIP lavas. In contrast to
BS80Sy MINGMING,  2°Ph/*Ph, 27Ph/®*Pb and
208py, 204py, TOHTHS values show no systematic differ-
ences between COB and POB.

MINERAL CHEMISTRY

Olivine

Sato (1977) pointed out that olivines crystallizing from
primary magmas should have ~0-4wt % NiO because
this is reported in olivines from upper-mantle
lherzolites. Although abyssal peridotite olivines contain
0-22-0-4 wt % NiO (Dick, 1989), current understanding of
mantle wedge lithosphere suggests that ~0-4 wt % NiO is
a useful approximation for mantle wedge olivines (e.g.
Tamura et al., 2000; Ionov, 2010; Fig. 9a). Figure 9a shows
a tight clustering of NiO vs Fo contents for olivines from
peridotite xenoliths (Avacha volcano, a Kamchatka arc
volcano; Ishimaru et al., 2007; Ionov, 2010), and IBM
mantle wedge peridotites (lorishima forearc seamount
and Conical seamount) recovered by Ocean Drilling
Program Leg 125 (Ishii et al., 1992; Parkinson & Pearce,
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Fig. 9. Variation of NiO wt % vs Fo mol % [100Mg/(Mg + Fe) ]| for olivines in mantle wedge peridotites and olivine phenocrysts in NW Rota-1
primitive basalts. (a) Olivines from peridotite xenoliths from Avacha volcano, Kamchatka (Ionov, 2010) and serpentinized peridotites recovered
by Ocean Drilling Program (ODP Leg 125) from Torishima forearc seamount and Conical seamount of the Izu-Bonin—Mariana arc (Ishii
et al., 1992). Average Fo £1SD of olivines from Avacha, Torishima forearc seamount and Conical seamount are Fog 940.3, Fog g10.4 and
Fogo.040.6, respectively and average wt % NiO of these olivines are 0-38 £0-02, 0-38 £0-03 and 0-38 £0-06, respectively, and these are shown
in (b)—(d) as ‘mantle olivines’ (b) COB olivines. The most magnesian olivines in these basalts are similar to the mantle olivines, representing
those crystallized from primary COB magmas. Lines are olivine fractionation trends determined for COB. (¢) POB olivines. Lines are olivine
fractionation trends determined for POB. (d) Porphyritic basalt olivines, with olivine fractionation trends (curved lines). Observed olivines

from the porphyritic basalts are iron-rich and thus more fractionated than the calculated equilibrium olivines.

1998). Mean Fo£1 SD contents of olivines from Avacha,
Torishima forearc seamount and Conical seamount are
Fog) 9403, Fog) g10-4 and Foga.or0.6, respectively and average
0-38+0-02, 0-38+0-03 and 0-38 £0-06 wt % NiO, re-
spectively (Fig. 9a).

Magnesian basalts (Mg-number >60) from NW Rota-1
volcano contain olivine phenocrysts (1-10 vol. %), with
rare Cr-spinel inclusions (Table 2). Cores and rims of
20-30 olivine phenocrysts from each of five COB, four
POB and two porphyritic basalts were measured by elec-
tron microprobe. NiO contents correlate with Fo content
[Fo =olivine 100 Mg/(Mg + Ie)], suggesting olivine frac-
tionation. Fo contents of COB olivines range from 74 to
93, the most magnesian of which (Fog o3) contain
~0-4wt % NiO, indistinguishable from mantle olivines
(Fig. 9b). POB olivines are more differentiated than those
from COB (Fo_ge and <0-3wt % NiO; Fig. 9¢), tending
to be more iron-rich at the same NiO contents.

Gray shaded fields in Fig. 9b—d are trends of olivine frac-
tionation calculated from lava bulk compositions, as
described by Tamura et al. (2000), assuming that the ratio
of oxidized 1iron to total iron [FeH/ZFe:FeSJr/
(Fe’T 4 Fe®™)] in NW Rota-1 basalt melts was 0-2. Kelley
& Cottrell (2009) measured Fe’*/Y Fe, using Fe K-edge
micro-X-ray absorption near-edge structure (U-XANES)
spectral analysis, and pre-eruptive magmatic HyO con-
tents of primitive undegassed basaltic glasses and melt in-
clusions. The Fe’"/Y Fe ratio increases from MORB
(0-13-0-17) to BABB (0:15-019) to arc samples (0:18-0-32)
(Kelley & Cottrell, 2009). We assume that Fe**/Y Fe in
the melt was 0-2, because the calculated trends are
toward mantle wedge olivines (Fig. 9) and the value falls
within arc samples. However, the oxidation state of Fe of
COB and POB may not be the same if the oxidation state
increases linearly with magmatic HyO concentrations
(Kelley & Cottrell, 2009). Some Fo-rich COB olivines are
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Fig. 10. Relationships between olivine Fo contents and spinel Cr-number in COB, POB and porphyritic basalts of NW Rota-1 volcano. OSMA
(olivine—spinel-mantle array) represents the trend of residual spinel peridotites (Arai, 1994). The most magnesian olivine—spinel pairs from
the COB lie within the OSMA, suggesting that these are from the primary magma in equilibrium with mantle peridotite.

more magnesian than the calculated trends, which suggest
Fef)’+/ZFe>0'2; meanwhile, many POB olivines are more
iron-rich than the calculated trends. The latter suggests
that Fe’*/3 Fe<0-2 or the effect of supercooling has re-
sulted in iron-rich olivines as shown by Tamura et al.
(2000). Generally, however, COB and POB have olivine
compositions that follow the calculated trends using Fe**/
Y Fe=0-2 (Fig. 9b and c). Moreover, Fe’*/3 Fe does not
always correlate with the wt % HyO of olivine-hosted
melt inclusions from arc volcanoes (Kelley & Cottrell,
2009). Thus, we use Fe’¥/> Fe=0-2 as a tentative value
and further studies are planned to determine the oxidation
state and actual HoO content of melt inclusions from the
NW Rota-1 volcano. Olivines in porphyritic basalts are
relatively Fe-rich (Fogy gs) and do not overlap calculated
olivine fractionation trends (Fig. 9d). This suggests that
the olivines in the porphyritic basalts are not in equilib-
rium with their host-rock compositions, perhaps because
of the high phenocryst contents (Table 2).

