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The Mariana fore-arc southeast of Guam consists of ophiolitic lithologies related to subduction initiation
and early-arc development. Ages of zircons extracted from gabbroic rocks within this sequence are
51.5 ± 0.7 Ma, synchronous with similar rocks from the Bonin fore-arc 1700 km to the north. Basalts
collected from the Izu fore-arc are similar to those of the Bonin and Mariana fore-arcs extending the
distance of this ophiolitic geology to the entire 3000 km length of the IBM fore-arc. The Tonga fore-arc
has similar lithologies and ages, suggesting that subduction began nearly simultaneously along much of
the western margin of the Pacific plate. We postulate that closing of the Tethyan suture provided the
trigger for subduction initiation in the Western Pacific. The volume of basalt erupted near western Pacific
trenches associated with subduction initiation and early-arc development in the early Eocene could rival
the volumes of large igneous provinces. The eruption of these basalts corresponds with the height of
the Early Eocene Climatic Optimum (EECO), when global atmospheric temperatures were likely at or
near their Cenozoic maximum. Therefore, CO2 vented during this volcanism as well as that associated
with the North Atlantic Igneous Province, the Siletzia terrane, and slab rollback and detachment beneath
central and east Asia were likely responsible for the EECO.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The lithologies cropping out on the trench slope of the Mari-
ana fore-arc southeast of Guam (Fig. 1) are similar to those that
make up many ophiolites (Bloomer and Hawkins, 1983; Stern and
Bloomer, 1992). This sequence is, from deeper to shallower: de-
pleted peridotite, olivine gabbro, gabbro, diabase, basaltic pillow
lava, boninitic pillow lava, and normal subduction-related igneous
and sedimentary rocks (Fig. 2). The basaltic pillow lavas in this se-
quence have compositional affinities with mid-ocean ridge basalts
(MORB) but appear to be the first lavas to erupt after subduc-
tion initiation (Reagan et al., 2010). These lavas have been termed
fore-arc basalts (FAB) to illustrate their presence in what be-
came the Mariana fore-arc and to distinguish them from basalts
erupted in other tectonic settings with seafloor spreading. One
FAB from the fore-arc near Guam was dated at 51.1 ± 1.5 Ma
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by 40Ar/39Ar methods (Ishizuka et al., 2011). Boninitic lavas in
this area have ages between 49 and 44 Ma (Cosca et al., 1998;
Meijer et al., 1983), and the oldest normal arc volcanics erupted on
Saipan yielded a radiometric age of 45 Ma (Reagan et al., 2008).

The fore-arc stratigraphy exposed in the Bonin trench to
the north is remarkably similar to that of the Mariana fore-arc
(Ishizuka et al., 2011). Bonin trench FAB and related gabbros have
U–Pb zircon and 40Ar/39Ar ages of 51–52 Ma. Boninites and re-
lated rocks erupted between 48 and 43 Ma, and normal arc lavas
erupted beginning about 44 Ma, illustrating that Mariana and
Bonin fore-arc sequences formed about the same time. Both likely
represent magmatism associated with the initiation of subduction
of the Pacific plate beneath the Philippine plate at about the time
of the Hawaii–Emperor seamount bend (∼ 50.0 ± 0.9 Ma; Sharp
and Clague, 2006).

Here, we report the geochemistry and geochronology for deep
crust lithologies collected during manned dive 6K-1229 by the
Shinkai 6500 submersible during the YK10-12 cruise of the
RV Yokosuka in the Mariana fore-arc south of Guam. The dive
was near the exposed crust-mantle boundary on the seafloor at
6350–5800 m depth. We show that the intrusive rocks encoun-
tered on this dive are part of a deep crustal sequence associated
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Fig. 1. Location map for the Izu–Bonin–Mariana arc system. The base map was
constructed using GeoMapApp (http://www.geomapapp.org; Ryan et al., 2009). The
boxes represent fore-arc areas studied by Shinkai 6500 diving. The references that
discuss the results of the northern Izu–Bonin dives are illustrated. The rectangle at
the southern end of the IBM arc system is the location for Fig. 2. The latitude of the
DSDP transect across the Mariana arc and fore-arc also is shown.

with FAB volcanism. We also present zircon geochronology illus-
trating that the gabbros were emplaced at about 51.5 Ma, syn-
chronous with the gabbroic rocks in the fore-arc offshore of the
Bonin Islands 1700 km to the north, and demonstrating that sub-
duction along the length of the IBM system began about this time.
The paper explores the implications of these results for under-
standing the scale of volcanism associated with subduction initia-
tion in the western Pacific at 51–52 Ma and its potential role in
climate change.

2. Materials and methods

2.1. Whole rock analyses

All rock samples were cleaned by removing weathered rinds us-
ing a diamond saw. The remaining pieces were shattered using a
jaw crusher, and an aliquot of the rock fragments was then pow-
dered using a ball mill. Major elements were analyzed by ICP-OES
at the University of Iowa, or by XRF at Washington State University
(Johnson et al., 1999). Samples for ICP-OES analysis were prepared
using a flux fusion technique. About 0.2 g of research grade LiBO2
flux was added to the bottom of clean graphite crucibles, followed
by 0.1 g of rock powder and then a layer of 0.2 g LiBO2 on top
of the sample. The crucibles were then placed in the furnace un-
til molten. The crucibles were removed and the melt was quickly
poured into prepared bottles of 50 ml 5% HNO3. The hot liquid
bead quenched in the acid and quickly dissolved. The bottles con-
taining the acid and the samples were sonicated for about 10 min
to ensure dissolution. Approximately 10 ml of sample solution was
added to a 125 ml bottle and diluted with 70 ml 5% HNO3 for
major element analysis.
Fig. 2. The location of dive site 6K-1229 as well as other dive sites associated with
the 2006, 2008, and 2010 Shinkai 6500 dive campaigns. The listed dive numbers
lack campaign prefixes. Superimposed on the bathymetry is a geological sketch map
of the fore-arc based on the diving and earlier dredging (e.g. Dietrich et al., 1978).
This sketch map is a simplified portion of larger map being prepared by Yasuhiko
Ohara and others, and is the result of US–Japan collaborative studies of the S. Mar-
iana trench. The thick black lines are faults, and are dashed where approximately
located. The roughly east–west fault is one of what must be several normal faults
with this approximate orientation. One of these faults likely underlies the arc lavas
and sediments, and is responsible for the appearance of FAB at dive site 6k-1092.

