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Abstract. Narrow-beam maps, selected dredge
samplings, and surveys of the Mariana and Vol-
cano Arcs identify 42 submarine volcanos. Ob-
served activity and sample characteristics indicate
22 of these to be active or dormant. Edifices in the
Volcano Arc are larger than most of the Mariana
Arc edifices, more irregularly shaped with numer-
ous subsidiary cones, and regularly spaced at 50-
70 km. Volcanos in the Mariana Arc tend to be
simple cones. Sets of individual cones and vol-
canic ridges are elongate parallel to the trend of
the arc or at 110° counterclockwise from that
trend, suggesting a strong fault control on the dis-
tribution of arc magmas. Volcanos in the Mariana
Arc are generally developed west of the frontal
arc ridge, on rifted frontal arc crust or new back-
arc basin crust. Volcanos in the central Mariana
Arc are usually subaerial, large (> 500 km?), and
spaced about 50-70 km apart. Those in the north-
ern and southern Marianas are largely submarine,
closer together, and generally less than 500 km? in
volume. There is a shoaling of the arc basement
around Iwo Jima, accompanied by the appear-
ance of incompatible-element enriched lavas with
alkalic affinities. The larger volcanic edifices must
reflect either a higher magma supply rate or a
greater age for the larger volcanos. If the magma
supply (estimated at 10-20 km*/km of arc per
million years at 18°N) has been relatively con-
stant along the Mariana Arc, we can infer a possi-
ble evolutionary sequence for arc volcanos from
small, irregularly spaced edifices to large (over
1000 km?) edifices spaced at 50-70 km. The vol-
cano distribution and basal depths are consistent
with the hypothesis of back-arc propagation into
the Volcano Arc.

Offprint requests to: S. H. Bloomer

Introduction

Submarine volcanic activity is an important con-
structional process in intraoceanic volcanic arcs.
Submarine edifices necessarily precede the devel-
opment of larger, subaerial edifices, and must be
the first manifestation of arc activity when an arc
is reestablished after back-arc spreading. Parts of
some supra-subduction zone ophiolites may have
formed as submarine, nascent island arcs (Pearce
et al. 1984; Rautenschlein et al. 1985). Despite the
importance of submarine volcanic activity in arc
construction, and its possible representation in
the geologic record, we know very little about the
physical and chemical characteristics of such vol-
canism,

The Mariana Arc is one of the best examples
of an intraoceanic island arc, and there have been
numerous studies of its subaerial volcanos
(Meijer 1976; Stein 1979; Dixon and Batiza 1979,
Meijer and Reagan 1981; Meijer 1982; Stern and
Ito 1983; Hole et al. 1984; Woodhead and Fraser
1985). The submarine portion of the arc has been
described in detail only at its southern end (Cor-
win and Tracey 1965; Dixon and Stern 1983;
Stern and Bibee 1984; Stern et al. 1988a) and in the
vicinity of Fukujin at 22°N (Garcia et al. 1979;
Wood et al. 1981; Jackson and Fryer 1986), de-
spite the fact that between 20°30'N and 24° N the
entire arc is submarine.

We present here a description of the submar-
ine portions of the Mariana and Volcano Arcs.
This discussion is based on US Navy SASS maps
of the arc from 14° to 27° N, and dredge sampling
and surveys of portions of the arc. We discuss the
distribution of active, dormant and extinct edif-
ices, the location of frontal arc basement ridges;
and the petrographic characteristics of the vol-
canic rocks recovered from the arc.
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Fig. 1. Bathymetric map of the Mariana and Volcano Arcs, with morphologic provinces identified. Large dots indicate the princi-

pal submarine volcanos. Outlined boxes correspond to the areas in Figs. 2-4. The Iwo Jima platform within the Volcano Arc
extends from Minami Iwo Jima to Kita Iwo Jima )
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Background

The present Mariana active arc is that part of the
arc defined by the locus of active and dormant
edifices and extends from 14° N to 24° N, where it
merges with the Volcano Arc (Fig. 1). It has devel-
oped after the rifting of a Miocene and older arc
and the development of a back-arc basin (Karig
1971). Spreading in this basin, the Mariana
Trough, began about 5 Ma at 18° N (Hussong and
Uyeda 1981) and the arc is inferred to be no older,
though in places it may be considerably younger.
The western half of the older rifted arc, the West
Mariana Ridge, is a remnant arc that borders the
west side of the Mariana Trough. The eastern half
of the older arc makes up the frontal arc and is
present to the east of the active arc (Fig. 1). The
back-arc basin closes to the north. The Volcano
Arc is built on crust that has not been rifted since
the cessation of spreading in the Shikoku Basin 17
My ago (de Vries-Klein and Kobayashi 1980),
though there is evidence of nascent back-arc de-
pressions north of Nishinoshima (Yuasa 1985;
Honza and Tamaki 1985).