Spinel

Figure 10 shows the relationship between the Fo contents of
olivine and Cr-number [=Cr/(Al4 Cr) atomic ratio] of
spinel in NW Rota-1 lavas. Primitive lavas should have
olivine and spinel compositions that are similar to the oliv-
ine—spinel mantle array (OSMA), which represents the
spinel peridotite residual trend (Arai, 1994). The Cpx/
(Opx + Cpx) ratio also reflects the fertility of spinel peri-
dotite, decreasing from lherzolites (>0-1) to harzburgite
(<0-1) (Arai, 1994). This change accompanies increases of
both olivine Fo and Cr-number of chromian spinel towards

the refractory (high-Fo, high-Cr-number) end of the
OSMA. Cr-number =0-5-0-6 approximates the boundary
between fertile lherzolites and depleted harzburgite (Arai,
1994). Several pairs of COB magnesian olivines and chro-
mian spinels plot in the high Fo (Fogp—93) and high
Cr-number (0-7-0-8) part of the OSMA, suggesting equi-
librium with harzburgitic residual mantle. Some porphy-
ritic basalt spinels also have high Cr-numbers similar to
COB, but their olivines have lower Fo contents. No POB
olivine—spinel pairs plot within the OSMA although their
bulk Mg-numbers are higher than those of COB (Fig. 3).
The primitive nature of NW Rota-1 lavas is shown by
the similarity of their spinel Cr-numbers to those from
mantle wedge peridotites. Spinel compositions for NW
Rota-1 lavas (COB, POB and porphyritic basalt) and
those in peridotites from Conical and lorishima forearc
seamounts (Ishii et al., 1992) and mantle xenoliths of
Avacha volcano in the Kurile arc (Ishimaru et al., 2007,
Tonov, 2010) are compared in Fig. 11. NW Rota-1 spinels
have Cr-numbers with modes of 0-5-0-6 (Fig. 11a). As men-
tioned above, COB and porphyritic basalts have more
Cr-rich spinels (Cr-number =0-59 £0:08 and 0-57 £0-13,
than POB  (Cr-number =0-55£0-05)
(Fig. 11a). IBM forearc peridotites (Conical and Torishima

respectively)

seamounts) contain spinels with Cr-numbers like those of
the NW Rota-1 basalts (0-5-0-6) (Fig. 11b). Cr-numbers of
Conical seamount spinels (0-61 20-14) are more variable
than those of Torishima seamount (0-57 £0:05) and the
maximum reaches ~0-9. Peridotite xenoliths of Avacha
volcano have chromian spinels with Cr-number of
0-5-0-8, averaging 0-61 £0-04.
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Fig. 11. Frequency distribution diagrams for spinel Cr-numbers [Cr/(Cr 4 Al) atomic ratio] from (a) primitive basalts (COB, POB and por-
phyritic basalts) of NW Rota-1 volcano and (b) mantle wedge peridotites from Conical and Torishima Forearc seamounts of the Izu—Bonin
Mariana forearc, and those from mantle peridotite xenoliths from Avacha volcano, Kamchatka. An average £ 1 SD Cr-number is shown in

each diagram.

Clinopyroxene and plagioclase

Figure 12 shows frequency diagrams of the Mg-number
[I00Mg/(Mg + Fe) atomic ratio] of augite phenocrysts in
COB and anorthite content [An; 100Ca/(Ca + Na) atomic
ratio] of plagioclase phenocrysts in POB. Compositions of
both phenocrysts in the porphyritic basalts are also com-
pared. Mg-numbers of augite in COB range from 80 to
88. Augite in the porphyritic basalts is more iron-rich
(mean Mg-number = 8l). Anorthite contents of plagioclase
from POB are mostly Anys go whereas porphyritic basalt
plagioclase is significantly more calcic, mostly Angg o,

with some up to Angg (Fig. 12).

Based on phenocryst modes and assemblages (Fig. 3 and
Table 2), the crystallization sequence of COB magmas is
spinel 4-olivine, spinel 4-olivine + cpx, and finally spi-
nel 4 olivine + cpx + plagioclase.  In  contrast, POB
magmas crystallize spinel +olivine, spinel + olivine +
plagioclase, and finally spinel 4 olivine + cpx 4+ plagio-
clase. At first glance, it might appear that the porphyritic
basalts could be derived from either the COB or the POB
magmas. However, plagioclases in the porphyritic basalts
have higher An contents than in POB (Fig. 12), which is in-
consistent with fractionation of POB to yield the porphy-
ritic basalts. Plagioclase appears after augite in the course
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Fig. 12. Frequency distributions for the compositions of clinopyroxene phenocrysts in COB, plagioclase phenocrysts in POB, and clinopyroxene
and plagioclase phenocrysts in the porphyritic basalts. Black and white bars indicate core and rim compositions, respectively.

of differentiation of COB magma, and porphyritic basalts
have augites with lower Mg-numbers than those of COB.
Thus, porphyritic basalts could be produced by COB frac-
tionation. These conclusions are consistent with those
based on trace element ratios (Fig. 4c and d) and REE pat-
terns (Fig. 5), which also suggest that the porphyritic bas-
alts are derived by fractionation of COB magma.

Olivine and plagioclase

Olivine-plagioclase assemblages in POB and porphyritic
basalts are shown in Fig. 13. COB do not contain plagio-
clase phenocrysts, but porphyritic basalts represent differ-
entiated COB magma type. Porphyritic basalts show
distinctly high-An (>85) feldspar in more evolved melts in
equilibrium with ~Fogg olivine. On the other hand, POB
contain more magnesian olivines (>Fogs) but lower-An
(Anz; g;5) feldspars. Olivine—plagioclase assemblages both
in the POB and porphyritic basalts plot in the overlap of
arc-BABB-MORB-OIB basalt fields, but the porphyritic
basalts are displaced toward the field for oceanic arc bas-
alts. This diagram further indicates that the porphyritic
basalt cannot be derived from fractionation of POB

magma, and that the two NW Rota-l magma types are
compositionally distinct, with COB being more arc-like
than POB.