The major element analyses were performed on a Varian ICP-
OES 720 ES instrument using appropriate wavelengths (Murray
et al., 2000). Each sample was analyzed three times. Peak back-
ground, peak shape fitting, and tail corrections are automatically
done within the Varian program software and averaged for a final
intensity. Corrected peak intensities are then exported for an ex-
ternal calibration routine. External corrections performed for each
sample include a drift correction, blank correction, and dilution
factor correction followed by the development of calibration lines
for each element. A drift solution was utilized to monitor plasma
stability. A warm-up time of 15–20 min was employed to min-
imize drift. Relative standard deviations for the major elements
were 1.2 to 3.7%. Counts were converted to concentrations using
standards. Calibration lines for most elements had values of 0.98
or better. BCR-2 was repeatedly analyzed as an unknown to mon-
itor accuracy. All major elements were found to have a relative
percent variation of less than 2% with the exception of CaO and
P2O5, which have errors for accuracy of about 3% and 10% respec-
tively.

Trace element data was obtained using a Thermo X-series II
ICP-MS at the University of Iowa (Peate et al., 2010). Sample pow-
ders (∼ 0.1 g) were weighed into Teflon vessels for digestion in a
Parr bomb using concentrated HF and concentrated HNO3. The Parr
bomb solution was dried down to a gel, and concentrated HNO3
was added to bring the sample into solution. Then the samples
were dried down and dissolved a second time with concentrated
HNO3 and ultrapure water. Following heating at 90 ◦C for more
than 12 h, the samples were transferred to 60 ml HDPE bottles and
diluted with water. A 10 ml aliquot was then transferred from the
60 ml bottles into 125 ml bottles, spiked with an internal standard

http://www.geomapapp.org


M.K. Reagan et al. / Earth and Planetary Science Letters 380 (2013) 41–51 43
Fig. 3. Topographic profile for dive site 6K-1229, illustrating depths and rock types encountered.
consisting of Be, Rh, In, Tm, Re, and Bi, and brought to volume with
2% HNO3. This solution was analyzed for trace elements by ICP-MS
using methods described in Peate et al. (2010). Linear calibration
lines were created using standards AGV-2, W-2, BCR-2, BIR-1, and
JA-1 run at the beginning and end of the sample unknowns. Using
BHVO-2 as an external standard, most trace elements had external
relative error (1 sigma) < 2.0% with many elements < 0.5%. Cs, Pr,
Ta, and U had errors of approximately 3%, Gd and Tb had errors of
ca. 5%.

2.2. Zircon analyses

Two 0.3–0.5 kg samples from the dive site 6K-1229 were pro-
cessed for zircons by standard methods. Samples 1229-R16 and
1229-R17 yielded 6 and 3 grains, respectively, that were hand-
picked under alcohol, mounted in a 2.54 cm epoxy round, and
polished to expose the grain centers prior to transmitted light,
reflected light, and cathodoluminescence (CL) imaging. U–Pb iso-
topes and trace element compositions were collected simultane-
ously (Mazdab and Wooden, 2006; Mattinson et al., 2009) on the
SHRIMP-RG (sensitive high-resolution ion microprobe–reverse ge-
ometry) instrument at the U.S. Geological Survey–Stanford Uni-
versity Ion Probe Laboratory, Stanford, California using a 25 μm
diameter spot size. The U–Pb analytical routine followed Williams
(1998), and data reduction utilized the SQUID program (Ludwig,
2005). U–Pb isotopic composition was calibrated by replicate anal-
yses of zircon standard R33 (419 Ma; Black et al., 2004) and
U concentration was calibrated using zircon standard CZ3 (U =
550 ppm; Pidgeon et al., 1994) and corrected for common Pb
(Stacey and Kramers, 1975). Calibration error for 206Pb/238U ratios
of R33 for the analytical session was 0.44% (2σ ).

The trace element routine measured 139La, 140Ce, 146Nd, 147Sm,
153Eu, 157Gd16O, 163Dy16O, 166Er16O, 172Yb16O and 180Hf16O. Con-
centration calibrations used trace element values of zircon stan-
dards CZ3 and MAD (Mazdab and Wooden, 2006). Estimated errors
based on repeated analysis of CZ3 are 5–10% for P, Y, Hf, Th, and U
and the REE except for La (30%; cf. Mattinson et al., 2009).

3. Results

3.1. Geology of the inner wall of the S. Mariana Trench

Dive 6K-1229 was directly south of the Santa Rosa Bank ap-
proximately 115 km south-southwest of the southeast tip of Guam
between depths of 6350 and 5787 m. (Fig. 2). The dive site was
chosen based on the results of previous dredging and diving in-
dicating that basalts were at shallower depths to the north (dive:
KH03-3-D6; and dredge: Dmitry Mendeleev 17-1404; Dietrich et
al., 1978) and peridotites were at greater depths to the south
(Dmitry Mendeleev 17-1403). The plan was to collect deep crustal
lithologies emplaced during the early stages of Pacific plate sub-
duction. The dive had two relatively steep traverses separated by
flatter seafloor (Fig. 3). The lower steep section lacked outcrop, and
had a mud surface with accumulations of angular to subrounded
boulders, cobbles, and pebbles. Few of the rocks along this traverse
were collected in place. The sampled lithologies include basalt,
gabbro, and olivine gabbro. The structurally deepest and therefore
most probable lithology beneath the sediment cover in this lower
dive area is olivine gabbro.