The Mariana Arc has been divided into three
provinces (Fig. 1): the Northern Seamount Prov-
ince (NSP), the Central Island Province (CIP),
and the Southern Seamount Province (SSP)
(Dixon and Stern 1983; Stern et al. 1988b). The
subaerial volcanos in the CIP have erupted
mostly tholeiitic and calc-alkaline basalts and
basaltic andesites (Stern 1979; Meijer 1982;
Meijer and Reagan 1981; Meijer and Reagan
1983). Andesitic and dacitic compositions in the
subaerial parts of the arc result principally from
low-pressure fractionation of basaltic magmas
(Stern 1979; Meijer and Reagan 1981). A number
of historic eruptions and frequent reports of dis-
colored water indicate that submarine volcanos
are active throughout the arc (e.g. Anon 1976;
Ronck 1975). Submarine volcanos in the SSP
have erupted basalt through dacite (Dixon and
Stern 1983). '

Hussong and Uyeda (1981) have suggested,
based on bathymetric data and the truncation of
magnetic anomalies by the active arc volcanos,
that the active Mariana Arc is constructed on
young, back-arc basin crust, just west of the fron-
tal arc ridge. Associated with several of the young
arc edifices are chains of smaller volcanos extend-
ing into the back-arc basin at a WSW trend (Hus-
song and Fryer 1983; Jackson and Fryer 1986).
There are extensive volcanoclastic aprons asso-
ciated with the arc, both between edifices and ex-
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tending as aprons into the back-arc basin (Karig
1971; Hussong and Uyeda 1981).

Iwo Jima sits near the closure of the Mariana
Trough at 24 ° N. It has erupted trachyandesitic
lavas and pyroclastics with very high Ba, Sr and
light-rare-earth element abundances (Tsuya 1936;
Stern et al. 1984). Stern et al. (1984) have sug-
gested that the back-arc basin originally opened
near 18° N and has since propagated northwards
into the Volcano Arc at a rate of about 10 cm/
year, and that the alkalic volcanism at Iwo Jima
represents the interaction of arc and back-arc
sources. Such a model implies that the volcanos in
the NSP should be younger, and presumably
smaller, northwards towards Iwo Jima. An alter-
native explanation for the narrowing of the Mar-
iana Trough is that the pole of rotation is located
near Iwo Jima, and that the spreading rates are
lower in the north end than the south. The alkalic
volcanism at Iwo Jima might then be related to
the collision of the Ogasawara Plateau with the
Volcano Arc (Delong et al. 1975), whereupon the
volcanos of the northern Mariana Arc should be
of similar ages, and presumably of similar size, if
magma production rates have been constant.

Methods

The bathymetric maps of the Mariana and Vol-
cano Arcs presented in Figs. 2-4 are based on US
Navy narrow-beam SASS bathymetric data. These
charts were used to guide sampling and detailed
surveys of the submarine portions of the arc dur-
ing cruise TT-192 of the R/V Thomas Thompson
in November 1985. Forty-two submarine volcanic
edifices have been identified in the portion of the
two arcs shown in Figs. 2-4, and 31 of these were
sampled during the cruise. In addition, several
dredges were taken on ridges suspected to be
fragments of the older, frontal arc.

Rock distributions and petrographic summar-
ies presented here (Figs. 2-4) are from shipboard
classification of dredged materials and shore-
based examination of representative thin sections
of all volcanic rock types in each haul. Propor-
tions of rock types shown in Figs. 2-4 are relative
abundances and are intended to indicate only the
principal constituents in the hauls. Absolute re-
covery ranged from 1 or 2 kg to over 1000 kg.

Volcanic edifices were classified when possi-
ble as active, dormant, or extinct. Active volcanos
are those for which there are reports of observed
or inferred eruptions (e.g. Anon 1976). In the case
of subaerial eruptions, this documentation is
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Fig. 4a, b. Interpretative geolocic map of the Mariana Arc from 14° to 18°. Explanation as in Fig. 2

straightforward. In the case of submarine erup-
tions, documentation is more difficult and ranges
from observations of discolored water (Ronck
1975) to location of low-frequency submarine
acoustic emissions (Johnson 1973). Dormant sub-
aerial edifices have no known historic eruptions,
but have some expression of potential activity
such as hot springs. Dormant submarine edifices
have distinct conical shapes and yielded very
fresh lavas, with little or no Mn-oxide straining.
Subaerial edifices which showed no sign of any
activity, or submarine edifices which had roughly

conical shapes and heavily altered or thickly Mn-
encrusted samples, were classified as extinct.
Basement ridges, interpreted as portions of the
frontal arc, were identified by the recovery of
greenschist metavolcanics or by distinctly elon-
gate morphologies with steep west-facing scarps.
The classification of ridges and edifices was
based on this work and all available published in-
formation on the seamounts and islands of both
arcs (see Fig. 2).