PRIMARY MAGMAS

NW Rota-l primitive and near-primitive lavas
(Mg-number >60) are characterized by the following fea-
tures: (1) both cpx—olivine basalts (COB) and plagio-
clase—olivine basalts (POB) are present (Fig. 3); (2) both
magma types contain <6 vol. % phenocrysts, mostly oliv-
ine (Table 2); (3) observed olivine compositions are similar
to those calculated to be in equilibrium with the host lava
bulk compositions (Fig. 9); (4) magnesian olivine pheno-
crysts have compositions up to Fogs and 0-4wt % NiO,
which overlap those of mantle olivines (Fig. 9). These obser-
vations allow estimation of the composition of the primary
basalt magmas of NW Rota-l volcano based on the
method described by Tamura et al. (2000), described below.

A series of olivine and basalt compositions were cal-
culated from an original basalt as follows: (1) the equilib-
rium olivine composition was obtained using the
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Fig. 13. Olivine—plagioclase compositions in POB and porphyritic basalts. Composition ranges for intra-oceanic arc, BABB, MORB and OIB

are from Stern (2010). Assemblages in porphyritic basalts have distinctly high-An (>85) feldspar in more evolved melts in equilibrium with

Fo._gp olivine.

Kp(Fe/Mg)®M and DM, assuming  that Fe’7)
(Fe’ T+ Fe’™) in the melt was 0-2. (2) A more primitive
basalt composition was calculated as a mixture of the
basalt and the equilibrium olivine in a weight ratio of
99:1. (3) Steps (1) and (2) were repeated using the calcu-
lated, more primitive basalt to obtain another, more primi-
tive basalt (Tamura et al., 2000). This olivine fractionation
model of Tamura et al. (2000) was revised by W. P.
Leeman in 2004 and is available as a Microsoft® Excel
spreadsheet from the corresponding author (Tamura). The
most magnesian olivines in NW-Rota 1 lavas are Fogs and
contain 04wt % NiO, similar to the compositions of
IBM forearc peridotite olivines (Fig. 9), which can be used
to approximate the composition of the highly depleted
IBM mantle wedge. The iterative addition of olivine and
recalculation of basalt compositions were repeated until
the calculated equilibrium olivines had 0-4 wt % NiO.
Stolper & Newman (1994) and Kelley et al. (2006, 2010)
added equilibrium olivine back to equilibrium with Fogp,
and took the concentrations of elements in the modeled
basalts as primitive compositions. Langmuir et al. (2006)
noted that such a procedure presumes that all samples
were derived from the same extent of melting of a homoge-
neous mantle source, as both extent of melting and source
composition influence the forsterite content of residual
olivine, which is likely to vary from Fogg to Fogo. We agree
with these criticisms in the case of NW Rota-1 basalts be-
cause (1) the compositions of POB and COB do not indi-
cate similar extents of melting of a homogeneous source,

and (2) some COB olivines and residual olivines of IBM
forearc peridotites are more magnesian than Fogg (Fig. 9).

The above procedure added 11-13 wt % olivines to POB
and primary POB olivine compositions are Fog 3 g9.. On
the other hand, COB needed 17-21 wt % addition of oliv-
ine and primary COB have Fogy.)_go.4 olivines.

Major element compositions of NW Rota-1 primary
basalt magmas were obtained by olivine addition model-
ing as described above. Incompatible trace elements were
obtained with a Rayleigh crystal fractionation model by
using the fraction of liquid (F) obtained by the olivine
addition modeling. The olivine-liquid partition coefficient
(D) for any incompatible element is never zero; however,
D =0 was used for all our calculations because (1) the dif-
ference between trace element values calculated by using
D =0 and D =01 at the smallest liquid fraction (£'=0-8)
is only ~2%, (2) most F values are >0-8, which reduces
the differences, and (3) most reported D values for these
incompatible elements are <0-1, which also makes the dif-
ferences negligible. Table 3 lists the major and trace elem-
ent compositions of the estimated primary POB and COB
basaltic magmas.

All primary POB have higher TiOy and Na,O and
lower FeO* contents than those of primary COB. These
differences are also recognized in analyzed POB and
COB (Fig. 4a). However, differences in SiO,, AlyO3 and
MgO become obvious only after correcting for olivine
fractionation. The SiOy (50-0-311wt %) and MgO
(121-14-3wt %) contents of primary POB are
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Table 3: Estimated primary arc basalts of NW Rota-I volcano

Sample no.: HPD488R02 HPD488R10 HPD488R11 HPD488R12 HPD488R13 HPD488R17 HPD488R01
Magma type: POB POB POB POB POB POB coB
Added olivine %: 1" 1" 1" 1" 13 12 21
Fraction of liquid (F): 0-895 0-895 0-895 0-895 0-878 0-886 0-810
Equilibrium olivine Fo: 91-3 91-6 919 917 921 91-4 92:3
wt %

SiO, 51-09 50-46 50-18 50-25 50-03 50-58 49-64
TiO, 0-81 0-78 0-76 077 0-76 0-80 0-66
Al,03 1520 1470 14-36 14-48 14-00 15-02 13-66
FeO* 818 8:30 8:31 8:39 8:39 8:26 877
MnO 0-17 0-16 0-16 0-16 0-17 0-16 0-17
MgO 1214 12:90 13-68 13:37 14-32 12:42 15-67
Ca0 9-50 10-06 10-05 10-00 9-856 10-04 9-33
Na,O 2:28 2:04 1-96 201 1-96 217 1-66
K0 0-49 0-46 0-40 0-43 0-40 0-42 0-42
P05 0-14 0-13 0-13 0-13 0-13 0-14 0-12
Total 100 100 100 100 100 100 100
ppm

