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FIGURE CAPTIONS

Figure 1:  Generalized locality map for the Izu-Bonin-Mariana Arc system. Dashed line

labeled STL = Sofugan Tectonic Line.  Traverse shown in Fig. 2 follows the magmatic arc

from Japan through the Izu, Bonin, and Mariana magmatic arcs.  Locations of profiles

shown in Fig. 4 are shown and labeled 4A, 4B, and 4C. Location of cross-chains is shown,

with Zenisu (Z) at the far north,  Kan’ei (K) and Genroku (G) farther south in the Izu arc,

and Kasuga (Ka) in the Marianas.

Figure 2:  Along-strike profiles of the IBM Arc System, from Japan (left) to Guam (right).

The thick solid line shows the bathymetry and topography along the volcanic axis of the

active arc, with the thin dashed horizontal line marking sealevel.  The approximate locations

of the principal island groups (Izu, Bonin-Volcano, and Mariana) are shown. Submarine

volcanoes (and the Sofugan Tectonic Line, STL) are given as italicized abbreviations: Ku,

Kurose;Ms, Myojin-sho; Do, Doyo; Kk, Kaikata; Kt, Kaitoku;F, Fukutoku-oka-no-ba; HC,

Hiyoshi Volcanic Complex, Nk, Nikko; Fj, Fukujin, Ch, Chamorro, D, Diamante; R, Ruby,

E, Esmeralda; T; Tracy. Subaerial volcanoes are given as normal abbreviations: O, Oshima;

My, Miyakejima; Mi, Mikurajima; H, Hachijojima; A, Aogashima; Su, Sumisujima, T,

Torishima; Sg, Sofugan; N, Nishinoshima; KIJ, Kita Iwo Jima; IJ, Iwo Jima; MIJ, Minami

Iwo Jima; U, Uracas; M, Maug; As, Asuncion; Ag, Agrigan; P, Pagan; Al, Alamagan; G;

Guguan; S, Sarigan; An, Anatahan.  Locations of important zones of intra-arc and back-arc

extension in the north (Bonin Arc Rifted Zone) and south (Mariana Trough Back-Arc

Basin) are marked.  The thick dashed line shows the maximum depth in the trench along its

strike.  Frontal arc elements are not shown, but consist of the Bonin or Ogasawara Islands

between 26° and 28°N and the Mariana frontal arc islands between 13° and 16°N.

Figure 3  Simplified geologic and magnetic map of the western Pacific, modified after

Nakanishi et al. [1992].   Relative motion of the Pacific Plate with respect to the Philippine

Sea Plate is shown with arrows, numbers correspond to velocities (mm/year), after Seno et

al. [1993].

Figure 4 Greatly simplified cross sections along the IBM arc system, showing variations in

morphology and tectonic style from north (Izu) through central (Bonin) and southern

(Mariana) segments.  Locations are shown in Fig. 1.  Sections taken from various reports,

especially Honza and Tamaki [1985], Hussong and Uyeda [1982] Karig [1971b;], and
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Taylor [1992]. T= trench, solid triangle = magmatic arc.  Vertical exaggeration ~ 25x.

Figure 5  Simplified history of the IBM arc system. Shaded areas are magmatically

inactive, cross-hatched areas are magmatically active.

Figure 6  Convergence obliquity and fore-arc extension along the IBM arc, modified after

McCaffrey [1996].  Arc segments Izu, Bonin, and Mariana are shown.  Note that the

northernmost Mariana arc is characterized by nearly strike-slip motion, whereas much of the

Izu-Bonin and southern Mariana Arc is characterized by plate convergence that is almost

orthogonal.

Figure 7  ODP sites 801C and 1149, locations shown on Fig. 3. 801C is thought to be

representative of sediments being subducted beneath the Marianas and 1149 of those going

down beneath Izu-Bonin.  Superimposed on simplified lithological column are K contents

determined using the natural gamma down hole logging tool.  Note that enrichments in K

and other incompatible elements in sediments being subducted beneath the Mariana arc is

largely due to the thick sequence of Albian (Cretaceous) volcaniclastics

http://www-

odp.tamu.edu/publications/185_IR/VOLUME/CHAPTERS/IR185_04.PDF

Figure 8  Chemical composition of sediments being fed into the IBM Subduction Factory.