Volcano volumes (Table 1) were calculated by
stepwise measurements of areas enclosed by 200-
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Table 1. Latitudes and volumes for the principal islands and
seamounts in the Mariana and Volcano Arcs

Volcano Latitude  Activity ~ Volume
(km?)
Esmeralda 15°00’ Active 312
S unnamed 15°05° 45
unnamed 15°18' 150
S Ruby 15°37/ Active 135
N. Ruby 15°46’ Extinct 25
P W. Diamante 15°57 Dormant 114
E. Diamante 15°55/ Dormant 412
Anatahan* 16°20' Dormant 543
West Sarigan 16°43' 95
South Sarigan 16°34' 98
C Sarigan* 16°42' Dormant 187
Zealandia Bank 16°55' Extinct 420
W. Guguan 17°15/ 97
Guguan* 17°18’ Active 338
Alamagan* 17°36' Dormant 750
1 Daon 17°58' Dormant 150
Pagan* 18°07’ Active 2160
Agrigan* 18°45' Active 1640
Poyo 19°15’ Extinct 106
P Cheref 19°25' Extinct 320
Ascuncion* 19°42' Active 500
Maug* 20°02’ Extinct 342
Supply Reef 20°08’ Dormant 160
Ahyi 20°25' Dormant 103
Makhahnas 20°28’ Dormant 57
Uracas* 20°32’ Active 215
Chammoro 20°45’ Dormant 51
South Daikoku 21°03’ Dormant 111
Daikoku ‘ 21°20' Dormant 171
N Eifuku 21°25' Dormant 96
S. Kasuga 21°35’ 233
Kasuga 21°45' Extinct 132
S Fukujin 21°55' Active 587
Fukuyama 22°23' Dormant 10
Shyoyo 22°30" Extinct 155
P Ichiyo 23°00/ Extinct: 15
Nikko 23°035’ Active 120
Ko-Hiyoshi 23°11’ Dormant
South Hiyoshi 23°15’ Active 109
Central Hiyoshi 23°18’ Dormant 67
North Hiyoshi 23°22' Dormant 220
Fukutoku 23°33’ Extinct 88
Minami Iwo Jima 24°12’ Extinct 282
Fukutoku-oka-no-ba  24°18’ Active
\'% Iwo Jima 24°45' Active 558
Sin Kita Io Jima 25°06’ Extinct
A Kita Iwo Jima 25°30' Active 1576
Kaitoku 26°05’ Active 1177
Kaikata 26°40’ Dormant 670
Nishino shima 27°37 Active 534

An asterisk by the volcano name indicates an island. Criteria
for active, dormant and extinct are discussed in the text. Vol-
umes for volcanos less than 100 km? were calculated using the
last closed contour calculation; larger edifices or composite
edifices were calculated using the last contour enclosing two-
thirds or more of the volcano, as explained in the text
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m contours from the summit to the last closed
contour or the last contour which enclosed more
than two-thirds of the feature. Areas were mea-
sured with a LICOR LI3000 portable area meter.
Volumes were calculated as the sum of 200-m-
thick slabs for each measured area. To this was
added the volume of a cone with a basal area de-
fined by the shallowest contour and a height
equal to the edifice height above that contour.
These calculations yield a volume slightly less
than the actual edifice volume, but are low by
only a few percent, reproducible within 5%-10%,
and consistent from edifice to edifice. These val-
ues underestimate the volcanic material produced
at each magmatic center, as they do not include
the plutonic or buried portions of the edifice. The
volume of deeper magmatic material is likely to
be roughly proportional to the volume of the vol-
canic edifice calculated here. The volumes of an
individual edifice are also underestimated where
individual edifices have merged to form volcanic
complexes or ridges (as in the Hiyoshi Sea-
mounts, Fig. 2) or where the volcanos are built on
a broad volcanic ridge (as in Nishinoshima and
Kaitoku, Fig. 2).

The basal depths of the arc edifices were esti-
mated from a profile constructed from the SASS
maps along the main axis of the active arc (Fig. 5).
The deepest points between clearly identifiable
volcanos (as opposed to multicentered com-
plexes) were connected and assumed to represent
the depth of the arc basement. Volcano spacings
were calculated as distance from peak to peak.

Results
Descriptive volcanology

There are 13 islands in the active Mariana and
Volcano Arcs, 11 of which are classified as active
or dormant (Kuno 1962). Of the 42 distinct sub-
marine edifices identifiable on the SASS charts
(Figs. 2-4), 22 are active or dormant. There is no
information available on eight of these edifices.
There are two additional seamounts to the south
of Fig. 4b, both of which may be dormant (Cor-
win and Tracey 1965; Dixon and Stern 1983). In
addition, nine small, subsidiary seamounts arc as-
sociated with volcanos in the Volcano Arc (Fig.
2a). Two of them are extinct and there is no infor-
mation on the other seven.