Rb 7-20 6-45 6-06 6-38 5-80 671 6-90
Sr 289 274 289 272 268 282 282

Y 189 175 187 177 167 181 14-6
Zr 59-7 517 54-9 50-6 49-3 511 388
Nb 328 2:59 2:64 2:43 2:26 2:50 112
Cs 0-14 0-15 0-14 0-13 0-11 0-25 0-19
Ba 919 780 79-6 777 739 819 770
La 526 4-47 478 4-35 424 4-63 4-64
Ce 12:05 10-60 11-68 10-28 9-98 10-88 10-67
Pr 156 144 152 138 133 1-46 144
Nd 7-48 6-89 818 6-80 6-78 7-23 7-30
Sm 2:22 2:05 2:40 2:03 1-90 210 1-90
Eu 0-85 0-76 0-83 0-76 0-77 0-78 0-68
Gd 259 2:33 272 251 225 2-40 213
Tb 0-44 0-42 0-48 0-42 0-40 0-43 0-37
Dy 2:80 272 2:90 270 2:64 279 2:25
Ho 0-63 0-567 0-65 0-69 0-567 0-62 0-50
Er 174 1-70 1-92 178 1-62 179 1-42
Tm 0-28 0-26 0-30 0-25 0-25 0-26 0-22
Yb 174 164 181 1-66 158 172 1-36
Lu 0-27 0-26 0-30 0-26 0-24 0-26 0-20
Hf 139 124 132 120 118 128 0-96
Ta 0-163 0-126 0-204 0-124 0-123 0-133 0-101
Pb 1-25 1-09 127 119 0-99 1-22 11
Th 0517 0-413 0-425 0-421 0-410 0-445 0-481
U 0-188 0-160 0-248 0-186 0-144 0-157 0-192

(continued)
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Table 3: Continued

Sample no.: HPD488R03 HPD488R04 HPD488R05 HPD488R06 HPD488R07 HPD488R08 HPD488R09
Magma type: coB CcoB coB coB coB coB coB
Added olivine %: 18 17 18 18 20 17 20
Fraction of liquid (F): 0-835 0-843 0-835 0-835 0-818 0-843 0-818
Equilibrium olivine Fo: 924 92:2 924 923 924 921 924
wt %

SiO, 4957 4975 4951 4966 4961 4970 4974
TiO, 0-64 0-64 0-64 0-64 0-65 0-64 0-65
AlLO3 13-42 13-64 13-39 13-67 13:68 13:50 13-45
FeO* 874 8:66 875 871 868 8:82 871
MnO 0-18 0-16 016 0-16 0-17 0-17 0-17
MgO 15-65 1518 15-81 1543 15-58 1523 15-67
Ca0 9-65 979 9-61 9-68 9-46 979 941
Na,0 1-64 163 1-61 1-61 166 1-63 165
K,0 0-40 0-41 0-41 0-42 0-41 0-42 0-43
P,0s 0-12 0-12 012 0-12 0-12 0-11 0-12
Total 100 100 100 100 100 100 100
ppm

Rb 6-45 6-38 6-92 6-68 673 6-36 628
Sr 275 294 307 284 265 296 282

Y 135 14-3 15-3 14-2 13:9 14-0 13-8
Zr 366 348 375 341 368 347 343
Nb 1-00 113 1-03 107 114 1-10 1-01
Cs 0-15 0-14 016 013 0-12 0-14 013
Ba 791 808 840 810 799 809 784
La 4-66 4-65 5-07 4-66 513 4-47 433
Ce 10-38 9-96 11-63 10-29 1119 9-87 9-88
Pr 1-45 1-36 157 134 1-43 134 129
Nd 7-32 6-89 7-63 666 7-24 655 648
Sm 1-92 179 213 179 2:01 1-81 177
Eu 0-69 0-68 0-76 0-66 0-74 0-65 0-65
Gd 213 2:08 2:43 1-90 2:30 2:07 197
Tb 0-36 0-35 0-40 0-34 0-39 0-35 0-33
Dy 2:28 213 2:33 2:10 2:26 213 2:02
Ho 0-48 0-47 0-50 0-45 0-47 0-46 0-44
Er 1-38 1-36 1-48 129 1-38 1-38 125
Tm 0-21 0-21 022 0-19 0-22 0-21 019
Yb 1-30 132 141 122 134 132 120
Lu 0-21 0-20 0-20 0-19 0-20 0-20 0-19
Hf 1-00 0-93 102 0-86 0-96 0-92 0-87
Ta 0-099 0-072 0-110 0-066 0-108 0-068 0-062
Pb 1-06 118 1-04 162 1-04 117 111
Th 0-444 0-491 0-446 0-491 0-488 0-485 0-476
u 0-181 0-172 0-205 0-170 0-187 0-178 0-162
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systematically higher and lower, respectively, than those
of primary COB (49-5-49-7wt % SiOy, 15:2-15-8wt %
MgO). Primary POB contain higher amounts of
AlyOs (14-0-152wt %) than COB (13-4-13-7wt %)
(Table 3).