Most of the rocks collected along the upper steep dive traverse
are deep crust and upper mantle lithologies, including harzburgite,
gabbro, and olivine gabbro. Diabases and basalts here probably rep-
resent rocks that fell into the dive area from sheeted dikes and
pillow lava outcrops exposed further up slope. The basement rocks
in this area are those from the very deepest levels of crust as-
sociated with the proto-Mariana arc. The presence of harzburgite
indicates that the crust–mantle boundary also is along the track
of the upper steep section. The presence of deep-crust and mantle
lithologies in the upper dive segment and shallower crust litholo-
gies in the lower dive segment suggests that a normal fault lies
near the base of the upper steep dive section that is down to the
south or that deep crust and upper mantle lithologies are inter-
leaved in this area.

3.2. Petrography

Olivine gabbros R10 and R12 have 55% subhedral olivine (ca.
1–2 mm in length), 35% anhedral plagioclase (0.1–1 mm), and 10%
anhedral augite (0.1–1 mm). Olivine is altered to serpentine and
brown iddingsite, although remnant fresh olivine is present in both
samples. Olivine gabbro R2 has about 5% olivine that has been al-
tered to serpentine and iddingsite. The rest of the sample consists
of subequal proportions of plagioclase and clinopyroxene. Fresh
olivine inclusions are present within some poikilitic augite crys-
tals in this sample. Gabbros have subophitic textures and consist of
relatively course grained subhedral plagioclase and anhedral augite
with minor magnetite. The silicates in these samples are partially
to fully replaced by hydrous minerals. Augite in samples R2 and
R16 is partially replaced by actinolite, whereas green hornblende
forms pseudomorphs of augite in R17, suggesting that metamor-
phism for these samples approached amphibolite facies. Fresh pla-
gioclase is present in all gabbroic samples although it is partially
replaced by sericite and other secondary minerals in most sam-
ples. R20 is a coarse diabase with a subophitic texture, and consists
of euhedral to subhedral plagioclase laths (50%), subhedral to an-
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Table 1
Whole rock major and trace element analyses.

Lithola OG OG OG G G D B B B
Sampleb R10 R12 R02 R16 R17 R20 R7 R11 R15
Depth (m) 6005 5970 6350 5876 5876 5787 6200 5970 5930
SiO2 42.74 42.69 48.30 50.80 49.48 51.85 50.52 49.48 49.32
TiO2 0.14 0.13 0.18 0.55 0.39 1.63 0.68 1.04 0.52
Al2O3 5.16 6.89 19.76 16.07 17.15 13.94 15.83 14.67 15.31
FeO (T) 11.81 10.89 3.82 9.74 8.92 13.53 9.63 12.24 9.20
MnO 0.17 0.17 0.08 0.16 0.10 0.17 0.17 0.19 0.16
MgO 34.67 31.92 11.04 7.85 8.37 6.69 8.57 8.08 10.05
CaO 3.66 5.84 14.41 11.77 13.42 9.35 12.42 9.72 13.15
Na2O 0.33 0.28 1.93 2.99 2.11 2.67 2.04 4.34 2.19
K2O 0.04 0.01 0.07 0.04 0.04 0.05 0.10 0.17 0.09
P2O5 bd Bd bd 0.03 0.01 0.11 0.05 0.07 0.02
Sumc 96.07 95.98 97.31 98.54 98.31 98.01 98.34 96.30 97.51
methodd ICPOES ICPOES ICPOES XRF XRF XRF XRF XRF XRF

Ba 0.92 0.94 2.52 4.50 3.43 7.32 3.26 2.18 3.49
Be 0.39 0.26 0.32
Ce 0.59 0.35 0.49 1.77 2.05 6.98 3.56 5.38 1.55
Co 126.9 122.9 28.6 46.7 55.8 68.0 48.0 55.0 46.7
Cr 479 663 2191 261 310 84 219 156 477
Cs 0.011 0.011 0.063 0.012 0.005 0.009 0.014 0.100 0.012
Cu 39 34 36 148 42 137 184 150 112
Dy 0.37 0.34 0.64 1.72 1.71 5.61 2.67 4.32 1.94
Er 0.25 0.25 0.42 1.19 1.14 3.66 1.77 2.85 1.32
Eu 0.13 0.13 0.18 0.48 0.45 1.23 0.60 0.79 0.42
Ga 7.0 7.4 11.6 12.4 12.3 23.0 17.0 18.0 11.1
Gd 0.32 0.28 0.51 1.25 1.27 4.29 1.99 3.23 1.41
Hf 0.11 0.11 0.15 0.43 0.49 2.32 1.03 1.53 0.42
Ho 0.06 0.05 0.12 0.40 0.39 1.24 0.60 0.96 0.44
La 0.18 0.13 0.16 0.52 0.58 2.05 1.12 1.60 0.40
Li 6.7 3.6 9.1
Lu 0.04 0.05 0.06 0.19 0.19 0.54 0.28 0.44 0.21
Mo 0.56 0.71 0.32
Nb 0.08 0.04 0.04 0.29 0.13 1.50 1.10 1.30 0.15
Nd 0.49 0.28 0.54 1.68 1.86 7.58 3.42 5.67 1.78
Ni 988 945 179 103 134 76 101 102 118
Pb 0.68 0.20 1.18 0.20 0.16 0.23 0.16 0.08 0.22
Pr 0.10 0.06 0.10 0.31 0.36 1.29 0.59 0.98 0.31
Rb 0.29 0.20 1.51 0.40 0.28 0.23 0.39 3.70 0.57
Sc 17.5 19.0 32.2 41.7 40.9 55.1 43.2 53.7 44.6
Sm 0.17 0.13 0.27 0.74 0.78 3.02 1.35 2.18 0.86
Sn 0.76 0.36 0.45
Sr 5.1 15.5 115.0 103.3 96.7 74.0 65.0 66.0 75.9
Tb 0.06 0.05 0.09 0.24 0.25 0.82 0.38 0.62 0.28
Th 0.029 0.074 0.003 0.034 0.020 0.103 0.061 0.084 0.015
U 0.053 0.002 0.011 0.041 0.027 0.079 0.044 0.042 0.007
V 63 64 121 261 213 548 294 408 261
Y 2.2 2.2 4.0 10.3 10.1 32.0 16.0 25.0 11.9
Yb 0.26 0.27 0.41 1.24 1.17 3.75 1.84 2.93 1.33
Zn 47.0 52.9 31.5 37.4 17.1 144.0 67.0 83.0 39.7
Zr 2.7 2.5 3.6 13.2 15.5 76.0 34.0 50.0 11.4

