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ABSI'RACI' 

SeaMARC II data f ran the northern Mariana Trough shows three 

stages of developrent for this marginal basin. The southern :r;:x::>rtion of 

the survey area has a series of three ridges inte:rpreted as propagating 

rifts. These ridges propagate nortlMards and periodically step ta.-mrd 

the arc so that the easte:r:most ridge is the youngest of these features. 

'Ib the north the youngest ridge is sinistrally off set by a transf onn 

fault. This fault separates the southern zone of ridges fran a central 

zone of large discreet volcanoes lying in the rift graben. While dredge 

samples fran one of . these volcanoes have yielded primitive back-arc 

basalt, the searromts of this zone fonn symretrical, conical edifices, 

as opposed to the linear ridges of the southern zone. The northe:rnrrost 

zone of the survey area has a well-developed rift graben in which lies 

an arc volcano. This zone exhibits a region of intrusive features, 

inte:rpreted as dikes, seen on seismic reflection records. The features 

of these three zones are inte:rpreted as characteristic of different 

stages in the developrent of this back-arc basin. The northemrrost zone 

is the least developed, while the southe:r:most zone is nearly fully 

developed into a mature spreading center. Based on these data a rrodel 

is proposed consisting of an orderly sequence of events asscciated with 

the opening history of the Mariana Trough. 
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I. INI'RCDUCI'ION 

'Ille Mariana Trough is a mature back-a.IC basin of extensional 

origin. It is associated with the subduction of the Pacific Plate 

underneath the Philippine Sea Plate arrl is primarily a single rift, Lau

type basin (Tamaki, 1985: Hawkins et al., 1984). Using magnetic data, 

Bibee et al. (1980) detennined that syimetrical spread.ing proceeds at 

approximately 1. 5 cm/yr near the central portion of the trough (™18°N) • 

Hussong arrl Uyeda (1981) suggested a rate of less than 2.15 cm/yr near 

18°N based on drill core analysis arrl geophysical data. 

This back-a.IC basin ranges frcm approximately 13°N to 23°N 

latitude and 143°E to 145°E longitude (Fig. 1). It is crescent shaped, 

bounded on the east by the active Mariana Arc, and on the west by the 

West Mariana Ridge, a rannant arc. These ~ ridges converge to the 

north and together f onn the Iwo Jima Ridge, which continues northward to 

Jap:iil. Although the basin is closed on the northern errl, there are 

extensional features in the Bonin area (Karig and ~re, 1975: Taylor et 

al., 1985) suggesting that the active arc north of the Mariana Trough is 

under tension. 

'Ille rrorphology of the Mariana Trough spreading system south of 

22°10'N is similar to that of a slew spreading mid-ocean ridge (Fryer et 

al., in press, Fryer and Hussong, 1981). Ho.-rever, north of this 

latitude the spreading center is less v.iell defined and it becanes 

unidentifiable at about 23°N. This change in character of the 

1 
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spreading axis has led to the suggestion that the northern portion of 

the survey area is still in the sundering and stretching stage, rather 

than in the seafloor spreading stage (F:ryer et al., in press). This 

interpretation is consistent with a northward propagating extensional 

regime in the Mariana Trough. 

Several rocdels have been proposed for the opening history of the 

Mariana Trough (Bracey and Ogden, 1972; Le Pichon et al., 1975; Karig et 

al., 1978; Stern et al., 1984). HCMever, none of these rocdels attempt 

to discuss what processes occur in the initial stages of rrarginal basin 

fonna.tion. This paper will examine the events associated with the 

rifting of the northern Mariana Arc, and describe hOtl the back-arc 

spreading system is propagating northwards. sane of the ideas presented 

here may be considered applicable to other areas of island arc rifting. 

3 
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II. OBSERVED FEA'IURES 

The survey area exterrls fran 21°35'N to 23°15'N and 141°55'E to 

143°30'E. The active rifting portions of the area have 100% coverage by 

Sea.MARC II sidescan and bathyrret:ry. Continuous seismic reflection data 

was recorded along ship's tracks. Based on rrorphology and subsurface 

features, the survey area has been divided into three zones, A, B, and C 

(Figs. 2a and 2b}. Zone A (Fig. 3) includes an active segment of the 

back-arc spreading center. ZOne B (Fig. 4) consists prinarily of large, 

discreet volcanoes which lie in the back-arc rift graben. Z.One C (Fig. 

