Supporting Info S1.

Description of the dives

The SEMFR is composed of 3 broad rifts that converge and shoal northwestwards. These are called rifts 1, 2 and 3 from west to east.
These are 50 to 56 km long (Tables S1.1 to S1.2 for more details). The depth and width of the rift valleys vary along strike, 3.6 to 8.2
km deep and 3 to 15 km wide (Fig. S1.1). Outcrops generally consist of faulted, fresh pillow lavas with crystallite-rich glassy rind, lava
flows and volcaniclastics. Only on the western flank of the WSRB fault were deeper crustal lithologies –diabase, fine-grained gabbros
and deformed peridotites - recovered (Fig. S1.4 and S3.8; (Bloomer & Hawkins, 1983, Fryer, 1993, Michibayashi et al., 2009, Sato &
Ishii, 2011).

Table S1.1: Longitude and latitude of the dives in the SEMFR, MGR and Toto caldera with their depth and trench distance.

Location

Cruise

SEMFR
SEMFR
SEMFR
SEMFR
extinct arc
extinct arc
SEMFR
SEMFR
SEMFR
SEMFR
SEMFR
SMSC
Toto

YK08-08 LEG 2
YK10-12
YK10-12
YK10-12
YK10-12
YK10-12
YK10-12
YK10-12
YK10-12
YK10-12
YK06-12
KR00-03 LEG 2
KR00-03 LEG 2

Table S1.1: Locations of dives in Southeast Mariana Forearc Rift
Shinkai dive /
Latiitude
Longitude
Latiitude
Longittude depth (m)
Deep tow YKDT/ start of dive start of dive end of dive end of dive
max.
Kaiko ROV
Shinkai dive 1096 12°06.63 N 143°51.15 E 12°06.73 N 143°51.88 E
6077
Shinkai dive 1230 12°11.36 N 143°54.19 E 12°11.91 N 143°54.60 E
4958
Shinkai dive 1235 12°04.22 N 144°00.73 E 12°04.91 N 144°01.20 E
6478
YKDT 82
12°25.00 N 143°50.00 E 12°25.43 N 143°49.51 E
4169
YKDT 83
12°29.00 N 143°35.00 E 12°29.00 N 143°35.56 E
3052
YKDT 84
12°24.60 N 143°32.50 E 12°25.61 N 143°33.11 E
3482
YKDT 85
12°23.00 N 144°03.00 E 12°23.21 N 144°03.83 E
3090
YKDT 86
12°16.50 N 143°59.70 E 12°16.64 N 144°00.39 E
4050
YKDT 87
12°22.60 N 143°44.70 E 12°23.09 N 143°45.03 E
3630
YKDT 88
12°24.20 N 143°45.70 E 12°24.45 N 143°45.99 E
3475
Shinkai dive 973 12°14.55 N 144°07.81 E 12°14.96 N 144°06.81 E
6469
Kaiko dive 164
13°06.18 N 143°41.55 E 13°06.27 N 143°41.45 E
2920
Kaiko dive 163
12°42.92 N 143°32.12 E 12°42.80 N 143°32.38 E
3044

depth (m)
min.

Δ depth
(m)

5414
4280
5861
3911
2968
2658
2577
3454
3536
3342
5957
2908
3006

663
678
617
258
84
824
513
596
94
133
512
12
38

distance
from trench
( ± 5 km)
40
45
26
68
82
78
56
44
68
70
36
141
108

Samples
collected

Reference

basaltic pillows
basalts
basalts & gabbros
no samples
no samples
basaltic pillows
basaltic pillows
basaltic pillows

this paper
this paper
this paper
this paper
in prep.
in prep.
this paper
this paper
this paper
this paper
Michibayashi et al. (2009)
this paper
this paper, Gamo et al. (2004)

no samples
basaltic pillows
peridotites
andesitic pillows
andesites

WSW

depth (m)
4000
4500

87

85

82

C

86
1230

B
1096

B

1235

A

A
Basaltic lavas
Peridotite

Fine-gabbro
ol-cpx basalt

0

10

MGR
E
Toto caldera

4000
5000
6000
7000

30

rift 2

40

rift 3
30

40

rift 3

rift 2

4500
5500

0

10

20

0

10

10

20

20

rift 3

rift 2

rift 1

4500
5500

30

30

rift 2

rift 1

0

rift 3

20

20

973

D
C

SRB

depth (m)

E

10

rift 1
depth (m)

88

WSRB Fault

ex

tinc
ta

rc

depth (m)

D

SEMFR
163

0

rift 1

Toto
caldera

depth (m)

MG
R

164

rift 2

rift 1
4000
4500

ENE

30
Km

rift 3

40

40

40

50

Fig. S1.1: Cross-sections of SEMFR rifts 1, 2 and 3 from the trench (A) to MGR (E). Note change in depth and width of the axial valleys, highlighted by a red line, along SEMFR axis, and
reported in Table S1.2 . Rift 1 is the deepest of the three, while rift 2 and especially rift 3 are better developed near the MGR. 100-m resolution map generated by S. Merle with GMT (Smith
& Wessel, 1990, Wessel & Smith, 1995a, 1995b, 1998), by using sonar multibeam data from Gardner (2006, 2007, 2010). Maps is in the projected coordinate system Mercator WGS 1984
o
and artificially illuminated at 31 NNW. MGR: Malaguana-Gadao ridge; SRB: Santa Rosa Bank. The black rectangle encompasses the SEMFR region. Thick black line shows the position
of the W. Santa Rosa Bank (WSRB) Fault. The circles denote the sampling site of the YK06-12, YK08-08 Leg 2 and YK10-12 Shinkai dives and YK08-08 Leg 2 YKDT, the triangle shows
the location of KR00-03 Leg 2 Kaiko dives.

Fig. S1.2: Dive tracks (red line) of Shinkai dives 1096, 1230 and 1235 and YKDT82. Locations of the dives are reported
in the manuscript (Fig. 1B). The red boxes with a number correspond to the location of the bottom pictures in the bathymetric
profiles. The star represents the beginning of the dredge. The maps have been realized on-board with GMT (Smith & Wessel, 1990;
Wessel & Smith, 1995b, 1995a, 1998) by using sonar multibeam data YK10-12 and YK08-08 Leg 2.