a OG = olivine gabbro, G = gabbro, D = diabase, B = basalt, S = standard.
b Rock number from dive YK10-12-1229.
c Major element concentrations normalized to 100%; Sum is before normalization.
d Method used for major element analysis; Trace element concentrations by ICPMS.
hedral augite (45%), and about 5% euhedral to subhedral magnetite.
Interstitial areas consist of brown to dark gray clays in this sample.
Basalts are petrographically similar to those from other dive sites
in the region (Reagan et al., 2010), with euhedral to subhedral pla-
gioclase laths (< 0.2 mm) and anhedral augite (< 0.1 mm) in a
dark brown fine-grained matrix. Most of these samples are highly
altered with actinolite, zeolites, or clays partially replacing augite
and plagioclase. Veins with natrolite and analcime were present
in R11.

3.3. Geochemistry

The major and trace element compositions of basalt and dia-
base samples from dive 6K-1229 (Table 1; Fig. 4) are similar to
those of FAB from elsewhere in the Mariana (Reagan et al., 2010),
Bonin (Ishizuka et al., 2011), and Izu (DeBari et al., 1999) fore-arcs.
Primitive mantle normalized rare-earth element (REE) patterns are
depleted in lighter elements, similar to normal MORB. The samples
also have Nb concentrations within a factor of two of La concentra-
tions like FAB and unlike Mariana arc lavas (cf. Elliott et al., 1997).
One basalt (R15) has unusually low concentrations of REE and the
highly charged cations Ti, Zr, Hf, and Nb (high field strength or HFS
elements), suggesting that it was generated by unusually high de-
grees of mantle melting. The relatively high concentrations of K,
Rb, Sr, and Pb in this same sample could have been added in a
fluid from the subducting slab that acted as a flux for this melting,
as has been suggested for some other Mariana FAB (Reagan et al.,
2010).

The gabbros have major element concentrations that are gen-
erally similar to those of the FAB but with lower concentrations
of REE and HFS elements. Plagioclase accumulation is indicated by
enrichments in Eu and Sr compared to other incompatible trace
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Fig. 4. Primitive mantle (Sun and McDonough, 1989) normalized concentrations of incompatible trace elements for whole rocks from Shinkai 6500 dive site 6K-1229. The
elements are arranged such that those commonly thought to be transferred abundantly from the subducting slab to the mantle sources of typical arc lavas are to the left and
less abundantly transferred REE and HFS elements are to the right arranged by order of partition coefficient during melting. The sample illustrated with open triangles is an
olivine gabbro.

Table 2
Zircon U–Pb geochronologic data and apparent ages.

Spota U
(ppm)

Th
(ppm)

Th/U 206Pb*b

(ppm)
f206Pbc

b 238U/206Pbc 207Pb/206Pbc 206Pb/238Ud

(Ma)

Sample 1229-R16
1.1 83 38 0.5 0.6 0.36 126.49 (3.0) 0.04990 (11.6) 50.6 (1.6)
2.1 254 145 0.6 1.7 < 0.1 127.17 (1.4) 0.04524 (6.1) 50.6 (0.7)
2.2 409 248 0.6 2.9 < 0.1 123.17 (1.1) 0.04669 (4.8) 52.1 (0.6)
3.1 306 224 0.8 2.1 0.26 122.99 (1.3) 0.04914 (5.4) 52.1 (0.7)
4.1 141 99 0.7 1.0 < 0.1 123.71 (1.9) 0.04361 (8.3) 52.1 (1.0)
5.1 175 121 0.7 1.2 0.13 121.84 (1.7) 0.04809 (7.1) 52.6 (0.9)
6.1 13 10 0.8 0.1 1.08 125.69 (6.3) 0.05559 (25.0) 50.5 (3.3)
6.2 12 10 0.8 0.1 < 0.1 112.60 (6.3) 0.03322 (32.2) 58.0 (3.7)

Sample 1229-R17
1.1 133 85 0.7 0.9 0.08 126.38 (1.9) 0.04763 (8.5) 50.8 (1.0)
2.1 664 910 1.4 4.5 < 0.01 126.47 (1.0) 0.04629 (3.7) 50.8 (0.5)
3.1 240 430 1.8 1.6 0.15 131.53 (1.5) 0.04814 (6.5) 48.8 (0.8)

Note: All analyses were performed on the SHRIMP-RG ion microprobe at the United States Geological Survey–Stanford Microanalytical Center at Stanford University (Williams,
1998; Barth et al., 2001). Data reduction utilized the SQUID program (Ludwig, 2005).

a Abbreviations: 1.1 = grain number.spot number.
b Pb* denotes radiogenic Pb; Pbc denotes common Pb; f206Pbc = 100 ∗ (206Pbc/206Pbtotal).
c Calibration concentrations and isotopic compositions were based on replicate analyses of CZ3 (550 ppm U) and R33 (419 Ma; Black et al., 2004). Reported ratios are not

corrected for common Pb. Errors are reported in parentheses as percent at the 1σ level.
d Ages were calculated from 206Pb/238U ratios corrected for common Pb using the 207Pb method (see Williams, 1998). Initial common Pb isotopic composition approximated

from Stacey and Kramers (1975). Uncertainties in millions of years reported as 1σ .
elements in all gabbro and olivine gabbro samples. Olivine gab-
bro samples R10 and R12 have much lower concentrations of
SiO2, TiO2, Al2O3, CaO, and Na2O and higher concentrations of
MgO, Ni, and FeO* than the FAB reflecting the accumulation of
olivine. Olivine gabbro sample R2 has significantly higher con-
centrations of Al2O3, CaO, and Cr compared to other samples
because of plagioclase and augite accumulation. The overall con-
centrations of REE and HFS elements in all olivine gabbros are
exceedingly low confirming their origin by crystal accumulation
from basaltic magmas. Concentrations of monovalent and divalent
trace cations as well as U and Th are highly variable in all of
the samples analyzed here, probably reflecting metasomatism dur-
ing alteration, although subducted fluids also are potential sources
for some of these enrichments. This alteration is reflected in the
96–98% anhydrous major element total concentrations for the sam-
ples.