Composites for sediments outboard of Izu-Bonin (dotted line) and Mariana (solid line) are

after Plank and Langmuir [1998], (A) normalized to abundances in MORB [Hofmann,

1988] and (B) normalized to Global Subducting Sediments (GLOSS; [Plank and

Langmuir, 1998]).

Figure 9  Isotopic composition of sediments and volcanics being fed into the IBM

Subduction Factory. A) O-Sr isotopic systematics for sediments (data from Stern and Ito

[1983], Woodhead and Fraser [1985], and Woodhead [1989]). B) Sr-Nd isotopic

systematics for W. Pacific sediments (data from Lin [1992], Stern and Ito [1983],

andWoodhead [1989] and means calculated for Jurassic seafloor and Jurassic alkali basalt

at ODP 801C [Castillo et al., 1992]; alkalic sill at ODP 800 [Castillo et al., 1992];

Cretaceous off-ridge tholeiites at ODP 802 [Castillo et al., 1994], Nauru Basin (ODP 462;

[Castillo et al., 1991], and the Ontong Java Plateau [Mahoney and K.J., 1991]; Magellan

seamounts (Himu, Hemler, Golden Dragon); Wake seamounts (Wilde, Miami, Lamont, and

Scripps) [Staudigel et al., 1991]; Marshall Islands [Davis et al., 1989]; and Caroline Islands
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[Hart, 1988].  Notice that data for lavas clusters about εNd ~+6 to +8, 87Sr/86Sr ~ 0.7027-

0.7040 except for the Jurassic MORB at 801C and Hemler and Wilde seamounts.

Approximate locations of mantle reservoirs EMI, EMII, and HIMU are also shown.

Sediment samples with 87Sr/86Sr < 0.706 contain a high proportion of volcaniclastic

material.  Location of weighted mean for sediment being subducted beneath IBM [Plank

and Langmuir, 1998] is shown, along with fields for fresh MORB and IBM arc lavas. C)
208Pb/204Pb vs. 206Pb/204Pb for W. Pacific sediments and volcanics, data sources as above.

D) 207Pb/204Pb vs. 206Pb/204Pb. Also shown is the estimated composition of IBM mean

sediment from Plank and Langmuir, [1998] and the Northern Hemisphere Reference Line

(NHRL) after Hart  [1984].  Dashed rectangles in B-D show the areas plotted in Fig. 21.

Figure 10.  Map view of bathymetry and seismicity in the Izu-Bonin-Mariana Subduction

Factory using the earthquake catalog of Engdahl et al. [1998].  Circles denote epicentral

locations; lighter circles represent shallower events, darker circles represent deeper events.

Black lines denote cross-sectional areas depicted in Figure 11.  Large variations in the

seismic structure of the region are evident.

Figure 11.  Cross-sectional views of the IBM system using the earthquake catalog of

Engdahl et al. [1998].  Black circles represent hypocentral locations in volume ~60 km to

each side of the lines shown in Figure 10.  Large variations in slab dip and maximum depth

of seismicity are apparent. Distance along each section is measured from the magmatic arc.

A) Northern Izu-Bonin region.  Slab dip is ~45°; seismicity tapers off from ~175 km to

~300 km but increases around 400 km, and terminates at ~475 km.  B) Central Izu-Bonin

region.  Slab dip is nearly vertical; seismicity tapers off from ~100 km to ~325 km but

increases in rate and extends horizontally around 500 km, and terminates at ~550 km.

C) Southern Izu-Bonin region.  Slab dip is ~50°; seismicity is continuous to ~200 km, but a

very few anomalous events are evident down to ~600 km.  D) Northern Mariana region.