Fig. S1.3: Dive tracks (red line) of YKDT 85, 86, 87 and 88. Locations of the dives are reported in the manuscript
(Fig.1B). The red boxes with a number correspond to the location of the bottom pictures in the bathymetric profiles. The star
represents the beginning of the dredge. The maps have been realized on-board by F. Martinez with GMT (Smith and Wessel, 1990;
Wessel and Smith, 1995b, a, 1998) by using sonar multibeam data from YK10-12.

Fig. S1.4: Dive tracks (red line) of Shinkai dive 973 from YK06-12 cruise report and Kaiko dive 163
(black line) from KR00-03 Leg 2 cruise report. Locations of the dives are reported in the manuscript (Fig.
1B). The red boxes with a number correspond to the location of the bottom pictures in the bathymetric
profiles.

S1.1.

SEMFR:

The SEMFR was investigated by the manned submersible Shinkai 6500 and the YKDT with
mini-dredges in 2006, 2008 and 2010 on board of the Yokosuka. Shinkai dives 1096, 1230 and
973 were performed in the vicinity of the trench. Details are reported in Tables S1.1 to S1.2.

width
(km)

length
(km)

min. depth
(m)

max. depth
(m)

Δ depth
(m)

Rift 1
Rift 2
Rift 3

16.4
8
4.8

50 - 56
54
56

3600
3600
4000

8200
7000
7000

4600
3400
3000

SEMFR

31 - 41

56 - 59

3600

8200

4600

Table S1.2: Variation of the width and depth (km) of the three SEMFR rifts along axis.

Fig. S1.5: Interpreted bathymetric profile of the eastern flank of rift 1 traversed during Shinkai dive 1096,
located near the trench. Locations of the bottom pictures are reported in red on the bathymetric profile.
Two distinct suites of pillow lavas were identified, based on abundance of olivine phenocrysts, an olivinepoor lower series (6077 – 5797 m) and an upper series richer in olivine (5737 – 5414 m). An outcrop of
volcaniclastics was observed at 5429 m. Note the steep flanks of the rift near the trench. Profile has been
realized under ArcGIS.

Fig. S1.6: Interpreted bathymetric profile of the eastern flank of rift 2 traversed during Shinkai dive 1230
(near the trench). Locations of the bottom pictures are reported in red on the bathymetric profile. This dive
mostly traversed a talus slope composed of large fragments of pillow lava, lava flow and volcaniclastics.
The rift flank is very steep and faulted. Profile has been realized on-board by F. Martinez with GMT
(Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel & Smith, 1995a, Wessel & Smith, 1998) by
using sonar multibeam data from YK10-12.

Fig. S1.7: Interpreted bathymetric profile of the eastern flank of rift 3 traversed during Shinkai dive 1235.
Locations of the bottom pictures are reported in red on the bathymetric profile. Talus slope exhibits
fragments of basaltic lava flows, fine-grained gabbros and diabases. Boulders become well-sorted to form
landslide tongues. Faulting and landsliding shapes the rift flanks near the trench. Profile has been realized
on-board by F. Martinez with GMT (Smith & Wessel, 1990, Wessel & Smith, 1995a, Wessel & Smith,
1998, Wessel & Smith, 1995b) by using sonar Multibeam data from YK10-12.

Fig. S1.8: Interpreted bathymetric profile of the eastern flank of rift 1 traversed during Shinkai dive 973,
located near the trench axis. Locations of the bottom pictures are reported in red on the bathymetric
profile. This dive occurred near the W. Santa Rosa Bank fault and traversed slope covered by angular
peridotites fragments and thin sediments. Sub-vertical, faulted and tilted outcrop of grayish, altered
peridotites occur nears the top of dive. Profile has been realized under ArcGIS.

Shinkai dive 1096 traversed the eastern flank of rift 1, ~ 40 ± 5 km from the trench axis. Pillow
lavas were identified by their rounded shape when well-preserved or “piece of pie” shape when
fragmented, along with shipboard observations of a glassy rinds (Fig. S1.2 and S1.5). Two
distinct suites of pillow lavas were identified, based on abundance of olivine phenocrysts, an
olivine-poor lower series (6077 – 5797 m) and an upper series richer in olivine (5737 – 5414 m).
Larger pillow fragments were observed in the depth range occupied by each series, suggesting
proximity to outcrops of highly fractured pillow lavas found at 5906 m (lower series) and at 5414
m (upper series). The upper outcrop was heavily covered by volcaniclastic sediments and an
outcrop of volcaniclastics was observed at 5429 m. 28 samples were collected during this dive.
Shinkai dive 1230 was performed along the steep eastern flank of rift 2, ~ 45 ± 5 km from the
trench axis (Fig. S1.2 and S1.5). This dive mostly traversed a talus slope composed of large
fragments of pillow lava, lava flow and volcaniclastics. 33 samples were recovered from this
dive. Outcrops of volcaniclastics (4752 m) and tilted and faulted outcrops of basaltic lava flows
(4599 m and 4451 m) were observed (Fig. S1.2 and S3.6). 3 series were identified in Shinkai dive
1230, based on their plagioclase abundances and their texture: lower plagioclase-rich basalt (4752
– 4599 m deep), middle plagioclase-rich diabasic basalt (4599 – 4451 m deep) and upper
plagioclase-poor basalt (> 4451 m depth).
Shinkai dive 1235 was performed along the eastern flank of rift 3, ~ 26 km from the trench axis
(Fig. S1.2 and S1.7). 617 m of talus slope exhibiting fragments of basaltic lava flows, finegrained gabbros and diabases were observed. Boulders become well-sorted to form landslide
tongues. All the talus slopes and outcrops observed in those 3 dives were partially covered by
volcaniclastic sediment. 25 samples were collected during Shinkai dive 1235.
Shinkai dive 973 (~ 36 km from the trench) is the easternmost dive in the region of interest. This
dive recovered peridotite and has been described by Michibayashi et al. (2009). This dive
occurred near the W. Santa Rosa Bank fault (Fig. 1B) and traversed slope covered by angular
peridotites fragments and thin sediments. Upslope, sediments are less abundant and partially
cover outcrops of debris flow (from 6329 m to 6006 m deep) with peridotite fragments (Fig. S1.4
and S1.8). Sub-vertical, faulted and tilted outcrop of grayish, altered peridotites occur nears the
top of dive. Dive 973 recovered altered and deformed peridotites, named SEMFR peridotites. We
suggest that peridotites were deformed, exhumed, and later fragmented to form steep talus slopes
at the base of faulted outcrops.
Shoaler parts of SEMFR were investigated using YKDT with mini-dredge. YKDT-85 and
YKDT-86 were performed on the prominent N-S ridge to the east of rift 3 (Fig. 1C). YKDT-85
was on the summit of the ridge; while YKDT-86 was along the west-facing slope to the top of the
ridge. Seafloor videos of YKDT-85 and YKDT-86 show steep escarpments dominated by
prismatic lava flows (Fig. S1.3, S1.9 and S1.10). The bottom was covered by decimeter-scale,
subangular to subrounded fragments of lava flows. During YKDT-85, the size of talus fragments
increased upslope, consistent with proximity to outcrops of lava flows interbedded with
volcaniclastics, also observed in YKDT-86 (Fig. S1.10). The top of the ridge studied during
YKDT85 and YKDT-86 is composed of basaltic cobbles with glassy rinds. We only sampled
basaltic cobbles from the top of the ridge during both mini-dredges.