NW Rota-1 primary magmas vs experi-
mental partial melts of mantle peridotite
Calculated NW Rota-l primary basalt magmas, both
COB and POB, are compared with estimated primary
basalt magmas from Daisen volcano, SW Japan (Tamura
et al., 2000) and experimental partial melts of mantle peri-
dotite in Figure 14. Figure 14a and b shows isobaric com-
positional trends for peridotite partial melts (Kushiro,
2001, figs 2 and 3). Data for partial melts of four mantle
peridotites (HK66, PHNI1611, KLBl and MMS3) are from
Hirose & Kushiro (1993), Baker & Stolper (1994) and
Kushiro (1996). Figure 14a shows the estimated Al,O5 and
CaO contents of primary NW Rota-1 basalts and Daisen
basalts. Daisen primary basalts plot in the relatively low
melt fraction zone (Kushiro, 2001). NW Rota-1 primary
basalts do not match any isobaric compositional trends of
partial melts of these peridotites. Partial melt concentra-
tions of CaO and Al;Os5 depend on those in the source
mantle, which are generally low. Primitive mantle is esti-
mated to contain only 45wt % CaO and 3-65wt %
Al,O5 (Palme & O’Neill, 2005). Therefore, the absolute
concentrations of CaO and Al,Oj3 shown on the plots are
less important than the different trends of the NW Rota-1
primary magmas. Al,O3 contents in the melt decrease as
the degree of partial melting increases (Hirose &
Kushiro, 1993), suggesting that the primary COB magmas
resulted from higher degrees of partial melting than the
primary POB magmas. CaO in the melt initially increases
with increasing degree of melting (F) but then decreases
after clinopyroxene disappears (Hirose & Kushiro, 1993).
CaO in the primary NW Rota-1 basalts is significantly
lower in the COB than in the POB magmas, suggesting
the disappearance of clinopyroxene in the source of the
primary COB magmas.

Figure 14b shows the FeO and MgO contents of partial
melts formed from the four mantle peridotites, which have
different Mg-number. The FeO content of the partial melt
depends on the Mg-number of the peridotite (Baker &
Stolper, 1994) and also increases with the pressure of melt
generation (Fig. 14b). The FeO-MgO compositional
trends of the partial melts are more or less sub-parallel;
partial melts of more magnesian peridotites have lower
FeO contents, whereas those formed from iron-rich perido-
tites have higher FeO contents (Kushiro, 2001). NW
Rota-1 primary magmas plot on the isobaric compositional
trends of partial melts formed from KLB-1 at 2 GPa,
which has an Mg-number of 89-5, suggesting that the
Mg-number of the source peridotite of the NW Rota-1

basalts could be similar. The Fo contents of some COB
are higher than 89-5, which reflects the Mg-number of the
residual peridotite. Figure 14b also suggests higher melt
fractions for the primary COB magmas than for the
primary POB and Daisen magmas, consistent with
lower contents of fluid-immobile incompatible elements
(Nb, Ta, Zr, Hf, Y and HREE) in COB relative to POB
(Figs 4-7).

The NW Rota-1 and Daison primary magma compos-
itions are plotted in the normative Ol-Pl-Qz diagram of
Walker et al. (1979), together with the isobaric liquid com-
positional trends of garnet lherzolite melts determined by
Kushiro (1996) and hydrous partial melts of KLB-1 at
1 GPa determined by Hirose & Kawamoto (1995) (Fig. 15).
Hirose & Kushiro (1993) showed that the compositions of
melts formed from HK-66 (Mg-number=_86-9) and
KLB-1 (Mg-number =89-5) lie approximately along the
same isobaric line at the same pressure, indicating that
the compositional differences between the two lherzolites
do not significantly affect the isobaric trends in normative
projections. Moreover, hydrous partial melts of KLB-1 at
1GPa (Hirose & Kawamoto, 1995) plot roughly on the
isobaric  liquid compositional trend of PHNI6II
(Mg-number =86-8) at 1GPa under dry conditions
(Fig. 15), suggesting that these isobaric trends could be
used to estimate the depth at which the hydrous NW
Rota-1 primary magmas were generated, presumably by
melting mantle peridotites with different compositions
and water contents compared with the PHNI6II
experiments.

The Walker plots (Fig. 15) suggest that the primary COB
magmas were produced at slightly higher pressure
(~2 GPa) than the POB magmas (~15 GPa). SiOy con-
tents in primary mantle melts depend on pressure, decreas-
ing with increasing pressure (Hirose & Kushiro, 1993).
The average SiOy contents of the primary COB and POB
magmas are 495wt % and 50-3wt %, respectively,
which also suggests a higher equilibration pressure for
COB relative to POB magmas. This is consistent with the
higher Feg of COB relative to POB (Fig. 6). Moreover, the
NW Rota-1 primary magma compositions indicate that
the degree of melting required to form the COB magmas
is larger than for the POB magmas. This is consistent
with their TiO,, Nay,O, PyOs Nb, Zr, Hf and Y contents,
and compatible FeO contents on the MgO variation dia-
grams (Fig. 6a and 6), Zr/Y (Fig. 4b) and Nb/Yb
(Fig. 4c), and Fo content of olivine in equilibrium with the
spinel (Fig. 10).

NW Rota-1 primary magmas,
supra-subduction zone mantle

peridotites and extents of melting

The MgO contents of Izu—Bonin arc basalts (Tamura &
Tatsumi, 2002) and those from the NE Japan arc volcanic
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O Primary POB magma
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o Primary basalt magma
(Tamura et al., 2000)

Isobaric compositional
cpx-out trends of partial melts
of mantle peridotites
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Fig. 4. Primary COB and POB magmas of NW Rota-1 volcano, primary basalt magmas from Daisen volcano, SW Japan (Tamura et al., 2000)
and isobaric compositional trends of experimental partial melts of four mantle peridotites (PHNI1611, HK66, KLLBl and MM3), plotted on (a)
wt % AlyO3 vs wt % CaO and (b) wt % FeO* vs wt % MgO diagrams. Experimental melt data from Hirose & Kushiro (1993), and Baker

& Stolper (1994) and Kushiro (1996, 2001).

front (Tamura, 2003) are mostly in the range 46 wt % but
can be as high as ~9 wt %. Most arc basalts are too differ-
entiated and saturated with multiple phases to use for
exploring the relationships of their mantle-derived arc pri-
mary magmas with mantle residues. Actual relationships

between mantle-derived primary magmas and their re-
sidual mantle peridotites (lherzolite, harzburgite and
dunite) have never been observed because of this crystal
fractionation in arc magmas and the formation of
cumulates.
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O Primary POB magma
B Primary COB magma

O (Tamura et al., 2000)