Slab dip is ~60°; seismicity is continuous to ~375 km and terminates at ~400 km, but a very

few anomalous events are evident down to ~600 km.  E) Central Mariana region.  Slab dip

is vertical; seismicity tapers off slightly between ~275 km and ~575 km, but is essentially

continuous.  A pocket of deep events around 600 km exists, as well as 1 deep event at

680 km.  F) Southern Mariana region.  Slab dip is ~55°; seismicity is continuous to

~225 km, with an anomalous event at 375 km.



70

Figure 12.  Cartoon representation of seismic observations in the IBM system.  Black

circles show representative seismicity for each region.  Thick dashed lines show rough

interpretation of tomographic images for each area.   A) Northern IBM (near section A in

Fig. 11).  Slab dip is variable, but averages around 50°.  Tomographic images suggest that

the slab does not penetrate the lower mantle, but extends horizontally to the west.  The

410 km seismic discontinuity (thin line at 410) appears to be locally elevated; the 660 km

seismic discontinuity (thin line at 660) appears to be depressed for an extended distance to

the west.  Seismic anisotropy indicates the presence of fabric in the mantle wedge, as well as

possibly in the overriding plate and subducting slab.  B) Southern IBM (near section E in

Fig. 11).  Slab dip is slightly variable, but generally becomes vertical.  Tomographic images

suggest that the slab penetrates the lower mantle.  Regional variations of upper mantle

discontinuities have not yet been documented, but a locally elevated “410” and a locally

depressed “660” (thin dashed lines) might be expected.  Seismic anisotropy indicates the

presence of fabric in the mantle wedge and subducting slab, as well as possibly in the

overriding plate.

Figure 13  Arc-perpendicular cross-sections aligned along the volcanic front, redrawn

to a uniform vertical exaggeration (x2) and scale, and with uniform velocity shading. “6.2"

and "7.3" identify the 6.6±0.2 km/s middle crustal layer and 7.3±0.1 km/s deepest crustal

layer of the IBM arc.  Neither layer is prominent in the other two models. Redrawn after A:

[Suyehiro et al., 1996]; B: [Lange, 1992]; C: [Holbrook et al., 1999].

Figure 14 Crustal structure of the Mariana Trough. (A) Shows the location of B and C.

(B) Crustal structure beneath the central Mariana Trough is combined from the seismic

refraction results of Bibee et al. [1980] in the east, centered beneath the spreading ridge, and

the results of LaTraille and Hussong [1980] in the west.  Numbers correspond to P-wave

seismic velocities, in km/sec.  The Moho is defined by velocities greater than 8 km/sec,

although the 7.4 km/sec velocity in the east may be anomalously slow mantle, perhaps due

to the presence of partial melt.  (C) Crustal structure beneath the northern Mariana Trough

is based on interpretation of gravity data [Ishihara and Yamazaki, 1991].  Note the rapid

thinning southward to crustal thicknesses corresponding to normal oceanic crust just south

of 22°N.
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Figure 15 The IBM forearc, between 13° and 25°N, shown in gray.  Generalized structural

features and location of serpentine mud volcanoes are taken from Stern and Smoot  [1998].

Dashed line marks the boundary between rough and smooth terrains of Stern and Smoot

[1998], or between Eastern and Western Structural Provinces of Mrozowski and Hayes

[1980].  Arrows radiating out from the back-arc basin extension axis show how differential

extension causes decreasing radius of curvature of the arc, leading to stretching of the

forearc along strike. Location of DSDP sites 60, 458, 459, 460, 461, and 1200 are shown.

ODP sites 778-781 are centered on Chamorro Seamount.

Names of serpentine mudvolcanoes, after Fryer et al. [1999] from south to north: South

Chamorro, SC; North Chamorro, NC; Blue Moon, BM; Peacock, Pe; Celestial, C;

Turquoise, T; Big Blue, BB; Pacman, Pm; Conical, Co.