The islands in the Marianas typically evolve
by the initial eruption of numerous small lava
flows, followed by thicker, more siliceous flows
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edifices

with a greater proportion of pyroclastic material,
and culminating in collapse to form large craters
or calderas (Meijer 1982). A new basalt cone may
be constructed in this collapse feature, as on Pa-
gan, Guguan and Uracas (Kuno 1962; Meijer
1982), or there may be post-collapse domes and
flows from the crater rim as on Sarigan (Meijer
1982) or as evidenced by a dacitic dome in the
Maug caldera (Hochstaedter et al. 1986). Subsidi-
ary or parasitic cones are rare on the islands in
the Marianas, with the exception of Pagan
(Meijer 1982).

The seamounts in the Mariana Arc are gener-
ally simple cones (Figs. 3 and 4). Only Esmeralda
and east Diamante (Fig. 4b; Dixon and Stern
1983; Stern and Bibee 1984) have had summit
craters identified. On both, the craters are about
200 m deep and have been identified by wide-
beam profiles during slow traverses of the sea-
mounts. The SASS maps do not show craters on
either edifice; several of the other seamounts may
have small summit craters which are not apparent
in the SASS data. It is, however, unlikely that any
have large craters or calderas. Five of the sea-
mounts are binary cones — Esmeralda and Ruby
(Fig. 4b), Cheref (Fig. 3c), the Eifuku-Daikoku
complex and the Uracas-North Uracas complex
(Fig. 3b).

An unusual feature of the Mariana Arc is the
arrangement of several of the seamounts in chains
extending into the back-arc basin at a high angle
to the trend of the main arc (Hussong and Fryer
1983; Jackson and Freyer 1986). Six such cross-
chains can be clearly identified from the SASS
charts presented here: at Kasuga (Fig. 3a), west of

Daikoku and Uracas (Fig. 3b), southwest of Pa-
gan (Fig. 3¢), west of Guguan, and at the Dia-

“mante Seamounts (Fig. 4a). There may also be

cross-chain structures west of Sarigan or Zea-
landia Bank (Fig. 4) and southwest of South Dai-
koku Seamount (Fig. 3b). Several volcanic centers
have merged to form elongate ridges or com-
plexes near Sarigan (Fig. 4a), Uracas (Fig. 3b),
Minami Iwo Jima and Iwo Jima (Fig. 2b), and
Central Hiyoshi Knoll (Fig. 2b). Only in the last
are all the edifices considered to be still active or
dormant; in the other three complexes some of
the centers appear to be extinct.

The Mariana Arc is distinctly arcuate, while
the Volcano Arc is straight. These differences may
have to do with the shape of the downgoing slab
(Meijer 1982), the subduction of large volcanic
ridges (McCabe 1984), or the effects of back-arc
rift propagation (Stern et al. 1984). The trend of
the main active arc changes from 24° in the south
to 350° in the central section, to 315° in the north-
ern seamount province and back to 355° in the
Volcano Arc. Volcanic cones and ridges are
paired or elongate either within 9° (£5°) of the
trend of the main arc or at 110° (£15°) counter-
clockwise from the main arc. The latter is the
trend of the cross-chain seamounts.

An irregularly developed frontal arc ridge is
present from 14° to 23°N (Figs. 3 and 4). It is
often bounded on the west by steep slopes, which
may be the trace of the bounding faults developed
during rifting to form the Mariana Trough. In
most places, the active arc has been constructed
just to the west of these steep scarps. Occasional-
ly, an active arc edifice has been constructed on
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that frontal arc ridge (Syoyo Seamount, Fig. 3a)
or has partially overlapped frontal arc fragments
(Agrigan, Fig. 3c).

The volcanos in the Volcano Arc north of Iwo
Jima (Fig. 2a), both submarine and subaerial, are
larger, more irregular in shape, and have a greater
number of subsidiary cones than their counter-
parts in the Marianas (Fig. 2a). The subsidiary
cones show no consistent orientation relative to
the main edifices, but are distributed in a roughly
radial pattern around them.

A profile along the main axis of the Mariana

and Volcano Arcs is shown in Fig. 5. The places

where centers have merged to form volcanic com-
plexes (23°30’N and 16°45'N) are clearly shown.
There is a shoaling of the basal platform on which
the arc is constructed between 23°N and 25° N,
to depths of 1400 m near Iwo Jima. This base
deepens rapidly northwards to 2400 m at 26°,
Basal depths are consistently about 2400 m in the
northern Volcano Arc and vary from 3000 to
2400 m in the Mariana Arc, averaging about
2600-2700 m.