3.4. Geochronology

Zircons were extracted from two gabbros collected at dive site
6K-1229: R16 and R17, and analyzed to determine their U–Pb
ages (Table 2; Fig. 5) and REE abundances (Table 3). Grains from
sample R16 included 2 elongate laths and 4 fragments of larger
grains. Eight U–Pb analyses give a 207Pb-corrected weighted mean
206Pb/238U age of 51.8 ± 0.7 Ma. Excluding 2 analyses with higher
common Pb, the remaining 6 concordant analyses give a con-
cordia age of 51.5± 0.7 Ma (MSWD = 1.4). The grains display
steep HREE patterns and well-developed Ce and Eu anomalies
(Fig. 5b) and oscillatory zoning (Fig. 5c) typical of igneous zir-
con, and so the radiometric dates are interpreted as crystallization
ages.

Three grains from R17 are fragments of larger grains and sim-
ilar in appearance in CL images to those of R16 (Fig. 5e). Two of
the three zircons from R17 have ages and REE patterns consistent
with growth at the same time and from the same magma type as
the zircons from R16. One zone on the third zircon with bright
cathodoluminescence is younger (48.8 ± 0.8 Ma; Fig. 5d), and also
has lower concentrations of REE than other analyzed spots. Mar-
iana fore-arc lavas of this age based on 40Ar/39Ar dating (Cosca
et al., 1998) are transitional between FAB and boninite, and are
characterized by lower REE concentrations than FAB (Reagan et al.,
2010). Thus, this CL-bright zone could have crystallized after infil-
tration of a FAB gabbroic mush by a younger transitional magma
with lower REE concentrations.
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Fig. 5. Zircon geochemistry and geochronology. a. Tera–Wasserburg plot (Tera and Wasserburg, 1972) illustrating U–Pb ages for spots on zircons extracted from 6K-1229
R16. b. Chondrite-normalized plot of REE concentrations for 6K-1229 R16 R17. Chrondrite REE abundances are from Anders and Grevesse (1989) multiplied by a factor of
1.36 (Korotev, 1996). Chondrite-normalized values for Pr were calculated by interpolation (Pr(N) = La(N)

0.33 × Nd(N)
0.67). c. Cathodoluminescence photographs of zircons

from 6K-1229 R16. Analyzed spots are illustrated. d. Tera–Wasserburg plot illustrating U–Pb ages for spots on zircons extracted from 6K-1229 R17. e. Cathodoluminescence
photographs of zircons from 6K-1229 R17. Analyzed spots are illustrated.

Table 3
Zircon trace element data.

Spota Y La Ce Nd Sm Eu Gd Dy Er Yb Hf

Sample 1229-R16
1.1 800 0.012 0.6 0.28 0.67 0.46 11.3 67 154 310 5.1
2.1 2226 0.016 1.1 0.37 1.07 0.58 23.2 162 419 770 7.8
2.2 3106 0.006 2.5 0.37 1.23 0.72 29.5 221 580 1068 8.2
3.1 3177 0.021 1.9 0.75 4.50 2.61 69.9 321 570 960 6.3
4.1 1448 0.006 0.9 0.45 1.35 0.72 23.6 124 261 461 7.2
5.1 1003 0.006 2.1 0.31 0.94 0.41 13.7 80 191 382 7.6
6.1 3531 0.036 5.5 1.56 4.56 2.18 68.7 329 641 1037 9.6
6.2 3494 0.029 5.4 1.62 4.65 2.07 66.8 323 630 1035 10.1

Sample 1229-R17
1.1 1319 0.035 3.0 1.22 2.42 0.73 24.4 106 227 427 16.3
2.1 2236 0.026 3.4 1.14 3.10 1.15 47.7 210 401 694 7.8
3.1 261 0.004 0.7 0.04 0.19 0.11 3.1 19 50 113 14.5

Note: All analyses were performed on the SHRIMP-RG ion microprobe at the United States Geological Survey–Stanford University Microanalytical Center, Stanford, CA (Mazdab
and Wooden, 2006). All abundances expressed in ppm.

a Spot labeled as grain number.spot number.
4. Discussion

4.1. Timing and magnitude of the Eocene subduction-initiation volcanic
event

All igneous lithologies in both the upper and lower sections of
dive 6K-1229 have compositions that are consistent with an origin
largely by decompression melting during fore-arc spreading caused
by subduction initiation. The basalts and diabase dikes are similar
in composition to FAB found in other IBM fore-arc sites. Gabbros
have compositions that are similar to those of the basalts, although
their somewhat higher Al and Sr concentrations, as well as the
small positive Eu anomalies for some samples suggest that they
contain accumulated crystals. The olivine gabbros have major and
trace element compositions illustrating that they represent cumu-
lates of plagioclase and olivine that crystalized from FAB deep in
the crust.
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The ages and compositions of the lavas and related intrusive
rocks encountered in the fore-arc near Guam, including those from
dive 6K-1229, are identical to those found east of the Bonin Islands
(Ishizuka et al., 2011). Basalts at 32◦N latitude in the Izu fore-arc
(DeBari et al., 1999) also are compositionally similar to FAB from
the other two locations suggesting that the geology along the en-
tire 3000 km length of IBM fore-arc is similar, and is associated
with the initiation of subduction. Basalts from Palau have FAB-
like REE patterns and La/Nb ratios (Hawkins and Ishizuka, 2009).
Although these basalts have not been dated, a basalt from Palau
produced a highly-disturbed 40Ar/39Ar age of ca. 51 Ma (Cosca et
al., 1998), suggesting that the extent of the terrane associated with
subduction initiation in the IBM system extended approximately
3500 km.