2 of KLB-1 at 1 GPa

NW Rota-1

Daisen primary basalt magma

Hydrous partial melts

(Hirose & Kawamoto, 1995)

Isobaric compositional trends
of partial melts formed from
fertile mantle peridotite
PHN1611 (Kushiro, 1996)

Ol "

\Qz

50
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Fig. 15. Ol (olivine)—PI (plagioclase)—Qz (SiOy) projection of Walker et al. (1979) comparing calculated primary magma compositions for NW
Rota-1 and Daisen volcanoes with isobaric liquid compositional trends for fertile garnet lherzolite (PHNI611) as determined by Kushiro (1996).
Hydrous partial melts of KLB-1 at 1 GPa (Hirose & Kawamoto, 1995) plot near the PHNI611 1 GPa isobaric trend, possibly reflecting differences
in the peridotite compositions and water contents. Calculated primary compositions of NW Rota-1 primary magmas suggest equilibration at

15-2:0 GPa (~60 km).

We have demonstrated the existence of two primary
magma types for the NW Rota-1 volcano. Comparing
these primary magmas and their likely mantle residues
could provide valuable insights about mantle melting
above subduction zones. Such residues are known from
peridotite xenoliths from Avacha volcano (Ishimaru et al.,
2007; Ionov, 2010) as well as peridotites from two IBM
forearc serpentinite seamounts, Torishima forearc and
Conical, recovered by Ocean Drilling Program Leg 125
(Ishii et al., 1992; Parkinson & Pearce, 1998) and the oro-
genic Horoman peridotite of Hokkaido, Japan (Takazawa
et al., 2000). NW Rota-1 primary basalts and these mantle
residues are plotted on FeO*~MgO variation diagrams in
Fig. 16.

We infer that the source mantle below NW Rota-1 vol-
cano has Mg-number ~89-5 based on the FeO*-MgO dia-
gram (Fig. 14). Interestingly, peridotite xenoliths from
Avacha volcano and Torishima forearc and Conical sea-
mounts have Mg-number >90, and thus may not represent
the pre-melting mantle wedge of the Mariana arc. These
peridotites could be residues after extensive melting (Ishii
et al., 1992; Parkinson & Pearce, 1998).

The low-MgO end of the array defined by the Horoman
peridotite (Takazawa et al., 2000) has an Mg-number of
89:6 (Fig. 16a). This is a plagioclase lherzolite (sample
BZ-252) and has a composition similar to that estimated
for the primitive mantle (McDonough & Frey, 1989;
McDonough & Sun, 1995; Takazawa et al., 2000). The

BZ-252 peridotite may thus be similar to the pre-melting
mantle wedge below NW Rota-1. Calculated olivine Fo
contents of primary COB and POB magmas average 92-3
and 917, respectively (Fig. 9b and c), which are similar to
the Fo contents of residual mantle peridotites. The primary
COB olivines are similar to those of Torishima forearc
and Conical seamounts and the primary POB olivines are
similar to those of the Avacha xenoliths, which are less
magnesian than the former (Fig. 9). On two-element vari-
ation diagrams (Fig. 16), primary magma, source mantle
and residual mantle should be collinear. Thus, the compos-
ition of the residual mantle in equilibrium with the pri-
mary COB magma plots in the range of the Torishima
forearc and Conical seamounts on the straight line con-
necting primary COB and primitive mantle. Similarly,
the residue of primary POB magma plots on the line
POB-primitive mantle with an Mg-number similar to the
Avacha peridotite xenoliths (Fig. 16b). On this basis, we
can estimate the degree of melting for each basalt magma
type by the Lever Rule. Primary COB magmas could be
produced by ~24% partial melting of primitive mantle
whereas the primary POB magmas result from ~18%
melting (Fig. 16b).

Figure 16¢ shows primitive mantle (PM)-normalized in-
compatible trace element patterns of average primary
COB and POB. Primitive mantle values are from
McDonough & Sun (1995). It is interesting to compare
this figure with Fig. 7. The mantle-derived component of
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Fig. 16. (a) Wt % FeO* (total iron as FeO) vs wt % MgO of NW Rota-1 primary magmas and supra-subduction zone mantle peridotites rep-
resented by Avacha peridotite xenoliths (Ishimaru et al., 2007; Tonov, 2010), Horoman peridotites (Takazawa et al., 2000), and Torishima forearc
seamount and Conical seamount (Parkinson & Pearce, 1998). Numbered fine dashed lines indicate Mg-numbers. The Horoman peridotite
with the lowest MgO (BZ252, Takazawa et al., 2000) is assumed as the mantle source. (b) Wt % FeO* (total iron as FeO) vs wt % MgO dia-
gram showing lines connecting fertile (primitive) mantle and primary COB and POB magmas. The Mg-numbers of mantle residues after
COB and POB extraction are estimated from olivine addition calculations (Fig. 9). (c) Primitive mantle (PM)-normalized incompatible trace
clement patterns of average primary COB and POB. Primitive mantle values are from McDonough & Sun (1995). The mantle components of

the primary POB and COB are shown by the gray bands.

primary POB and COB, including Zr, Hf, Ti, Y and
HREE, defines parallel patterns in Fig. 16¢, with concen-
tration ratios of POB/COB of about 4/3. This is consistent
with the estimated degrees of partial melting (18% and
24%) based on the major element compositions (Fig. 16b)
and the similar "°Hf]"””Hf of POB and COB, which sug-
gest mantle values (Fig. 8). However, the differences in Nb
and Ta contents between POB and COB are much larger

(~2), which requires greater differences in the degree of

melting. POB/COB ratios are smaller for P and the
MREE, which suggests some subduction component in
the COB. The abundances of large ion lithophile elements
(LILE), Th and LREE overlap between POB and COB,
suggesting that these elements are not uniquely derived

from the mantle wedge but also from the subducting slab
and that a much larger subduction component affected
the COB source region.