Figure 16 Conical Seamount, location shown in Fig. 15.  Map shows the location of active

vents and chimney structures [Fryer et al., 1995], and location of ODP drill sites and

ALVIN dive tracks [Fryer et al., 1990a].  Tracks for five dives (1851-1855) on the flanks

are shown; four dives (1859-1862) on the summit are not shown.  Rock sequences

penetrated by ODP sites 778-781 are portrayed very schematically, along with age

assignments (from ODP Leg 125 Initial Reports). Note the presence of a basalt sill at ODP

site 781. Bathymetry in km.

Figure 17 Potassium-silica diagram for the mean composition of 62 volcanoes along the

magmatic front of the IBM arc system.  Data sources discussed in text.  Names for rocks

indicated for calc-alkaline and tholeiitic series below the double arrows, above the double

arrows for the shoshonitic series.

Figure 18 Profiles of mean silica and potash contents and Zr/Y and Nd/Sm for volcanoes

along the magmatic front of the IBM arc.  Data sources as described in text, same symbols

as in Fig. 17.  A) Variations in bathymetry along the same profile, similar to Fig. 2.  Names

of individual volcanoes can be found in Fig. 2.  Along-strike variations in silica B) and

potash C) are shown, using symbols as in Fig. 17. Mean silica and potash contents are

shown for the IBM magmatic front as a dashed line.  Along-strike variations in Zr/Y D) and

Nd/Sm E) are shown, using symbols as in Fig. 17. Mean values for Zr/Y and Nd/Sm are

shown for the IBM magmatic front as a dashed line labeled Mean and also for typical

MORB [Hofmann, 1988].

Figure 19 Incompatibility plot for lavas from along the front of the IBM arc.  Typical
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compositions for the Mariana arc (GUG-9 of Elliott et al. [1997]; 51% SiO2 ) and

Shoshonitic province (54H of Peate and Pearce [1998]; 47.8% SiO2) are plotted, along

with a mean calculated for Izu arc mafic lavas (51.6% SiO2  [Taylor and Nesbitt, 1998].

Symbols are the same as in Fig. 17 (filled circles: Izu-Bonin; diamonds: Shoshonitic

Province; open squares: Mariana).  Composition of MORB and element order is after N-

MORB of Hofmann [1988].  Grey field outlines the composition of IBM subducted

sediment, from Fig. 8.

Figure 20 Isotopic variations along the IBM  arc. Symbols are the same as in Fig. 17 (filled

circles: Izu-Bonin; diamonds: Shoshonitic Province; open squares: Mariana).  (A) B

isotopic variations; data for IBM arc after Ishikawa and Nakamura [1994] andIshikawa

and Tera [1999]; data for Mariana Trough basalts after Chaussidon and Jambon [1994].

Isotopic composition of altered oceanic crust, sediment, and mantle are from Ishikawa and

Tera [1999]. (B) S isotopic composition of IBM arc lavas, Mariana Trough, and Sumisu

rift lavas.  Data for IBM arc lavas from Alt et al. [1993], Ueda and Sakai [1984], and

Woodhead et al. [1987]; Data for ten Mariana Trough basalts are from Alt et al. [1993]; for

7 Sumisu Rift lavas from Hochstaedter et al. [1990a]. Fields for sediments, altered oceanic

crust, and mantle are from Alt et al. [1993]. (C) Sr isotopic data for IBM arc lavas,

normallized to E&A SrCO3; data sources described in text.  (D) Nd isotopic data for IBM

arc lavas, adjusted to a common value for the La Jolla Nd standard; data sources described

in text.

Figure 21 Isotopic composition of Sr, Nd, and Pb for IBM arc lavas, including Sumisu Rift

and Mariana Trough basalts. Data for IBM arc are averages for individual volcanoes, data

for Sumisu Rift and Mariana Trough are individual analyses.  Fields for sediments (shaded)

and W. Pacific off-ridge volcanics (dashed), taken from Fig. 9, are shown in B and C.

Location of these diagrams is shown with dashed boxes on Fig. 9.  The Northern

Hemisphere Reference Line (NHRL [Hart, 1984]) is shown for comparison.