Fig. S1.9: Interpreted bathymetric profile of the summit of ridge on the eastern side of rift 3 traversed
during YKDT-85 with the deep-tow camera. The dive is located in the central part of SEMFR. Locations
of the bottom pictures are reported in red on the bathymetric profile. The star represents the beginning of
the dredge. The size of talus fragments increased upslope, consistent with proximity to outcrops of lava
flows interbedded with volcaniclastics. The top of the ridge is covered of basaltic cobbles. Note that the
outcrops are well-preserved and faulted. Profile has been realized on-board by F. Martinez with GMT
(Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel & Smith, 1995a, Wessel & Smith, 1998) by
using sonar Multibeam data from YK10-12.

Fig. S1.10: Interpreted bathymetric profile of the eastern flank of ridge of rift 3 (central part of SEMFR)
traversed during YKDT-86. Locations of the bottom pictures are reported in red on the bathymetric
profile. The star represents the beginning of sampling with the dredge. The bottom was covered by lava
fragments. Outcrops of lava flows alternating with volcaniclastics were mostly observed during the dive.
The top of the dive was covered of basaltic cobbles. It is difficult to discriminate whether the lava flows
alternate with the volcaniclastics or if only large pieces of lava fragments are mixed within the
volcaniclastics. Profile has been realized on-board by F. Martinez with GMT (Smith & Wessel, 1990,
Wessel & Smith, 1995b, Wessel & Smith, 1995a, Wessel & Smith, 1998) by using sonar Multibeam data
YK10-12.

The northwestern, shoalest part of SEMFR near the BAB spreading center was studied during
YKDT-82, YKDT-87 and YKDT-88 (~ 70 km from the trench axis). YKDT-87 examined the
axial valley of rift 3 (Fig. 1B). There was relatively subdued relief for this dive, in comparison to
the steep outcrops observed closer to the trench. YKDT-87 is mostly composed of fractured and
well-preserved pillow lavas with a thin sediment cover (Fig. S1.3 and S1.12). YKDT-82 was
performed on the summit of a ridge between rifts 2 and 3 (Fig. 1B). Video examination showed
that the ridge is composed of fractured pillow lavas alternating with lava flow outcrops (Fig. S1.2
and S1.12). No samples were recovered during YKDT-87 and YKDT-82. YKDT-88 is the closest
site to the extinct arc (Fig. 1B). The deep-tow camera traversed the eastern flank of rift 2 (Fig.
S1.3 and S1.13). The traverse encountered seafloor with subdued relief covered by pillow lava
fragments. The summit of the ridge revealed outcrops of fractured pillow lavas. These lavas have
large phenocrysts of olivine and pyroxene not observed elsewhere. As the whole, the northern
part of SEMFR is smoother with better preserved outcrops.

Fig. S1.11: Interpreted bathymetric profile of YKDT-82 (near the extinct arc), performed on the summit
of a ridge between rifts 2 and 3. The ridge is composed of fractured pillow lavas alternating with lava
flows. The relief is much smoother than it is near the trench. Locations of the bottom pictures are reported
in red on the bathymetric profile. The star represents the beginning of the dredge. Profile has been
realized on-board by F. Martinez with GMT (Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel &
Smith, 1995a, Wessel & Smith, 1998) by using sonar Multibeam data from YK10-12.

Fig. S1.12: Interpreted bathymetric profile of the axial valley of rift 3 traversed during YKDT-87 (near
the extinct arc). YKDT-87 is mostly composed of fractured and well-preserved pillow lavas with a thin
sediment cover. The relief is relatively smooth, in comparison with the steep flanks observed near the
trench. Locations of the bottom pictures are reported in red on the bathymetric profile. The star
represents the beginning of the dredge. Profile has been realized on-board by F. Martinez with GMT
(Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel & Smith, 1995a, Wessel & Smith, 1998) by
using sonar Multibeam data YK10-12.

Fig. S1.13: Interpreted bathymetric profile of the eastern flank of ridge of rift 2 performed during YKDT88, near the extinct arc. Seafloor has subdued relief covered by pillow lava fragments. The summit of the
ridge revealed outcrops of fractured pillow lavas. Locations of the bottom pictures are reported in red on
the bathymetric profile. The star represents the beginning of the dredge. Profile has been realized onboard by F. Martinez with GMT (Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel & Smith,
1995a, Wessel & Smith, 1998) by using sonar Multibeam data from YK10-12.

Fig. S1.14: Interpreted bathymetric profile of Toto caldera performed during Kaiko dive 163. The bottom
of the caldera was covered by basaltic cobbles, hyaloclastite and volcaniclastic sediment. The caldera wall
is mostly composed of vesicular basaltic clasts with a whitish coating. The Nakayama hydrothermal site,
at 2931 m depth, is associated with abundant fauna. A crater with volcaniclastic outcrop, breccia and white
hydrothermal plumes were observed near the end of the dive. Locations of the bottom pictures are reported
in red on the bathymetric profile. Profile has been realized under ArcGIS. Locations of the analyzed samples
for major elements are in blue.