5) is in the rifting stage with evidence for subsurface intrusive 

activity but lacking evidence for an organized volcanic rift. 

In the following discussion several conclusions are reached f ran 

the interpretation of the SeaMARC II sidescan data. These inter

pretations are based on backscatter characteristics of the subrrarine 

features and the response of the SeaMARC II systan (App:rrlix) to these 

characteristics. Fresh lava flows have higher backscatter than sedinent 

covered areas and thus appear darker on the rrosa.ic. Dark returns are 

also caused by high backscatter and specular reflection f ran tilted 

surfaces, such as cliffs, when they face the sonar array. Thus, strong 

sonar echoes not associated with bottan relief are considered to be 

exposed lava flows and are interpreted as young features. An area with 

rrany closely spaced flows, seamaunts, and smaller volcanoes fanning a 

linear pattern parallel to the arc line is interpreted as a well 

established back-arc spreading center. 

4 
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Fig. 3 Sidescan data with bathyrretry overlay of zone A sh.awing ridges 1, 2, 
and 3 and their associated depressions. N:>te the change in character of the 
spreading axis along strike. 
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Fig. 4 Sidescan data with bathyrret:ry overlay for 
chain of volcanoes in the southeastern corner and 
vnlr.::inr¥>~ tn thP nnrthwP!';t 

Zone B showing the cross-
the large discreet 
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13 

Fig. 5 Sidescan data with bathyrretry overlay for Zone C showing the large 
lava flow at the bottan of the figure and Nikko, an arc-related volcano, in 
the center of the rift graben. 
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Zone A 

The rrorphology of ZOne A is daninated by three ridges trerrling 

roughly parallel to the arc line (Fig. 3). Each of these ridges, 

labeled 1, 2, and 3 fran west to east, has a depression associated with 

it just to the northwest tip of the ridge. These ridges are interpreted 

as propagating rifts associated with the back-arc spreading systan. 

Ridge 1 lies about 13 km west of the main axial zone. It is 

identified by two elongate seamounts extending to about 21°SO'N where it 

dies out into its associated depression. While this ridge is associated 

with the back-arc spreading system it is no longer part of the main 

center. 

Ridge 2 lies about 10 km east of ridge 1. It ranges fran 21°3S'N 

to 22°0s 'N. Although large faults bourrl this ridge (Fig. 6), it is 

believed to be constructed by volcanism rather than by faulting. 

Evidence for the volcanic nature of this feature include the presence of 

many vents and craters as seen on the SeaMARC II image (Fig. 7) • While 

portions of this ridge are still active, the sedirrent-laden volcanic 

features seen in fig. 7 suggest that activity along this ridge may be 

waning. 

Ridge 3 is the furthest east of these ridges. It is sanewhat 

discontinuous but extends fran 21°3S'N to 22°10 1 N. Ridge 3 marks the 

primacy location of the present day spreading axis. The depression 

associated with ridge 3 is the largest and deepest of the three 

depressions. There is evidence for volcanic activity in the eastern 

15 
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Fig. 6 M3.jor lineations of Zone A, interpreted as no:r:mal fault scarps, 
taken f ran side-scan reco:rd. Note change in orientation f ran lWl in the 
eastern portion of the figure to N-S in the western portion. Bold lines 
denote the faults which bound Ridge 2. Dotted line outlines the spreading 
axis. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I . 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I\) 

..... 
0 

.,.........-r'" I I ,-c' I l I 

~· 
~ 

... 
0 
71(' 

3 

..... 

.r:. 
I\) 

0 

.. 
m 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

22° 

I 
5 km 

21° so'NL 
142° 50'E 

..J21° 50'N 

143° E 

Fig. 7 Close-up of side-scan data fran Ridge 2 sh.CMing partially sedirrent 
covered craters suggesting this ridge is of volcanic origin. 
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portion of this depression. This volcanism, which lies in line with the 

volcanic features 

of ridge 3, suggests that this ridge may still be actively pro:p3.gating 

northwards. 