DISCUSSION

Formation of the two NW Rota-1

magma types

We infer that POB and COB are derived from melting of
mantle with the same Mg-number (~89-5) before partial
melting, for two reasons. First, POB and COB occur to-
gether; both magma types were sampled along a single
ROV track (HPD#488) on the eastern flank of NW
Rota-1 at depths ranging from 2261 to 1649m, over a
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horizontal distance <5km (Fig. Ic). Second, if the COB
source was originally more depleted than the POB source
or the COB were produced from POB mantle residue, the
COB would plot on a different FeO*-depleted isobaric
trend. However, the primary POB and COB compositions
plot on the same isobaric compositional trend of KLB-1
on the FeO*-MgO diagram (Fig. 14b), suggesting that
their sources had similar Mg-number.

Petrological conclusions about the formation of the two
NW Rota-] magma types based on this study are as
follows.

(1) COB have lower TiOy and higher FeO* at the same
MgO content than POB (Fig. 6a), mantle components
(Nb, Ta, Zr, Hf, Y and HREE) are lower in COB
than those in POB (Figs 6b and 7) and COB contain
more magnesian olivines and Cr-rich spinels than
POB (Figs 9-11). These lines of evidence suggest that
primary COB formed from higher degrees of mantle
melting than primary POB, which could be ~24%
and ~18%, respectively (Fig. 16). This is reflected in
the composition of the calculated mantle residues of
COB and POB, which have olivines Fogo.3 and Fog, 5
respectively (Fig. 9).

(2) Olivine-hosted melt inclusions in recently erupted
basaltic andesites of NW Rota-1 show water contents
up to 6wt % (A. Shaw, personal communication,
2010), but we have no direct evidence for the magmat-
ic HyO contents of the two primitive basalt types.
Vesicularity may be a semi-quantitative indicator of
volatile content, but both COB and POB contain vari-
able amounts of vesicles (830 vol. %), which do not
show systematic differences (Table 2). Phenocryst size
may be another indicator; water appears to promote
rapid growth of large crystals because it drastically
diminishes the rate of nucleation so that the few
nuclei that form grow into large crystals when the
melt is undercooled. As described above, olivines in
the COB are mostly 0-5-10 mm across, rarely up to
4 mm, and significantly larger than the POB olivines
(mostly <0-5mm). Moreover, cotectic crystallization
of augite without plagioclase in the COB is a likely
consequence of elevated magmatic water content that
expands the clinopyroxene phase volume and sup-
presses plagioclase crystallization. Thus, phenocryst
sizes and mineral assemblages (Table 2, Fig. 3) suggest
that the COB parent magmas are more enriched in
water than the POB magmas.

(3) COB primary magmas have a greater subduction
component than POB, especially deep subduction
components (sediment melt) derived from volcanic
turbidites, which are known to be subducted be-
neath the Marianas arc (Plank & Langmuir, 1998;
Figs 4-8).

(4) Estimated primary POB and COB magmas could
have segregated from their mantle residues at
~15 GPa and ~2 GPa, respectively (Fig. 15).

Was mantle heterogeneity triggered by
‘flush melting’ of subducted oceanic
sediment?

Stern et al. (2006) inferred the importance of water
released from serpentinites in the genesis of magmas
erupted from rear-arc volcanoes of the Guguan
cross-chain, Mariana arc, based on the observation that
melt inclusions from these lavas contain as much water as
(or more water than) magmas from the volcanic front,
whereas their host lavas show less trace element and iso-
topic evidence of a subduction component. This may reflect
‘flush melting’ owing to enhanced water flux from sub-
ducted serpentinites. Such serpentinites may form as a
result of faulting at the outer trench swell, allowing water
to infiltrate deep into the cold lithosphere about to be sub-
ducted (Ranero et al., 2003; Contreras-Reyes et al., 2008).
Matsuno et al. (2010) reported results of a magnetotelluric
(MT) survey across the central Mariana arc and found
slightly lower resistivity near the Mariana Trench. They
modeled this as related to hydration of the oceanic plate
by water circulating along faults in the plate bending
region. The effects of this serpentinite-sourced water may
be responsible for the heterogeneity seen in NW Rota-1
magmas. COB primary magma has more sediment com-
ponent and forms by a higher degree of melting of the
mantle than POB, and probably has a higher water con-
tent. This could have resulted when the mantle wedge was
metasomatized by melts of subducted oceanic sediment.
Skora & Blundy (2010) coined the term ‘flush melting’ for
the process whereby subducted sediments melt in the pres-
ence of excess water; for example, as a result of water
released by serpentinite breakdown in the subducted litho-
spheric mantle. They showed that clay is ~54% molten at
3 GPa and a temperature of ~800°C in the presence of
15wt % HsO, in marked contrast to fluid-absent melting,
which yields <~10% melt at this temperature. We suggest
that water released as a result of serpentinite breakdown
from the subducted lithospheric mantle resulted in flush
melting of subducted sediments. Such hydrous sediment
melts may have variably mixed with the overlying mantle
to form the heterogeneous mantle source of the COB and

POB.

Sediment melts and residual phases

Differences between COB and POB provide information
about the subducted-sediment melt and residual phases in
the slab. First, COB are enriched in ‘fluid-mobile’ elements
such as Ba, Pb and Sr (Fig. 6) and have higher ¥ Sr/*°Sr,
206ph 2 Ph, 27 Ph/2*Ph and **Pb/***Pb than POB. Thus,
it is suggested that the sediment melt is also enriched in
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‘slab-derived fluid’ components and thus hydrous in add-
ition to the sediment components. Moreover, COB are en-
riched in Ky,O, LILE, LREE and Th (Fig. 6), which
reflects the characteristics of the sediment melt and re-
sidual phases. The behavior of KoO and LILE (Ba, Rb,
Cs) 1s controlled by the presence of residual phengite; re-
sidual allanite and monazite control the behavior of
LREE + Th (Skora & Blundy, 2010, and references there-
in). We suggest that phengite, allanite and monazite were
not present as residual phases, so that the sediment melt is
enriched in these elements. On the other hand, COB are
depleted in Nb, Ta, Zr, Hf, Y and HREE relative to POB
(Figs 6 and 7) and there are no systematic differences in
"SHIJ""Hf between COB and POB (Fig. 8b). The stability
of rutile exerts a primary control on the behavior of
HFSE; garnet is known to be a major host for the HREE
(Skora & Blundy, 2010, and references therein). Skora &
Blundy (2010) suggested that zircon, which controls Zr
and Hf abundances in sediment melts, is exhausted from
the residue relatively early at low temperatures, but that