Fig. S1.15: Interpreted bathymetric profile along the Malaguana-Gadao Ridge performed during Kaiko dive 164, near the 13oN magmatic chamber
(Becker et al., 2010). Seafloor has a smooth and flat relief, covered by fresh, well-preserved pillow lavas alternating with aa and smooth lava lake.
Three hydrothermal sites, with yellow and black chimneys, were observed at 2908 m and 2910 m deep along with fauna. Locations of the bottom
pictures are reported in red on the bathymetric profile. Profile has been realized under ArcGIS. The red boxes with a number on the dive track
(from KR00-03 LEG 2 cruise report) correspond to the location of the bottom pictures in the bathymetric profiles. Locations of the analyzed
samples for major elements are in blue.

S1.2.

Toto caldera and Malaguana-Gadao Ridge:

Kaiko dive 163 traversed the north-facing flank of the Toto caldera. Video examination showed
that the bottom of the Toto caldera (3044 m) was covered by basaltic cobbles, hyaloclastite and
volcaniclastic sediment (Fig. S1.4 and S1.14). The caldera wall is mostly composed of vesicular
basaltic clasts with a whitish coating, perhaps bacteria or sulfur-rich. Few sedimented areas were
observed along the caldera wall. White ‘smoke’ was observed during most of the dive; this is
related to the Nakayama hydrothermal site at 2931 m depth (Gamo et al., 2004). Hydrothermal
vents were associated with shimmering water and abundant fauna (Galatheids, tube worms,
worms, shrimp, and anemones). Near the end of the dive, a crater with volcaniclastic outcrop and
breccia was identified. White hydrothermal plumes escaped from the bottom of the crater. These
observations are consistent with observations of other submarine arc volcanoes in the region,
where fresh pillowed and sheeted lavas with venting sites and abundant fauna were identified
(Kakegawa et al., 2008). Detailed study about the hydrothermal fluid from the vents is reported in
Gamo et al. (2004).
Kaiko dive 164 investigated the ridge crest of the Malaguana-Gadao Ridge near 13oN. The
submersible mostly encountered fresh, well-preserved pillow lavas alternating with aa and
smooth lava lake (Fig. S1.15). Pillow lavas of the Malaguana-Gadao Ridge were also reported by
Becker et al. (2010). The seafloor here is smooth and flat. Lava stratification and lava pillars were
locally identified, suggesting collapse of a lava lake. Few fish, anemone and sponge were
observed with white hydrothermal plumes as hydrothermal vent chimneys were approached.
Three hydrothermal sites, with yellow and black chimneys, were observed at 2908 m and 2910 m
deep.

Supporting Info S2.
S2.1.

Sample selection and analytical techniques

Sample selection:

28 samples (3 sediments and 25 pillow lavas) were collected during cruise YK08-08 LEG 2
(Shinkai dive 1096) in 2008, and 112 igneous rocks were collected during cruise YK10-12
(Shinkai dives 1230, 1235 and YKDT-88, 85, 86) in 2010 (Fig. S1.1, S1.14, S1.15). 12
peridotites were also collected in SEMFR during cruise YK06-12 (Shinkai dive 973) and
described in Michibayashi et al. (2009). Only igneous samples were selected for further study. 73
were selected onboard based on representativeness and freshness. 71 thin sections were
examined. Samples were then selected on a basis of freshness (≤ 2 % visibly altered phases),
stratigraphic position and presence of glass. Where all the samples from the same dive had more
than 2% alteration (e.g. Shinkai Dive 1235 gabbros), we selected the least altered for geochemical
analyses. Glassy rinds were observed under the microscope and selected, based on size. When
several geological units were observed in a single dive, we selected between 2 to 4 samples for
analyses. 50-micron-thick doubly polished thick sections were prepared for 13 samples for
electron microprobe work. 42 samples were selected for whole rock major element analyses.
Four samples were also analyzed for 40Ar/39Ar ages. In addition to samples collected by Shinkai

6500 and YKDT, 9 samples from cruise KR00-03 LEG 2 (Kaiko dives 163 and 164) were also
studied. The 9 samples were examined petrographically and 5 were analyzed for major element
compositions. 1 sample from Kaiko dive 164 and 2 samples from Kaiko dive 163 were selected
for microprobe analyses.
S2.2.

Rock analyses:

Fig. S2.1: Location of the analyzed samples (in blue), for major elements during this study, on the
bathymetric profiles of the Shinkai dives 1096, 1230 and 1235. Profiles have been realized by F. Martinez
with GMT (Smith & Wessel, 1990, Wessel & Smith, 1995b, Wessel & Smith, 1995a, Wessel & Smith,
1998) by using sonar multibeam data from YK10-12. Analyzed sample numbers are reported in blue.

Analytical work for major elements for dive 1096 (YK08-08 LEG 2 cruise) was completed for 15
pillow lavas at Geological Survey of Japan / AIST, following techniques described in Ishizuka et
al. (2009). Glass beads were prepared by fusing 0.5 mg of sample powder with lithium
tetraborate flux and analyzed by X-ray fluorescence (XRF) using a Philips PW1404 spectrometer
for whole rock major element analyses. Standards (JB1A, JB2, BHVO2, BCR2) were made with
the same procedure and analyzed daily. External errors and accuracy are < 2%. Standards JB2,
JB3, BHVO2 were analyzed daily.
27 samples from the YK10-12 cruise and 5 samples from KR00-03 LEG 2 cruise were prepared
at the University of Rhode Island following the method of Kelley et al. (2003). Samples were
polished with sand paper to remove saw marks, sonicated with deionized water to remove
sediment, and dried before crushing with a ceramic jaw crusher. Fresh sample chips containing
few phenocrysts were picked to remove alteration, and powdered with high-purity alumina ball
mill. Samples were ignited into high-purity alumina crucibles at ~ 100oC in a furnace for ~ 1h and
at 950oC for 45 min to remove the bounded water. 400 ± 5 mg of lithium metaborate (LiBO4) flux
with 100 ± 5 mg of ignited sample powder were heated at 1050oC for 10 min, forming glass
beads dissolved in 50 mL 5% HNO3, and then in 212 mL 5% HNO3. Sample is diluted 4040 times
in 5% HNO3. Standards (W2, BIR1, BHVO1, DNC1, JB3) and one blank were prepared
following the same procedures as the samples. W2 was used as the drift corrector. One set of 10
unknowns, 4 USGS standards, one drift corrector and one blank were analyzed with the Ultima-C
Jobin Yvon Horiba ICP-AES at Boston University, set up following the conditions described in
(Kelley et al., 2003). The blank was analyzed at the beginning and the end of each sample set.
The drift corrector was analyzed every 3 to 4 samples. Calibration curves yield r ≥ 0.999,
averaged reproducibility of replicate analyses are < 2% rsd for each element but for P2O5 and
K2O (≤ 3% rsd), and major element oxide sum to 99 ± 1 wt%. Replicates of samples analyzed by
ICP-AES and XRF yield averaged reproducibility < 4% rsd for each element.
S2.3.