Further south in the western Pacific, the Tonga fore-arc (Fig. 1)
has FAB and related gabbros (Bloomer and Fisher, 1987; Banerjee
and Gillis, 2001). Ages of the basalts and related intrusive rocks
south of approximately 18◦30′S latitude in the Tonga fore-arc are
similar to those of the equivalent rocks in the IBM system (Meffre
et al., 2012; Michibayashi et al., 2012), linking subduction initiation
in Tonga–Kermadec and IBM. The potential link between these two
systems was previously inferred by Whattam et al. (2008), who
suggested that dominantly northeasterly dipping subduction near
New Guinea ceased at about this time, and was replaced by south-
westerly subduction in the Tonga–Fiji–Vanuatu arc systems. Dikes
cutting the ultramafic allochthon in New Caledonia have average
U–Pb zircon ages of 53 Ma (Cluzel et al., 2006), and likely erupted
in the Loyalty fore-arc as subduction extended easterly into this
area (Whattam et al., 2008). The oldest rocks on Fiji are composi-
tionally similar to FAB, but appear to be younger (44 Ma) and are
interbedded with subduction-affected lavas (Todd et al., 2012).

In the northern Pacific, the record of Eocene magmatism in the
Aleutian, Kamchatka, Kuril, and Japan fore-arcs is less clear because
of lack of exposure of the oldest fore-arc basement, heavy local
sedimentation, and subduction erosion (Clift and Vannucchi, 2004).
The oldest 40Ar/39Ar age for arc-related volcanism in the western
Aleutians is 46 Ma (Jicha et al., 2006), and the oldest paleonto-
logical age is middle Eocene (Vallier et al., 1994). On Kamchatka,
subduction-related volcanic rocks have ages stretching back to the
late Cretaceous (Chekhovich et al., 2009). However, Paleocene to
Eocene subduction in this area appears to have been disturbed at
a time when the fore-arc was spreading and generating MORB-
like basalts and related intrusive rocks in far eastern Kamchatka
(Tsukanov et al., 2007). Northeastern Japan consists largely of
Mesozoic to Cenozoic accretionary prisms and arc-related volcanic
rocks (Taira, 2001). Drilling in the near fore-arc of northern Japan
showed uplift and erosion in the Paleogene, diminished Eocene
arc volcanism, and later subduction erosion resulting in Oligocene
and younger sediments atop a Cretaceous basement (von Huene
et al., 1982). Thus, if there was any early Eocene extension-related
basaltic volcanism, it might have been removed by subduction ero-
sion. An alternative possibility is that the Eocene volcanism along
the eastern margin of Asia in the Sikhote-Alin and Sakhalin region
(Okamura et al., 2005) was related to rifting related to the subduc-
tion initiation event.

The geology of the western Pacific region illustrates that there
was a widespread plate tectonic reorganization at 50–53 Ma. This
disturbance was associated with the initiation of subduction of the
Pacific plate beneath plates to the west over a broad length of
the margin of the Pacific plate. Subduction and associated normal
arc volcanism preceded and postdated this event. However, both
the geology of the IBM fore-arc and geodynamic models of sub-
duction initiation (e.g. Hall et al., 2003; Leng et al., 2012) show
that the rate of magma genesis spikes as fore-arcs spread while
the plate sinks and its hinge rolls back. We estimate the mini-
mum volume of basaltic crust generated by subduction initiation
to be 1 × 106 km3 based on an ophiolitic basaltic crust thickness
of 4 km (Nicolas et al., 1996), a 50 km average width of origi-
nal crust, and a total length of subduction equal to that of the
IBM and Tonga fore-arcs with middle Eocene ages (∼ 5000 km).
Even more crust could have been generated. For example, tectonic
erosion and mass wasting removed crust that once resided above
the deep crust and mantle rocks now exposed on the seafloor. In
addition, a significant amount of FAB-related crust also could un-
derlie the boninites and normal arc lavas west of the areas where
FAB crops out. Geodynamic models of fore-arc spreading associ-
ated with initiation of oceanic plate subduction produce a width
of about 100 km of new basaltic crust in the fore-arc (Hall et
al., 2003), supporting a larger initial volume of FAB than present
outcrop patterns would suggest. Finally, the length scale of vol-
canism associated with subduction initiation could have been as
great as about 12 000 km if the Aleutian, Kamchatka–Kuril, north-
east Japan, and the Kermadec arcs were affected by this event.
The volume of basalt and subsequent transitional and boninitic
volcanism erupted in the fore-arc after subduction initiation was
therefore globally significant (106–107 km3), rivaling the volumes
of the largest igneous provinces such as the Siberian (Renne and
Basu, 1991) and Paraná flood basalts (Peate et al., 1992). Eruption
of the early subduction-related lavas spanned approximately 6–7
million years beginning at 51–52 Ma, with the majority of this vol-
ume erupting as basalt before 49 Ma.

4.2. Eocene volcanism and impact on climate

The late Paleocene and early Eocene was a time marked by
the unusually high rates of volcanism globally and was also a pe-
riod of high global atmospheric temperatures, suggesting that the
two are related (Zachos et al., 2008). This period of high tem-
peratures has been labeled the Early Eocene Climatic Optimum
(EECO), with peak atmospheric temperatures occurring at 50.7 to
52.9 Ma (Tsukui and Clyde, 2012), which is identical to the age of
the FAB volcanism in the Western Pacific. The EECO marked the
time when δ18O values of benthic foraminifera reached a Cenozoic
minimum (Zachos et al., 2008; Fig. 6), atmospheric CO2 concen-
trations reached a maximum (Lowenstein and Demicco, 2006), and
thus global atmospheric temperatures were likely at or near their
Cenozoic maximum (Zachos et al., 2008). This increase in CO2 and
temperature corresponded to a period when δ13Cpdb values in ben-
thic foraminifera were near 0� (Zachos et al., 2001), which was an
Eocene minimum. These low δ13C values indicate that the cause of
the high atmospheric temperatures of the EECO were not driven
by carbonate degassing by continental arcs, as could have been the
case during earlier periods of global warming (Lee et al., 2013).
Global chert deposition reached a Cenozoic maximum at this time
as well (Muttoni and Kent, 2007), probably reflecting lower sea-
water pH brought on by the increased atmospheric CO2. The Sr
isotopic compositions of seawater during the EECO were at a Ceno-
zoic minimum reflecting a higher ratio of mantle to crust input of
Sr to the oceans (Hodell and Kamenov, 2007). In addition, sea level
was 50–200 m higher than at present (Abreu and Anderson, 1998;
Miller et al., 2005), which contributed to the elevated CO2 during
the EECO because of decreased silicate weathering (Lowenstein and
Demicco, 2006). The EECO was a relatively long period of high at-
mospheric temperatures, with the rise beginning at about 58 Ma,
the peak at about 52 Ma, and a relatively smooth decline until
about 44 Ma (Zachos et al., 2008).