Figure 22  Isotopic variations along the magmatic front of the IBM  arc. Symbols are the

same as in Fig. 17 (filled circles: Izu-Bonin; diamonds: Shoshonitic Province; open

squares: Mariana).   A) εHf ; B) 206Pb/204Pb isotopic variations; C) ∆7/4; and D) ∆8/4.  Hf

isotopic data are from Pearce et al. [1999], White and Patchett [1984], Woodhead, [1989],

and Vervoort  (personal communication, 2000).  Delta notation for Pb follows Hart [1984];

Epsilon notation for Hf follows Pearce et al. [1999].
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Figure 23 (A) Hf-Nd isotopic variations for the IBM arc system, data from [Pearce et al.,

1999; White and Patchett, 1984; Woodhead, 1989] (Vervoort, personal communication,

2000). Fields for OIB and MORB are from Vervoort et al. [1999] and define the mantle

array. (B) U-Th disequilibrium data for IBM arc lavas.  Data are not averaged for each

edifice. Data from Elliott et al. [1997], Gill and Williams [1990],  McDermott and

Hawkesworth [1991, Newman et al. [1984], and Reagan (personal communication, 2000).

Figure 24 A) Locality map for the northern IBM arc system and the Zenisu cross-chain. B-

F plot volcano-means for parameters sensitive to fluid input (B) or contributions from the

subducted slab (C-F) vs. depth to the Wadati-Benioff zone.  B) Variations of B/Nb vs.

depth to the Wadati-Benioff Zone. Islands Oshima (Os), Toshima (To), Nii Jima (NJ),

Shikine Jima (SJ); Kozushima (Ko); C) Variations of δ7Li vs. depth to the Wadati-Benioff

Zone; D) Variations of δ11B vs. depth to the Wadati-Benioff  Zone; E) Variations of
87Sr/86Sr vs. depth to the Wadati-Benioff  Zone; F) Variations of ∆7/4 Pb vs. depth to the

Wadati-Benioff Zone. Notice the decrease in the all parameters sensitive to subducted

inputs with greater depth to the seismic zone.  Data are from Ishikawa and Nakamura,

[1994], Moriguti and Nakamura [1998], and Notsu et al. [1983].

Figure 25  Conceptual models for evolution of the Subduction Factory from one lacking an

actively spreading back-arc basin (A) to one associated with back-arc spreading (B).  Note

that magma generation and migration beneath the magmatic front occurs in a region of

mantle downwelling, whereas that beneath the back-arc basin spreading axis occurs in a

region of mantle upwelling. Note in (B) the multiple melting opportunities for mantle rising

beneath the back-arc basin, with melt generation beneath the spreading axis (1), beneath

cross-chains (2) and beneath the magmatic front (3).  The IBM arc system presents all of

these stages, with the Bonin segment now acting as an unrifted arc (A) whereas the Mariana

segment is an outstanding example of an arc associated with back-arc spreading (B).  The

Izu segment represents an intermediate situation, where rifting is underway but has not

proceeded to seafloor spreading.

Figure 26 Actively extensing systems of the IBM arc. A) Tectonic sketch map of Izu rifts,

modified after Taylor [1992]; shaded where shallower than 3km.  Note this is rotated

clockwise about 10° from true north.  Calderas shown with open circles. Abbreviations for

frontal arc volcanoes (from the north): My, Miyake Jima; Mk, Mikura Jima; HJ, Hachijo

Jima; AS, Aoga Shima; MS, Myojin Sho; TS, Tori Shima; SJ, Sofu Gan; NS, Nishino Shima.

STL = Sofugan Tectonic Line.  Abbreviations for rifts (from the north):  HR, Hachijo Rift;
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AR, Aogashima Rift; SR, Sumisu Rift; TSR, Torishima Rift, SGR, Sofugan Rift; NSR,

Nishinoshima Rift.

B) Tectonic sketch map of the Mariana Arc and back-arc basin.  Bathymetric contours are

in km, region shallower than 3km is shaded.  CD= Challenger Deep, SSP = Southern

Seamount Province, CIP=Central Island Province, NSP=Northern Seamount Province,

K=location of Kasuga cross-chain, CG=Central Graben. Note that seafloor spreading

characterizes the Mariana Trough south of 19°45’N and rifting is characteristic from this

latitude north to Nikko, where the extension axis intersects the arc.