Rock type and petrography

The rocks recovered from the seamounts can be
classified as lavas, volcanoclastic sediments, co-
ralline debris, pumice (at least some of which ap-
pear to be from outcrop), metavolcanics, and Mn
crusts. The relative proportions of these rock
types are shown in the pie charts in Figs. 2-4. The
volcanoclastic material was very common in these
hauls. Sands, silts, breccias, and hyaloclastite
breccias were all recovered. Rare dioritic and py-
roxenitic fragments were found in a few hauls.
Basalts and basaltic andesites account for over
60% of the recovered lavas. Andesites comprise
about 30% of the volcanic rocks and dacitic and
rhyolitic material is uncommon, comprising less
than 10% of the lavas. There is not strong correla-
tion of rock type (by SiO,) with latitude, though
the northern NSP and southern Volcano Arc in-
clude lower SiO, lavas than are typical of most of
the arc (Fig. 6). This region corresponds to a zone
of alkalic volcanics with high Na,O+K,O and
K,0/Na,O (Stern et al. 1988b; Bloomer et al.
1988). At all latitudes, both large and small edif-
ices show a wide range of silica values (Fig. 6).
Coralline debris was recovered from Fukujin,
Maug, and Cheref. Hydrothermal Mn staining
was common on nearly all samples from both ac-
tive and dormant edifices. Many samples, from
what were inferred to be dormant edifices, had
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Fig. 6. SiO, vs latitude and vs volume for Mariana Volcano
Arc samples. Data from this work and Stern (1979), Dixon and
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symbols ’ }

thin Mn-oxide rims or crusts which appeared hy-
drothermal in origin, while samples from the ex-
tinct edifices and frontal arc ridges had thick
crusts which included both hydrothermal and hy-
drogenous Mn oxides (Hein et al. 1987).
Greenschist facies metavolcanic samples were
recovered in two dredges from the Syoyo Ridge
(Fig. 3a). These comprise relict calcic plagioclase
and clinopyroxene, as well as chlorite, sodic plag-
ioclase, quartz, calcite, and epidote. Several of
these samples have a well-developed penetrative
fabric. Samples, from what are interpreted to be
extinct edifices, are often altered — plagioclase is
slightly sericitized, clinopyroxene may be par-
tially uralitized, and there is some groundmass
devitrification and zeolite fillings in fractures and
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veins. None of these samples, however, show evi-
dence of greenschist facies metamorphism like
that of the frontal arc samples.

Phenocrysts in the volcanic rocks include oliv-
ine (OL), plagioclase (PLAG), clinopyroxene
(CPX), orthopyroxene (OPX), and amphibole
(HB). Biotite occurs in the alkalic lavas on North
Hiyoshi Seamount. The SSP, and southern CIP
(to 19°N), are characterized principally by
PLAG-CPX-OL assemblages, though there is mi-
nor HB and OPX in some samples, and trace BI
in some Sarigan samples (Meijer and Reagan
1981). Between 19°N and 23° N orthopyroxene is
an important phenocryst, and olivine is much less
common. Amphibole occurs in several edifices in
this zone.-Between Nikko and Iwo Jima the prin-
cipal assemblage is again PLAG-CPX-OL; OPX
reappears in lavas from the northern Volcano Arc.
Detailed petrographic data on these rocks is in-
cluded in Bloomer et al. (1988).

Edifice volume and spacing

Edifice volumes vary from less than 100 km? to
over 2000 km? (Table 1; Fig. 7). Volume maxima
occur at 18°N near Agrigan and Pagan, and at
Kita Iwo Jima and Iwo Jima in the Volcano Arc
(Fig. 7). Most of the other edifices in the northern
Volcano Arc have volumes of 500-1500 km?.
Most Mariana Arc volcanos have volumes less
than 750 km® and over 70% are under 500 km®.
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There is a relatively smooth decrease in volume
away from each of the volume maxima (Fig. 7).

The peak-to-peak spacing of the volcanic edif-
ices, particularly those less than 200 km?® in vol-
ume, varies from 15 to 70 km. The larger volcanos
show a clear increase in spacing with increasing
volume (Fig. 7).

Discussion

The only prominent chemical or petrographic seg-
mentation in the Mariana and Volcano Arcs is a
province of LIL-enriched alkalic volcanism in the
northern NSP and southern Volcano Arc (South
Hiyoshi Seamount through Iwo Jima) (Stern et al.
1988b). This corresponds to an OPX-absent petro-
graphic province and a region characterized by
small, closely spaced volcanic edifices (Fig. 2).
The petrographic and chemical characteristics of
both the alkalic and subalkalic arc volcanics in
the CIP, NSP and Volcano Arc are detailed else-
where (Bloomer et al. 1988; Lin et al. 1988).
There seems to be little correlation between
volcano size and volcano composition. The
smaller edifices do not seem to have a lower pro-
portion of siliceous eruptives than their larger,
subaerial counterparts (Fig. 6), as was suggested
by Dixon and Batiza (1979). There is a slight ten-
dency for the smaller centers to erupt more mag-
nesian and Cr-rich melts more often than the
larger edifices (Bloomer et al. 1988). There is, in
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general, no difference in chemical or petrographic
characteristics in samples from large and small
edifices at a given latitude (Bloomer et al. 1988).
The composition of volcanos in the arc is princi-
pally related to position along the arc, not to
size.