Mineral analyses:

Major element content were analyzed on a Cameca SX-50 electron microprobe at the University
of Texas at El Paso using a 15 kV accelerating voltage with a 20 nA beam intensity and a 5
micron diameter beam. Analyses were performed by using the operating software SX50, recently
upgraded to SX RAY N50 on Solaris 2. This software operates nearly like a SX100. Calibrations
were performed every day using the Smithsonian standards. Standards were analyzed every day
to monitor accuracy and precision. Mineral analyses with major oxides summing to 100 ± 1.5
wt% were preserved. However, when few analyses were present, we accepted a sum that ranged
within 98 wt% to 101.99 wt%. Repeated analyses of a sample give a mean value with 1  ≤ 1%.
However, when mean had 1 > 2%, the analysis was not averaged. In that case, we considered
that the compositional variation of the grain was real and not related to the technique. Means of
the standards give a precision ≤ 1 wt%.

S2.4.

40

Ar – 39Ar method :

Ages of 4 pillow lavas (1096-R2, 1096-R16, 1230-R2, and YKDT88-R2) were measured at the
40
Ar/39Ar dating facility at the Geological Survey of Japan/AIST, using step-heating procedure
(Fig. S1.1). Argon isotopes were measured on a VG Isotech VG3600 noble gas mass
spectrometer fitted with a BALZERS electron multiplier. Details of procedures are reported in
Ishizuka et al. (2009). Sample irradiation was done at the JMTR, JRR3 and JRR4 reactors
(Ishizuka, 1998). Fast neutron fluxes in these reactors were about 6.7×1012 n/cm2 s, 1.4–1.7×1012
n/cm2 s and 5.9×1012 n/cm2 s, respectively. Sanidine from the Fish Canyon Tuff (FC3) was used
for the flux monitor and assigned an age of 27.5 Ma (Lanphere & Baadsgaard, 2001).
A continuous Ar ion laser (Coherent INNOVA310: for analysis No. U05xxx and U06xxx) and
CO2 laser (NEWWAVE MIR10-30: for analysis No. U07xxx and U08xxx) were used for sample
heating. Correction for interfering isotopes was achieved by analyses of CaFeSi2O6 and KFeSiO4
glasses irradiated with the samples. The blank of the system including the mass spectrometer and
the extraction line was 7.5×10−14 ml STP for 36Ar, 2.5×10−13 ml STP for 37Ar, 2.5×10−13 ml STP
for 38Ar, 1.0×10−12 ml STP for 39Ar and 2.5×10−12 ml STP for 40Ar. The blank analysis was done
every 2 or 3 step analyses.
All errors for 40Ar/39Ar results are reported at one standard deviation. Errors for ages include
analytical uncertainties for Ar isotope analysis, correction for interfering isotopes and J value
estimation. An error of 0.5% was assigned to J values as a pooled estimate during the course of
this study. Plateau ages were calculated as weighted means of ages of plateau-forming steps (Fig.
6), where each age was weighted by the inverse of its variance. Age plateaus were determined
following the definition by Fleck et al. (1977). Inverse isochrons were calculated using York's
least-squares fit, which accommodates errors in both ratios and correlations of errors (York,
1969).

Supporting Info S3.

Methodology for describing the samples

This section of the manuscript documents the method used to describe the sampled rocks, based
on the petrographic atlas of MacKenzie et al. (1982), the experiments of Lofgren (1974) and the
methodology of Teagle et al. (2006). Volcanic and plutonic rocks were characterized and named
based on their mineral abundances and grain size. Rock names were refined with chemical
analyzes. Mineral and vesicle abundances were microscopically estimated using Photoshop
(Teagle et al., 2006). Grain size was measured under a microscope and by taking pictures of thin
sections. Rocks were defined as follow: coarse grained (cg: 5 – 30 mm), medium grained (mg: 1
– 5 mm), fine grained (fg: 0.5 – 1 mm), microcrystalline (mx: 0.1 – 0.5 mm), cryptocrystalline
(cx < 0.1 mm), to keep petrographic consistency observed between the series of each dive. Rocks
were classified according to their vesicle proportions as: not vesicular (< 1% vesicles), sparsely
vesicular (1 – 5%), moderately vesicular (5 – 20% vesicles) and highly vesicular (> 20%
vesicles). Igneous rocks are also classified according to their degree of crystallinity as
holohyaline (100% glass), hypocrystalline (glass and minerals) and holocrystalline (100%

minerals), and according to their degree of alteration as fresh (<2% alteration minerals), slightly
altered (2 – 5 %), moderately altered (5 – 20%), highly altered (> 20%).
In the next paragraph we define the vocabulary that we used in this manuscript to describe the
samples, because different definitions, sometimes contradictory, are available. The purpose here
is not to redefine igneous textures but to describe samples consistently. Crystal shapes are
described as euhedral (the characteristic crystal shape is clear), subhedral (crystal has some of its
characteristic faces) and anhedral (crystal lacks characteristic faces). To describe the interstitial
material between feldspar laths, we used the terms: intersertal texture, where glass or alteration
material occupies the interstices, and intergranular texture, where olivine and / or pyroxenes are
between the plagioclase laths. We also used the terms ophitic (olivine or pyroxene partially
enclose plagioclase), subophitic (plagioclase partially enclose olivine or pyroxene) and poikilitic
(larger crystals totally enclose smaller crystals) to describe larger crystals that enclose smaller
grains. Magmatic flow textures are described as trachytic when plagioclase laths are subparallel.
Subtrachytic texture is a poorly-defined subparallel arrangement of plagioclase. Dykes (≥ 5cm)
and veins (< 5 cm) define any features that crosscut the rock. Sieve texture refers to minerals
which contains glass and crystal in a channelway-like arrangement due to resorption or rapid
cooling. Some crystals show kink banding (lattice dislocation due to solid-state deformation) in
their core with possible mineral dislocation (crystal defect or irregularity in the crystal) and
mineral recrystallization in smaller, polygonal and equigranular grains. Xenocryst refers to a
larger foreign crystal included in the host rock.
S3.1.