TWO PRIMARY BASALTS, MARIANA ARC

appreciable Zr and Hf are incorporated into residual
garnet (Skora & Blundy, 2010). We suggest that rutile and
garnet were present as residual phases so that the sediment
melt is depleted in these elements, resulting in similar
YSH{""HE, which reflects mantle values. If the sediment
melt in the subducted slab below NW Rota-1 was produced
by flush melting of radiolarian clay as shown by Skora &
Blundy (2010), the temperature of the uppermost part of
the slab must be higher than phengite-out and
monazite-out temperatures (~900°C), but lower than
rutile-out and garnet-out (~1000°C).

Mariana mantle wedge

Figure 17 shows the structure of the Mariana subduction
zone and schematic mass flow lines (convection). The ther-
mal and mantle flow model for the Mariana subduction
zone of Wada & Wang (2009) predicts that the subducting
crust undergoes peak crustal dehydration at 75-120 km
depth, providing fluid for mantle hydration. Hydrous
phases in the hydrated mantle both in the mantle wedge

Mariana arc  Hydrated mantle ap‘\GGNS&
West Mariana Ridge NW Rota-1 Frontal arc oo™ ered
Parece Vela Basin Mariana Trough | | se?\ P\\e
Subducting Slab
e
(& e
e

Partial melting of hydrous peridotite
resulting in gravitational instabili
and formation of mantle diapir

¥/ Serpentinite breakdown

resulting in flush melting
of overlying subducted
sediments

Fig. 17. Section perpendicular to the Mariana arc—back-arc basin system, showing schematic mass flow lines (convection). The upper part of
the subducting slab (oceanic lithosphere) may be hydrated by bend-faulting and serpentinized (Ranero et al., 2003; Contreras-Reyes et al.,
2008; Matsuno et al., 2010). The lower part of the mantle wedge, which is dragged deeper by the slab at depths >80 km, is derived from fresh con-
vecting mantle wedge that would have been hydrated at depths >80 km. Subducted sediment melts below NW Rota-1 between 900°C: and
1000°C, and this is accompanied by flushing of fluids derived from the underlying dehydrating serpentinites of the subducting slab. Flush melt-
ing and mixing of the hydrous sediment melt with hydrated mantle in the lower part of the mantle wedge results in gravitational instability
and formation of partially melted mantle diapirs. Beneath the Mariana Trough, mantle upwelling is more likely to occur in conjunction with
small-scale convection. This could transfer some mantle peridotite hydrated under the arc back into the back-arc mantle (dotted arrows) (e.g.
Langmuir et al., 2006). Rectangles a—d correspond to the four panels in Fig. 18.
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and subducting oceanic lithospheric mantle, such as antig-
orite and chlorite, are stable to greater depths, providing
fluid in the back-arc region. Down-dragged hydrated
mantle within the mantle wedge (e.g. Tatsumi, 1986) and
subducting oceanic lithospheric mantle are shown in
Fig. 17. Serpentinite breakdown in the underlying portions
of the slab would result in flush melting of overlying sub-
ducted sediments (Fig. 17). Therefore, the release of aque-
ous fluid from the slab may not be restricted to the forearc
region. An important finding of Wada & Wang (2009) is
that the overriding mantle is mechanically decoupled
from the slab at depths shallower than ~70-80km and
thus does not participate in the wedge flow. Thus, the
lower part of the mantle wedge, which is dragged deeper
by the slab at depths >80 km, is not derived from beneath
the forearc, but fresh convecting mantle wedge shown by
the arrow in Fig. 17. This dragged mantle would have
been hydrated by fluids derived from the subducting slab
at depths >80 km.

Isse et al. (2009) showed the three-dimensional shear-
wave velocity anomaly structure of the IBM arc. Their
study revealed three slow anomalies at a scale of 500 km
in the mantle wedge along the IBM arc, suggesting that
mantle flow in the IBM mantle wedge is not a continuous
sheet-like flow but is separated into several segments. The
southern anomaly lies beneath the widest portion of the
active-spreading Mariana Trough. Isse et al. (2009) specu-
lated that deep mantle enters the wedge of the subduction
zone, and then branches into ‘hot fingers’ as it ascends
toward the volcanic front, which can explain the complex
shear-wave splitting pattern observed for the IBM arc.
The arrows in Fig. 17 show the convection of this
large-scale flow, which comes from the mantle below the
Mariana Trough and moves toward the volcanic front.

Thermal and mantle flow models using a realistic
temperature-dependent mantle rheology (e.g. Furukawa,
1993; van Keken et al., 2002; Wada & Wang, 2009) predict
focusing of mantle wedge flow beneath the arc, which re-
sults in narrower spacing of flow streamlines and tem-
perature contours. We expect that the source of the
NW Rota-l magmas is fertile lherzolitic mantle, supplied
as a result of this counter flow and hydrated at >80 km
depth.

Measurements of heat flow and thermobarometry data
on mantle xenoliths indicate that most back-arcs are hot,
even those that have not undergone recent extension
(Gurrie & Hyndman, 2006). This indicates that there is a
common mechanism to bring heat up from depth. One
possible mechanism is small-scale mantle convection
(Honda & Saito, 2003; Honda & Yoshida, 2005; Honda
et al., 2007), which is not shown in Fig. 17. This
buoyancy-driven flow does not affect the forearc—arc
mantle wedge owing to its cold nature, narrow space and
small vertical temperature difference. In back-arcs with a

spreading ridge, mantle upwelling i