It should be noted that despite the depths to
the summits of some of these edifices (to 1000 m),
many of them are producing significant amounts
of fragmental material. Nearly one-quarter of the
recovered samples were volcanoclastic. The actual
abundance of volcanoclastic material in the volca-
nos is probably higher, as these samples are often
poorly consolidated and friable and would be
more likely to wash out of a dredge bag than
would volcanic rock samples. Similar volcano-
clastic materials from intraplate seamounts have

“been attributed to a variety of processes, includ-
ing lava fountaining, turbiditic transport, and red-
eposition by erosion and mass-wasting (Smith and
Batiza 1986).

The most interesting aspect of the data pre-
sented here concerns the differences in volcano
morphologies, sizes, and orientation along the

arc. We will focus on these problems in the rest of

this discussion.

Structural controls on arc volcanism

The volcanos of the active arc, as suggested by
Hussong and Uyeda (1981), are clearly built to the
west of the frontal arc scarp. This deeper base-
ment, on which the arc volcanos and their volca-

E:] 0Old frontal arc crust

New arc crust

nm] Back-arc crust Volcanoclastic apron

Fig. 8. Schematic diagram of the initiation of a new arc vol- ‘

cano on rifted frontal arc crust. The basal depth of the new arc
volcano will depend on which fault block the volcano is devel-
oped on (note the difference in basal depths of the two volca-
nos shown). The boundary faults of the rifted margin may
serve as conduits for melts form the sub-arc mantle
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noclastic aprons have been constructed, must
either be new back-arc crust (Hussong and Uyeda
1981) or frontal arc crust which has been faulted
and downdropped as the arc was rifted apart (Fig.
8). The cross-chain seamounts in the Marianas

 may have developed along fractures which can be

traced into supposed fracture zones in the Mar-
iana Trough (Fryer 1985; Jackson and Fryer
1986). A similar distribution of cross-chains from
the West-Mariana Ridge into the Parce-Vela Ba-
sin indicates that these fractures may be relatively
long-lived features (Hussong and Fryer 1983;
Fryer 1985).

The alignment of sets of cones and the ¢longa-
tion of individual edifices and ridges in the Mar-
ianas are parallel either to the frontal arc scarp or
to the trend of the cross-chain volcanos (about
110° counterclockwise from the main trend of the
arc). This alignment suggests that the access of
magmas to the surface is controlled by border
faults along the western edge of the frontal arc
and the long-lived cross-arc fractures.

Much of the variation in basal platform depth
in the Mariana Arc may be due to construction of
the arc on such rifted frontal arc blocks (Fig. 8).
Both the area around Syoyo Seamount and the
southern arc (15°-17°N) have large fore-arc
ridges immediately under or near the active arc
edifices, and the basal depth of the arc is unu-
sually shallow there.

The Iwo Jima Platform

The arc basement shows a marked shoaling be-
tween 23° and 25° N to the 1400-m-deep platform
on which Minami Iwo Jima and Iwo Jima are
built. The basal depth then increases rapidly from
Iwo Jima to just north of Kita Iwo Jima (Fig. 5),
reaching a depth of 2400 m which is maintained
throughout most of the Volcano Arc. This is sig-
nificantly deeper than the 2600-2700 m average
basal depth of the Mariana Arc edifices. The Vol-
cano Arc has not been rifted since spreading in
the Shikoku Basin started about 22 Ma ago (de
Vries-Klein and Kobayashi 1980) and should
have a thicker crustal section that the active Mar-
iana Arc. This would result in a more constant
and somewhat shoaler average basal depth than
the Marianas, as is observed (Fig. 5).

The shoaling of the basement from Nikko to
Iwo Jima may be due in part to the transition
from stretched and rifted crust to thick, unrifted
arc crust. In part though, it must also be a thermal
effect, as suggested by Stern et al. (1984). The Iwo
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jima platform is significantly shoaler than the
Volcano Arc basement to the north, despite the
fact that both are unrifted arc crust of similar age
and thickness. This shoaling at Iwo Jima suggests
that the crust has been recently heated and ther-

mally uplifted, relative to the Volcano Arc to the

north. Recent uplift rates of 50 cm/year have
been reported for Iwo Jima (Morimoto et al.
1968), probably in response to magma injection
beneath the edifice. These unusually shallow

" depths at Iwo Jima are consistent with the hypo-

thesis that Iwo Jima is the manifestation of a ther-
mal and magmatic anomaly in the arc related to
propagation of the Mariana Trough northwards
into the Volcano Arc (Stern et al. 1984). .

The northern end of the West Mariana Ridge
also shows a very rapid shoaling towards Iwo
Jima, which could be a result of localized heating
of the arc crust there (Fig. 7). However, the case
for the West Mariana Ridge is complicated be-
cause it has both been cooling as arc volcanism
waned and been heated and uplifted during the
initial opening of the back-arc basin. It is there-
fore difficult to predict what the basal depth of
the ridge should be in the absence of any local
heating.