Volcanic rocks:

Igneous rocks are classified as volcanic rocks when they are holohyaline, hypocrystalline or
mineral abundances < 100%. Rocks were further classified by abundances of primary
phenocrysts. The least abundant minerals are used to name the rock. For example, basalt with
30% plagioclase, 5% olivine, 10% clinopyroxene and 2% orthopyroxene is named orthopyroxene
– olivine basalt. Basalts are mafic hypocrystalline rocks with matrix grain sizes ranging from
cryptocrystalline to fine-grained. Pillow lavas are dark, basaltic rocks with a curved glassy rind.
Diabasic texture refers to rocks sparsely to highly vesicular with mineral abundances ≥ 50%.
Diabases are not porphyritic.
In holohyaline and hypocrystalline rocks, glass was described as fresh (translucent to amber in
transmitted polarized light and isotropic in cross-polarized light), dark (due to abundant
microlites), spherulitic (glass with microlites forming spheroidal bodies), variolitic (glass with
microlites with a fan-like arrangement), and altered. Porphyritic or microporphyritic texture
refers to phenocrysts or microphenocrysts surrounded by groundmass of smaller crystals
(microlites) and glass. In microporphyritic rocks, we use the term of microphenocrysts (0.1 - 1
mm) instead of phenocrysts (≥ 1mm), while microlites are < 0.1 mm (Lofgren, 1974). In
volcanic rocks, crystals can be described as skeletal (crystal showing a high proportion of voids
filled with glass or groundmass), dendritic (needle-like crystals) or embayed (holes in crystals
filled with glass or groundmass). These textures suggest that crystals grew during rapid cooling
or quenching, or were resorbed due to interaction with surrounding melt. Skeletal and dendritic
crystals are common in pillow lavas. Glomeroporphyritic texture refers to clusters of phenocrysts,
generally stripped off the magmatic conduits. Some volcanic rocks show a dark, microcrystalline

material with spherulitic microlites of plagioclase and are rich in vesicles, called segregation
vesicles, which represent solidified residual melt that migrated into vesicles (Smith, 1969). Felty
texture refers to phenocrysts or microlites that have random orientation. Diktytaxitic texture is
used for rocks that contain vesicles in which phenocrysts, especially plagioclase, protrude.
S3.2.

Plutonic rocks:

Plutonic rocks are holocrystalline (100% crystals). To describe the general crystal shape in the
rock, we use the terms equigranular (principal minerals have the same range in size) and
inequigranular (the principal minerals have different grain size). Subequigranular refers to
intermediate texture between equigranular and inequigranular. Minerals usually develop
intersertal and intergranular textures that go along with ophitic and subophitic textures. Minerals
can also be embayed, as in volcanic rocks. We use the term dolerite for fine- to medium-grained,
sparsely to non vesicular mafic intrusive rock. This term is the U.S. equivalent of diabase, used in
Europe and in Japan. Doleritic texture is used for mafic rocks with texture intermediate between
intergranular and ophitic (Cordier et al., 2005, Teagle et al., 2006). Similarly, granular texture is
used for mafic rocks with texture intermediate between ophitic and equigranular. Seriate texture
refers to crystals with random orientation.
Gabbros are classified based on their modal mineralogy after Teagle et al. (2006) and Le Maitre
et al. (1989), as follows: olivine- or orthopyroxene-bearing gabbro (1-5 % olivine or
orthopyroxene), olivine gabbro (> 5% olivine), gabbronorite (> 5% orthopyroxene), troctolitic
gabbro (5 - 15% olivine), ferrogabbro (> 5% Fe-Ti oxides). In some gabbros, secondary green
amphibole and chlorite replace pyroxene due to low grade metamorphism. When the amphibole
proportions are > 20%, we use the term amphibolite gabbro.

Supporting Info S4.
samples

Petrographic description and mineralogy of the

SEMFR is floored overwhelmingly by relatively fresh mafic lavas and shallow intrusives, often
from talus derived from steep fractured outcrops. The SEMFR mafic suite comprises mostly
aphyric and sparsely phyric basalts and basaltic andesites. These are pillows or massive flows,
with thin glassy rims and negligible alteration.
S4.1.

Lavas and plutonic rocks from SEMFR:

SEMFR pillow lavas and talus fragments have a thin (≤ 1 mm) Mn coat. All lavas are composed
of microphenocrysts of skeletal olivine, dendritic plagioclase and euhedral to subhedral
clinopyroxene (Fig. 3A). Lava can be felty, diktytaxitic, intergranular and / or intersertal with
subtrachytic texture and some segregation veins. Samples are vesicular despite being collected at
~ 6000 – 3000 m, indicating that these magmas contained significant volatiles. Discrete
glomerocrysts consisting of olivine, clinopyroxene and plagioclase are set in a microlitic
groundmass composed of the same mineral assemblages and interstitial dark brown devitrified