Several relatively small igneous provinces (< 105 km3) and
four voluminous provinces have late Paleocene to early Eocene
ages. The smaller provinces such as the Absaroka and related vol-
canic fields in the western USA (e.g. Dostal et al., 1998, 2001;
Ickert et al., 2009; Dudas et al., 2010; Harlan and Morgan, 2010;
Gaschnig et al., 2011) and the Eastern Paleocene–Eocene volcanic
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Fig. 6. Plot of δ18O values for deep-sea benthic foraminifera against time for the Cenozoic from Zachos et al. (2008). The ages of the EECO, PETM, and the large igneous
events discussed in the text are also shown. The black triangular shape illustrates our best guess at the rate of volcanism through time for the IBM system after subduction
initiation.
belt and related intrusions of Patagonia (Aragon et al., 2011), were
unlikely to have made a significant impact on climate, as provinces
of this scale and duration are unlikely to have produced green-
house gasses at a rate that was significantly above that gener-
ated by ambient mid-ocean ridge, arc, and intraplate volcanism.
Because of its unusually high CO2 content, the Lac de Gras kimber-
lite province in Canada might have contributed to the Paleocene–
Eocene thermal maximum (PETM), the sharp rise in atmospheric
temperatures at about 55 Ma. However, volcanism in this province
waned during the EECO (Patterson and Francis, 2013).

Three igneous provinces with volumes in the 106 km3 range
also have late Paleocene to Early Eocene ages in addition to
the western Pacific arc initiation event. The most prominent of
these is the North Atlantic Igneous Province (NAIP), which erupted
5–10 × 106 km3 over this period, with a major flare-up between
55 and 56 Ma (Storey et al., 2007). Another large igneous terrane
with significant volcanism within the EECO rise is the Siletzia ter-
rane (Gao et al., 2011) of the northwestern United States, which
erupted about 2.6 × 106 km3 between about 56 and 50 Ma and
is compositionally and structurally similar to an oceanic plateau
(Pyle et al., 2009). The Yakutat block in southern Alaska could be
related to the Siletzia terrane based on its similar crustal struc-
ture, lava composition (Worthington et al., 2012), and age (Davis
and Plafker, 1986), and thus could expand the total volume of this
western North American igneous province to about 3 × 106 km3.
A third widespread igneous event occurred in central to east Asia
stretching from the Himalaya (He et al., 2007; Wen et al., 2008;
Lee et al., 2012) through Iran (Verdel et al., 2011), Turkey, Azerbai-
jan, and Armenia (Keskin et al., 2008; Vincent et al., 2005). This
magmatism has commonly been attributed to slab rollback and
perhaps detachment of subducted Tethyan ocean lithosphere. The
best dated of the Asian igneous provinces is the Linzizong volcanic
succession and associated plutons of the Himalaya, with ages be-
tween 69 and 43 Ma and a flare-up at about 50 Ma (He et al.,
2007; Wen et al., 2008). The igneous provinces from the other ar-
eas in central and eastern Asia have similar albeit less well-defined
ages. The erupted volumes and eruption rates are not well docu-
mented for this broad region, but outcrop patterns suggest that
the integrated magma volume must be greater than 1 × 106 km3.
The igneous rocks in central to eastern Asia are relatively differ-
entiated, and thus the volumes of parental magma probably were
significantly greater than this value.

With four overlapping igneous events (NAIP, the Siletzia and
Yakutat terranes in North America, eastern to central Asia, and the
western Pacific subduction initiation event) generating magma vol-
umes of 106 km3 or more, the late Paleocene and early Eocene
was a time of unusually vigorous volcanism on Earth. The coin-
cidence of this volcanism with the EECO supports the contention
that the two are linked. Assuming 0.5 wt.% CO2 for the intraplate
(NAIP, Siletzia, Yakutat) and central Asian provinces (see Self et al.,
2006) and a more MORB-like 0.2 wt.% (Cartigny et al., 2008) for the
western Pacific arc initiation event, roughly 100 000 petagrams of
excess CO2 was injected into the atmosphere during the late Pale-
ocene and early Eocene, with at least 10% of this venting from the
western Pacific early arcs. The rate of this degassing is unknown,
but the coincidence of these igneous provinces and the broad tem-
perature peak of the EECO suggests that venting of this CO2 was
the primary factor in this warm period (Fig. 2). The apparent exact
temporal match of the peak in the EECO with IBM subduction initi-
ation and the potential rapid rate of near-trench spreading and the
length scale of magmatic activity at subduction initiation (Leng et
al., 2012), suggest that rate of CO2 emission could have been un-
usually great at 51–52 Ma.

Mantle derived basalts typically have δ13CPDB values of −3 to
−10 per mille (Javoy and Pineau, 1991; Cartigny et al., 2001;
Aubaud et al., 2004). Thus, the low δ13C CO2 in the EECO atmo-
sphere is consistent with degassing of magmas associated with the
four large igneous events discussed above to be its chief cause.
For such venting to affect global climate, sequestration due to en-
hanced weathering and carbonate deposition (Walker et al., 1981)
must not be able to keep pace with emissions. It has been ar-
gued that CO2 venting by large igneous provinces (LIPs) was not at
a sufficient rate to overwhelm the atmospheric buffering systems
(Self et al., 2006) because individual lavas erupt less than 1% of
the mass of CO2 present in the atmosphere and that the quiescent
period between eruptions is sufficient for sequestration. Neverthe-
less, more than 30 times the atmospheric reservoir of CO2 was
erupted in late Paleocene and early Eocene time, and this CO2 was
probably in excess of that produced by ambient global volcanism
related to mid-ocean ridges, arcs, and plate interiors, which raises
the possibility that large or clustered eruptions during this period
significantly affected climate.