Age relations and volcano morphology

There are some clear differences between volca-
nos in the Volcano and Mariana Arcs. The edif-
ices of the northern Volcano Arc are generally
larger (at least 500 km?), more irregularly shaped,
more likely to have subsidiary cones than those in
the Marianas, and are built on a broad volcanic
ridge. They are spaced about 50-70 km apart. The
Mariana Arc, in contrast, is built on back-arc
crust or thinned frontal arc crust, and is character-
ized by simple conical volcanos with a range of
sizes and spacings.

The differences between the two provinces
might be considered a reflection of the relative
maturity of the volcanic province. The Mariana
Arc is reestablishing itself after a recent episode
of back-arc rifting, while the Volcano Arc has
been continuously active since the Shikoku Basin
opened 22 Ma ago (deVries-Klein and Kobayashi
1980). This is not to say that the individual vol-
canic centers on the Volcano Ridge have been ac-
tive since the Miocene. The arc is atop a large vol-
canic ridge with a complex history; the presently
active centers may have only existed for a few
million years. Their irregular shapes may have
more to do with complex stress distributions in
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the thick, underlying arc crust than with the age
of an individual active volcano.

The active Mariana Arc from North Hiyoshi
Seamount southwards is younger and in a some-
what more clearly defined tectonic setting than
the Volcano Arc. There is a clearly defined rem-
nant and active arc from 14° to 24° and we can -
assume that the distribution and morphology of
the edifices in the active are reflect the reesta-
blishment of arc volcanism after back-arc rifting.

In the active Mariana Arc, volcano spacings
and volumes vary considerably. Most of the edif-
ices have volumes of less than 1000 km?, have
simple conical shapes with no subsidiary cones,
and are from 10 to 70 km apart. Small volcanos
occur in both the southern and northern Mariana
arcs, and in places merge to form volcanic ridges.
Large edifices only occur in the central Mariana
Arc, at Pagan and Agrigan. These, like the Vol-
cano Arc cones, are spaced about 50-70 km apart.
Both Pagan and Agrigan are much larger than
typical subaerial active volcanos (Gill 1981), sug-
gesting that the active Quaternary centers are built
on a Plio-Pleistocene base. In discussing the vol-
cano volumes and spacings along the arc we are
really discussing the net volcanic activity since the
last cycle of back-arc spreading, rather than
simply the Quaternary activity along the arc.

At the southern end of the Mariana Arc the
magma supply rate must decrease to zero. The Be-
nioff-Wadati Zone shoals markedly (Katsumata
and Sykes 1969; Eguchi 1984) and the southern
Mariana Trench is probably a trench-trench
transform with a very small component of sub-
duction (McCabe and Uyeda 1983). The small-
volume seamounts at the most southern end of the
Mariana Arc (Fig. 7) are due principally to a de-
creased magma budget there.

Between the southern seamount province and
Iwo Jima it is more difficult to assess the relative
ages and magma supplies along the arc. The cor-
relation of volcano size and spacing (Fig. 7) might
suggest a constant magma budget along the arc,
with the available magma distributed either to
several volcanos close together or to a few volca-
nos far apart. In this case the volume per unit
length of arc would be constant, barring different
ages for edifices. However, calculation of volume
per unit length of arc, using a 50-km interval and
both a 200- and 400-km running average window,
shows that the large volume islands also corre-
spond to large volumes per unit length of arc (Fig.
7). This indicates that either these edifices are old-
er, or there are variable supplies of magma at dif-
ferent latitudes along the arc.
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The NSP appears to be as active as, or more
active than, the CIP judging from both the num-
ber of extinct edifices and the number and recent-
ness of reports of activity. Nikko, Minami Hiyo-
shi, and Fukujin, as well as Esmeralda in the SSP,
all have had eruptions in the last 10 years. This
suggests that, at least at present, there is not an
order of magnitude difference in the magma
supply along the arc, as would be required if the
size difference in edifices was due to production
rate. We favor, at present, the interpretation that
the magma supply rate has been essentially con-
stant along the arc and that the CIP volcanos are
the oldest in the active Mariana Arc. The CIP is-
Jands are largest near 18° N, where the maximum
width for the Mariana Trough is found and where
one might seek a reasonable maximum age for
most of the active Mariana Arc (about 5 My, Hus-
song and Uyeda 1981). The back-arc must then
have propagated northwards, and possibly south-
wards as well, as suggested by Stern et al. (1984),
and the volcanos of the northern Marianas have
been more recently established than those of the
CIP. The anomalous basal depth and high uplift
rates at ITwo Jima are consistent with this hypothesis.