glass. Discrete microphenocrysts of plagioclase with variolitic to spherulitic texture are observed.
Embayment, ophitic, subophitic and poikilitic textures with small plagioclase needle rim are
observed in olivine and clinopyroxene, especially in pillowed lavas of Shinkai dive 1096. These
textures indicate that the melt was in disequilibrium with the phenocrysts during magma
crystallization. Discrete plagioclase needles in the groundmass show variolitic to spherulitic
textures. Pillow lavas generally show a thin glassy rim (1 – 11 mm), composed of translucent to
dark brown glass with microcrystallites, testifying to quenching during submarine eruption.
Pillow lavas are fresh to slightly altered and sparsely to moderately vesicular. They are finegrained to microcrystalline microporphyritic olivine – clinopyroxene basalt. Mineral abundances
vary between series, and generally range within 1 – 20 % clinopyroxene, ≤ 5 – 10 % olivine and 5
– 40% plagioclase. Petrographic series were identified in some dives, based on texture and
mineral proportions. Shinkai dive 1096 is divided into an olivine-rich (1 – 4 % olivine) upper
series and an olivine-poor (≤ 2 % olivine) lower series (Fig. S1.4). Shinkai dive 1230 is
composed of three petrographic series (Fig. S1.5): a pillowed, plagioclase-poor upper series (5 –
20 % plagioclase) and a pillowed, plagioclase-rich lower series (5 – 40 % plagioclase) that are
separated by a diabasic, plagioclase-rich middle series (40 – 75% plagioclase). YKDT-85 and 86
collected centimeter-scale cobbles (Fig. S1.8 and S3.9) of fine-grained microporphyritic to
diktytaxitic olivine - clinopyroxene basalt with millimeter-scale glassy rind. The basaltic clasts
exhibit similar petrographic features to SEMFR pillow lavas. In contrast, YKDT-88 pillowed
lavas contain larger crystals (≥ 0.5 mm) of clinopyroxene and olivine set in a finely
microcrystalline (< 0.5 mm) olivine-rich (5 – 10%) groundmass. Olivine-rich lavas like those of
YKDT-88 were not sampled elsewhere in the SEMFR. Shinkai dive 1235 igneous rocks are
mostly talus fragments of non vesicular basalts, diabase and fine-grained gabbros. Lava flows are
composed of cryptocrystalline basalt, microcrystallized olivine basalt hosting a xenolith of finegrained diabase (Fig. 3B), and cryptocrystalline microporphyritic plagioclase basalt with a
centimeter-scale xenolith of altered, fine-grained amphibole gabbro (Fig. 3B & D). Fine-grained
gabbro and diabase contain 22 – 35 % clinopyroxene, 50 – 60 % plagioclase, 1 - 5% Fe-Ti
oxides, 5 – 15% chlorite and < 1 – 2% actinolite, indicating metamorphism to lower greenschist
facies.
Microphenocrysts and phenocrysts were analyzed using the electron microprobe at UT El Paso to
get representative analyses of mineral compositions in each dive. Complete analytical results for
representative mineral composition are listed in Tables S4.1 to S4.4 and summarized in Table 3.
SEMFR basalts exhibit similar compositional ranges for plagioclase, olivine and clinopyroxene.
Near-primitive (Mg# > 60), olivine-rich SEMFR lavas (Shinkai dive 1096, upper series and
YKDT-88) contain Mg-rich olivines (Fo86-88) in equilibrium with Mg-rich clinopyroxene (Mg# =
83 – 91) and anorthitic plagioclase (An ≥ 80). In contrast, the more fractionated lavas have Ferich olivine (Fo75-84) coexisting with Mg-poor (Mg# < 80) and Mg-rich clinopyroxenes (Mg# ≥
80), and Ca-rich (An ≥ 80) and Ca-poor plagioclase (An < 80). Fine-grained gabbros and diabase
from Shinkai Dive 1235 have Mg-rich clinopyroxenes coexisting with more albitic plagioclases
(An ≤ 70). The microcrystallized olivine basalt with diabase xenolith (sample 1235-R12, Fig. 3B)
contain Mg-rich olivine (Fo89), Mg-rich clinopyroxene, and normally zoned Ca-rich plagioclase
(≥ 0.1 mm) in the coarser diabase (Fig. S4.1). In contrast, the basaltic host is more fractionated,
with Fe-rich olivine (Fo85-86) and Mg-rich clinopyroxene microphenocrysts (≥ 0.1 mm); whereas
clinopyroxene in the groundmass (< 0.1 mm) are Mg-poor and coexist with Ca-poor plagioclase
microlites. Clinopyroxenes in the diabase exhibit oscillatory and reverse zoning. Shinkai Dive