Superimposed on the broad EECO peak are spikes in seawa-
ter δ18O values. The most significant of these is the PETM at
about 55 Ma (Fig. 6), in which global temperatures rose more
than 5 ◦C over less than 10 000 years (Zachos et al., 2008). This
rise was accompanied by a steep decline in δ13C values in ben-
thic foraminifera and dramatically lower carbonate deposition rates
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(Zachos et al., 2005). Global seawater δ18O and δ13C values re-
turned to their pre-PETM trends within 170 ky (Zachos et al.,
2008). One likely source of CO2 with low δ13C for the PETM was
organic carbon from the degassing and oxidation of methane hy-
drates, perhaps triggered by the warming that began due to CO2
venting associated with the NAIP (Cohen et al., 2007) and kim-
berlite degassing (Patterson and Francis, 2013). The steep rise of
global temperatures associated with the PETM illustrates that rapid
rates of carbon venting to oceans and atmospheres by dissociation
of methane hydrates and other organic materials can be signifi-
cantly greater than those of large igneous events. The rate of return
of atmospheric temperatures toward near pre-PETM vales is par-
ticularly intriguing because it illustrates that carbon vented to the
atmosphere and oceans during the PETM were largely reincorpo-
rated back into carbonates and organic materials in a ca. 105 year
frame as ecosystems recovered from the acidification and temper-
ature crisis.

The early Eocene magmatism likely vented several orders of
magnitude more CO2 than the PETM event, but did so over several
million years. The rising CO2 concentrations toward the EECO indi-
cate that carbon fixation rates of ecosystems at this time were not
sufficiently robust to sequester the magmatic carbon added to the
atmosphere. Nevertheless, the rate of CO2 venting apparently did
not acidify the oceans enough to entirely crash productivity of or-
ganic carbonates (see Fig. F14 in Zachos et al., 2004). Instead, ocean
ecosystems must have been largely able to adjust to the steady rise
and fall of CO2 concentrations associated with the EECO.

4.3. Implications for the cause of subduction initiation in the western
Pacific

The potential length scale of the western Pacific subduction ini-
tiation event, and its overlap in time with the emplacement of
large igneous provinces in the eastern Pacific and north Atlantic,
as well as magmatism associated with slab detachment beneath
Asia suggest that there could have been a cause and effect re-
lationship between two or more of these provinces. The western
Pacific subduction initiation event appears to have taken place near
the western edge of Cretaceous oceanic terranes bounding Asia,
as remnants of these terranes are found near the Bonin trench
(Ishizuka et al., 2011) and perhaps in DSDP sites 460 and 461 near
the Mariana trench (see Hussong et al., 1982). Therefore, one po-
tential scenario for triggering subduction initiation was thrusting
of west-Asian oceanic terranes over the Pacific plate, which trig-
gered subduction initiation as envisaged by Hall et al. (2003), and
Leng et al. (2012). It is likely that the NAIP and Siletzia large ig-
neous provinces are independent of the subduction initiation event
in the western Pacific because both appear to have had major
phases of their volcanism before 52 Ma. However, the geochronol-
ogy especially of Siletzia is not well established, so the links be-
tween subduction initiation, the change in Pacific plate motion as
documented in the Hawaii–Emperor seamount chain, and large ig-
neous province magmatism is an area ripe for further investigation.

5. Conclusions

Shinkai 6500 dive site 6K-1229 explored the Mariana fore-arc
near the intersection between the crust-mantle boundary and the
seafloor. Lithologies along the dive traverse are similar to those
found in ophiolites and other locations in the IBM fore-arc, and in-
clude harzburgite, olivine gabbro, gabbro, diabase, and basaltic pil-
low lava. This sequence has been attributed to near-trench ocean-
floor spreading associated with subduction initiation. Most zircons
extracted from gabbros at this site have spot ages of 50–52 Ma,
which are identical to ages obtained on equivalent fore-arc rocks
sampled east of the Bonin Islands, 1700 km to the north. Basaltic
rocks collected in the Izu fore-arc at 32◦N are identical to those at
the Bonin and Mariana fore-arc sites. Thus, the crust along at least
3000 km of the IBM fore-arc has an ophiolitic stratigraphy that re-
sulted from near-trench spreading related to subduction initiation
at about 51.5 Ma. Early-arc volcanism in the IBM system contin-
ued at an elevated but diminishing rate until about 45–42 Ma
when normal subduction-related mantle flow and volcanism com-
menced.

Other Western Pacific island arcs apparently initiated about the
same time as the IBM system. The Tonga fore-arc south of 18◦30′S
latitude consists of lithologies with eruptive ages that are simi-
lar to those of the IBM system. Significant, albeit weaker evidence
exists for middle Eocene volcanism in the northeast Kamchatka,
Japan, and Aleutian arcs. We suggest that the volume of basalt
emplaced on or near the seafloor during subduction initiation and
early-arc development was in the range of 106–107 km3, with the
highest rate of volcanism occurring at about 51.5 Ma. This cor-
responds with the peak of the EECO, when global atmospheric
temperatures were likely at or near their Cenozoic maxima. We
postulate that the rise in temperatures toward this peak resulted
from CO2 venting associated with Late Paleocene and Early Eocene
volcanism, including that associated with the North Atlantic Ig-
neous Province and the Siletzia terrane. The collision of India with
Asia and/or slab detachment near the Tethyan suture in Asia could
have triggered subduction initiation in the western Pacific. The vol-
canism associated with both of these events could have degassed
enough CO2 to cause the peak temperatures of the EECO. The later
decline in atmospheric temperatures during the EECO could have
reflected the waning volcanism and degassing globally.
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