Figure 27  Chemical features of IBM rift-related lavas. A) Potash-silica diagram for IBM

rift-related igneous rocks. Fields are shown for Sumisu and Myojinsho rifts (66 samples) ,

Mariana Trough VTZ (41 samples) , and Mariana Trough spreading segment (labeled

MTB, 167 samples).  Note the bimodal nature of lavas erupted in rifts and strictly mafic

nature of lavas erupted in the region undergoing spreading.  B) Incompatibility plot for

extension-related IBM lavas. Sumisu rift data is mean from data set of Hochstaedter et al.,

1990b]; note that this pattern is incomplete. Mariana Trough data are for glasses analyzed

by Pearce (unpublished ICP-MS data). VTZ sample is T7-54:1-1 (1.69% H2O).  Two

representative samples are given for the Mariana Trough spreading segment: ‘arc-like’

sample GTVA75:1-1 (2.21% H2O)  and ‘MORB-like’ sample DS84:2-1 (0.21% H2O)

[Gribble et al., 1996].  Composition of N-MORB and element order is after Hofmann

[1988].  Grey field outlines the composition of Mariana and Izu segment lavas, from Fig.

19.

Figure 28  The IBM collision zone. A) Geologic map showing the location of major thrust

faults and tectonic lines (1-5 circled) and the Tanzawa Mountains. 1= Mineoka/Tonoki-

Aikawa/Itoigawa-Shizuoka Thrust; 2=TonokiAikawa/Nishikatsura/ Minobu Thrust;

3=Kouzu-Matsuda/Kannawa Thrust; 4=Izu-Toho Tectonic Line; 5=Zenisu-Oki Tectonic

Line.  Dashed fault indicates incipient thrust fault.   IP = Izu Peninsula; AB = Ashigara

Basin.  Water depth contours are labeled in km. Volcanoes are abbreviated F=Fuji,

H=Hakone, Os = Oshima, Om = Omurodashi (submarine), To = Toshima, NJ = Nii Jima,

SJ = Shikine Jima, Ko = Kozushima, My = Miyakejima, Mk = Mikurajima. Underlining

indicates dominantly felsic volcano. Arrow labeled ‘4 cm/y’ indicates convergence direction

and rate between IBM arc and Honshu. Note the generalized location of seismicity

shallower than 50km. Dashed line A-A’ shows approximate location of section shown in B.

Figure modified after Kawate and Arima [1998] and Taira et al. [1998]. B) Along-arc

cross-section A-A’, modified after Taira et al. [1998], showing sequence of imbrications of
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the IBM Superterrane. No vertical exaggeration.  Scales for A and B are identical.

Figure 29  Geochemical characteristics of Tanzawa plutonic complex, all data from Kawate

and Arima [1998]. A) K-Si diagram. Field occupied by volcano means from the Izu Arc

(fig.17) is shown in gray. Italicized volcanic rock names across the top (B.A. = basaltic

andesite; And. = andesite) are intended as compositional guide.  B) Incompatibility plot,

composition of N-MORB and element order is after Hofmann [1988]. Field defined by

mafic rocks (<57% SiO2) is outlined with dashed line and that for felsic rocks (>57% SiO2)

is shaded.  Izu Arc Basalt Mean is from fig. 19, note absence of data for U, Ta, and Hf. C)

Tectonic discriminant diagram after Pearce et al. [1984]. Syn-COLG = syn-collisional

granitoid; WPG = within-plate granitoid; ORG = ocean-ridge granitoid; VAG = volcanic

arc granitoid. D) Petrogenetic diagram for adakites vs. arc andesite-dacite-rhyolite (ADR)

suites, showing the composition of felsic rocks generated in equilibrium with garnet vs.

those generated in equilibrium with plagioclase. Figure modified after Drummond and

Defant  [1990].
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