1230 (middle series) contains larger (> 1 mm), zoned plagioclase (core of An91-92, sieve-textured
mantle of An81-88 and rim of An83-87; Fig. 3E), which composition contrasts with that of smaller,
less anorthitic plagioclases (≤ 0.2 mm, An72-77) in equilibrium with the melt. The xenocrystic
plagioclase is surrounded by larger Mg-rich clinopyroxenes (> 0.2 mm, Mg# = 86 – 88). Its Anrich core has arc-like composition (Fig. 8; (Stern, 2010)) that perhaps reflects arc-like hydrous
mantle melting.
In summary, SEMFR lavas can be subdivided into pillow basalts and basalt flows. Pillow lavas
are vesicular with microporphyritic textures and a quenched, microcrystalite-rich glassy rind
(fresh, translucent to dark brown glass), indicating they erupted underwater at near-liquidus
conditions. In contrast, basalt flows are more crystallized and less vesicular. Two kinds of
plagioclase (An ≥ 80 and An < 80) and clinopyroxene (endiopside – diopside with Mg # > 80 and
augite with Mg# < 80) are common. The more fractionated samples from Shinkai Dives 1230 and
YKDT-86 contain both compositions of plagioclase and clinopyroxene in individual grains,
which may have reverse, normal or oscillatory zoning. Reverse and oscillatory zonings are only
observed in plagioclase with a core of An < 80, and these suggest magma replenishment perhaps
in a magmatic reservoir. Shinkai dive 1235 lavas exhibit similar ranges in compositions of
olivine, clinopyroxene and in the more anorthitic plagioclase (An > 60) to other SEMFR lavas.
However, Shinkai dive 1235 lavas also contain albitic plagioclase (An < 50) possibly related to
hydrothermal alteration.
Olivine xenocrysts (≥ 0.5 mm) enclosing chromium spinel are common in the upper series of
Shinkai dive 1096 and in YKDT-88 (Fig. 5C, D). Olivine xenocrysts of the Shinkai dive 1096
exhibit Fo92 in their cores and Fo87- 92 in their rims. They host chromium spinel with Cr# (= 100 x
Cr / (Cr +Al)) = 50 – 73. Mantle xenocrysts of YKDT-88 have lower Fo content (Fo89-91 core and
Fo89-90 rim) in equilibrium with lower chromium content in the spinel (Cr# = 47 – 56). This large
compositional range in Cr# is observed in single spinel grain of Shinkai Dive 1096 and YKDT88. The olivine – spinel assemblage of the olivine xenocrysts plots in the mantle array of Arai
(1994) and are similar to those of the SE Mariana forearc mantle peridotite (Cr# > 50 and Fo90-92,
(Ohara & Ishii, 1998)), consistent with the interpretation that they are forearc-like mantle
xenocrysts (Fig. 5C). In contrast, the SEMFR mantle peridotite (Shinkai dive 973; (Michibayashi
et al., 2009)) exhibits lower spinel Cr# and Fo contents (Cr# < 50, Fo90-91). Only one assemblage
olivine – spinel of Shinkai dive 1096 and the assemblage of YKDT-88 (Cr# ~ 50) have mean
spinel compositions that are intermediate between the S.E. Mariana forearc mantle and the BABlike SEMFR mantle.
Fig. S4.1: SEMFR mineral compositions. A) Clinopyroxene, B) plagioclase and C) olivine. Red squares
are mean chemical composition of mineral cores with error bar of 1 standard deviation (see Table 2 for
details). Filled dark blue symbols denote mineral cores, empty light blue symbols denote rims, light blue
symbols with a dark blue contour are mantle of zoned minerals, light blue symbols are sieve textured (s. t.)
mantle of zoned minerals and black crosses represent the groundmass. For YKDT-88, filled pink circles
denote cores, empty pink circles denote rims, blue squares are mean composition with error bars. Stars
denote xenocrysts. For Shinkai Dive 1235 microgabbro and diabase, filled yellow crosses denote cores,
empty orange crosses denote rims. For Shinkai dive 1235 diabasic basalt, arrows indicate compositions of
coarser diabasic xenolith and microcrystallized (mx) basaltic host. Black triangles represent samples from
Toto caldera; grey triangles denote samples from the Malaguana-Gadao Ridge (MGR). Filled triangles
denotes core and empty triangles denote rim. See text for details.

S4.2.

Lavas from the Toto caldera and the S. Mariana backarc spreading center:

Lavas from Toto caldera (Kaiko dive 163) are fresh, vesicular, fine-grained to cryptocrystalline,
microporphyritic basaltic andesites (≤ 1% microphenocrysts). They contain sulfides in vesicles
and smell strongly of sulfur, consistent with their proximity to hydrothermal vents. Two
petrographic suites were identified: olivine-poor, lower series and olivine-rich, upper series. The
lower series, sampled near the bottom of the dive, is characterized by cryptocrystalline
groundmass, Mg-poor clinopyroxene, and < 1% microphenocrysts of An-rich plagioclase with
oscillatory zoning. In contrast, the diktytaxitic and porphyritic upper series, sampled near the
hydrothermal vents, has microphenocrysts of < 1% skeletal olivine (Fo80), ≤ 1% Mg-rich
clinopyroxene and ≤ 1% normally zoned, An-poor plagioclase. The groundmass has less
anorthitic plagioclase and Mg-poor clinopyroxenes. Pillow lavas from the Malaguana-Gadao
Ridge (Kaiko dive 164) are fresh, cryptocrystalline microporphyritic plagioclase basalts (< 1 %
plagioclase) with translucent glassy rinds. Lavas are mostly composed of Ca-poor plagioclase
microlites (An50-54); while rare An-rich plagioclase (An86) and Mg-rich clinopyroxene
glomerocrysts (~ 0.5 mm) are observed in some sections (e.g. 164-3R); while the plagioclase
microlites in the groundmass are An-poor (An50-54). The mineral composition of Toto caldera
lavas and MGR lavas are within the compositional range of SEMFR lavas, although they lack
olivine (Fig. S4.1). Occurrence of two mineral compositional groups in both Toto and MGR
lavas, without significant compositional overlap, strongly suggests magma mixing. Also, the
microphenocrysts / glomerocrysts have more Mg-rich clinopyroxenes and more An-rich
plagioclases than the microlites, suggesting that they were picked up from a more mafic melt.

Supporting Info S5.
rock chemistry

Correlation between mineral abundances and whole

Abundances in minerals are correlated with whole rock composition.

Fig. S5.1: Plot showing the correlation between mineral abundances and whole rock composition. A) The
olivine proportions are positively correlated to the whole-rock Mg#. B) The more primitive lavas are
richer in Mg-rich olivines. C) Abundances in clinopyroxene increase Mg#, consistent with the more
primitive lavas are richer in Mg-rich clinopyroxene (D).

Abundances in clinopyroxene generally increase with CaO and Mg# contents (Fig. S5.1C) and
decrease with SiO2 and Al2O3 contents, suggesting that the more primitive lavas are more
enriched in Mg-rich (and Ca-rich) clinopyroxenes; while fractionated lavas exhibit lower
proportions of clinopyroxenes. Inverse correlations of plagioclase abundances with increasing
CaO and MgO contents suggest that the more anorthitic plagioclase mainly occurs in the
primitive lavas, generally less enriched in plagioclase. The olivine proportions are positively
correlated to the whole-rock Mg# content (Fig. S5.1A) and inversely correlated to the FeO
content, reflecting that the more primitive lavas have larger abundances in Mg-rich olivines.
These geochemical observations, made within the error range of mineral proportion estimations
(± 5%), are consistent with the mineralogical observations outlined in section 5.1 in text.

Supporting Info S6. Effects of the variations of the Fo content on the P-T
conditions of SEMFR mantle melting
Assumptions (e.g. Fo content of the mantle source and the water content of the lavas) were made
to get the P-T conditions of mantle melting. Varying the mantle source from Fo89 (more enriched
mantle) to Fo92 (more depleted mantle) does not strongly affect the result. In contrast, varying
water content from 0 to 6 wt% decreases T and increases P (Fig. 8B) of mantle melting.
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