We can make a minimum estimate for the

magma production rate around Pagan and Agri-

gan regardless of the age-rate question, since we
have a reasonable maximum age (5 million years)
and volume estimates (24 km?/km of arc, Fig. 7)
for the 18°N region. The edifices alone do not
represent the total volume of arc magmatic mate-
rial. Stern (1979) estimated that the 16.6 km® of
the subaerial cone on Agrigan had a correspond-
ing 16.6 km® of plutonic material at depth. Kay
and Kay (1985) concluded for the Aleutian arc
that the ratio (by mass) of new upper crust (lava)
to new lower crust (cumulate) ranged from 0.65 to
0.80. If we assume that there is 1-2 times as much
magmatic material at each center as is seen in the
edifices themselves, the production rate is 10-14
km?3/km of arc per million years. These are mini-
mum estimates since we accept that we have un-
derestimated the true volume of volcanic material
and have taken a maximum age for the volcanos.
If we assume Pagan (2200 km?) to have been pro-
duced from a point source and make a similar cal-
culation, the rate is 0.9-1.3 x 107* km?/volcano
per year. Estimates for other arcs range from 2 to
66 km3/km of arc per million years and 0.5-
5.0x 1072 km?3/volcano per year (Gill 1981). At
these rates the volcanos in the NSP, where the av-
erage volume is 7 km?/km (plus 1-2 times that
mass of cumulate material) of arc, could be con-
structed in 1.0-2.1 million years.

Bloomer et al.: Submarine Mariana and Volcano Arcs

We suggest that the volcanos of the NSP, and
possibly those in the SSP, are younger than those
in the CIP. If the larger, more widely spaced edif-
ices characteristic of the Volcano Arc and CIP in
the Mariana Arc are more mature intraoceanic
volcanos, and the small, closely spaced active
edifices of the NSP immature centers, we can spe-
culate about the development of arc edifices after
an episode of back-arc rifting. It appears from the
distribution of edifices in the Marianas that the
volcanos re-establish themselves as small centers
spaced at irregular intervals. These will begin to
grow together into ridges. After a certain period
of time, the sub-arc conduit system will reorgan-
ize "iself into a system of fewer, more evenly
spaced conduits, leading to the more rapid growth
of a few edifices. Indeed in the CIP, interpreted
here to be the more mature volcanic province, it is
the smaller edifices that can be clearly identified
as extinct (NW Uracas Ridge, Fig. 3b; Poyo and
Cheref, Fig. 3¢). Only in the northernmost part of
the Mariana Arc, interpreted to be the youngest
province, are there closely spaced active edifices
with no intervening extinct volcanos (Hiyoshi
complex, Fig. 2), consistent with the interpreta-
tion of this section of the arc as the youngest, with
the least integrated conduit system, and the one
most recently reestablished after back-arc rifting.

One of the portions of the arc about which we
still have no information is that between the vol-
canos. In the Cascades, eruptions of basalts to
form low plateaus account for well over 80% of
the activity in the arc (Hughes and Taylor 1986).
If, as is likely, such activity is common in the
Mariana or Volcano Arcs, we have no evidence
for it. The close spacing of edifices in the Maria-
nas and the abundance of volcanoclastic material
may well obscure any evidence of inter-edifice ac-
tivity that could be obtained by surface ship ob-
servations or sampling. Only drilling or detailed
side-scan sonar surveys of the arc might find evi-
dence of such activity.

Conclusions '

1. The submarine volcanos of the Volcano Arc are
larger, shallower, and more complex in form than
those in the Mariana Arc. Small, closely spaced,
active submarine edifices characterize the north-
ern Mariana Arc. Large active edifices inter-
spersed with smaller extinct volcanos are typcial
of the Central Mariana Arc. The volcanos of the
Mariana Arc are built to the west of the frontal
arc, and the location of individual edifices and
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groups of edifices is strongly controlled by re-
gional fault patterns. Large edifices in both the
Volcano and Mariana Arcs are spaced 50-70 km
apart.

2. Basalts and basaltic andesites are the principal
rock type along the arc. Pumices and volcanoclas-
tics are common throughout both arcs; volcano-
clastics compose about 25% of the recovered ma-
terial and are an important component of submar-
ine arc volcanism. There are no consistent differ-
ences between large and small edifices at a given
latitude, though there is a latitudinal variation in
chemical composmon (Bloomer et al. 1988; Lin et
al. 1988).

3. Both subaerial and submarine volcanic ridges
and composite cones are oriented either parallel
to the frontal arc’s western escarpment or at 110°
to that scarp. These prominent linear directions
suggest that the access of magmas to the surface is
controlled by the boundary fault system to the
frontal arc and by long-standing cross-arc frac-
tures.

4. The variations in size and distribution of volca-
nos are a result of a constant magma supply along
the arc and a younger age for the volcanos of the
NSP. The younger age is a consequence of north-
wards propagation of the back-arc basin into the
Volcano Arc. After back-arc splitting, the arc
evolved from small, closely spaced centers to a
system of large volcanos regularly spaced at 50-
70 km. Magma production rates, where best con-
trolled, are estimated at 10-14 km?/km of arc per
million years.
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