Al though the spreading axis of this zone continues unintenupted 

21°35'N to 22°20 1 N, it does change character significantly along strike. 

Fran 21°3S'N to 21°sO'N the main active spreading center is quite narrow 

(10-15 km). Many circular forms, identified as vents or volcanically 

related features, along with dal:k flCMs fran fissures and gna].l volcanoes, 

define this narrow rift zone. Dredge samples fran this area include 

primitive and evolved back-arc basin basalts (Fryer et al., 1986). The 

abundance of volcanism associated with this segrrent of the spreading axis, 

coupled with the presence of evolved back-arc basin basalts, inply that this 

is a mature segment of the back-arc spreading system. 

Just north of 21°50'N the spreading area widens considerably, up to 25 

km, and appears to have activity that is concentrated on four seamounts. 

These seamounts are elongate roughly :p3.rallel to the trer:rl of the sprecrling 

center. The two westernmost seamounts of this group are :p3.rt of ridge 2, 

while the other two are :p3.rt of ridge 3. 

North of 21°5S'N the prima:ry locus of spreading becanes narrow once 

again (15 km) and is concentrated along ridge 3 up to 22°10 1 N. At this 

point the ridge dies out into a deep basin and the sprecrling system becanes 

0 offset to the west near 22 20'N. Although bathymetric and structural treros 

perpendicular to the rift are not cbserved in this transform zone, it is 

19 
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possible that such features may be buried by volcaniclastic sedirrent shoo 

f ran the nearby arc. 

An ~rtant off-axis feature of ZOne A is an ab:rupt change in strike 

of the major lineations about 25km west of the axial rift. These features 

change fran a N30W orientation near the spreading axis to a nearly N-S 

orientation further west (Fig. 6). This change may record a re-orientation 

of the stress pattern in the Mariana Trough, and consequently a rrodif ication 

of the opening direction of this basin. It is possible that the collision 

of the Ogasawara Plateau with the northern Mariana Arc (Stoot, 1983) caused 

this change in the stress regime of the Mariana Trough. 

The bat:hyrret:ry of Zone A shows greater water depths than are generally 

cbserved for Pacific crust of canparable age. A similar discrepency was 

noted by louden (1980) for the entire Philippine Sea region. These 

unusually large water depths may be caused by a density ananaly in the upi;:er 

mantle (Yoshii, 1973; Watanabe et al., 1977), depressed tanperatures caused 

by the subducting slab (Louden, 1980), an unusually thin crust (LaTraille 

and Hussong, 1980; louden, 1980), or a carbination of these effects. Thus, 

although the spreading center often is expressed as a constructional 

bathyrcetric high in the Mariana Trough, it is deep carpared to typical mid

ocean spreading centers and seans high only because the surrounding older 

crust is ananalously deep. In the occasional regions of the M:2riana Trough 

where the spreading center is expressed as a rift graben, it occurs at v.e.ter 

depths as great as 3600m or rcore. 

20 
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ZOne B 21 

The rrorphology of Zone B, which ranges fran 22°20 1 N to 22°4S'N, is 

strikingly different f ran that of ZOne A. This zone is daninated by 

large, syrrmatrical, discreet volcanoes rather than the continuous ridges 

observed in ZOne A. 'IWo relatively snall, elongate features near the 

southwest corner of zone B are similar to the volcanoes of Zone A in 

reflection character, rro:rphology, and orientation. Together they fonn a 

short, discontinuoos ridge which diverges to the west and is overshadowed by 

the larger, rrore syrrmatrical volcanoes which daninate this segment of the 

spreading axis. This portion of the spreading system apJ;ears to be in a 

different stage of developrent than the portion contained in Zone A. 

This zone also includes a cross-chain of arc volcanoes (described 

fully in Fryer et al., in press) at about 22°20'N. This cross-chain trends 

roughly N7SW fran 143°0S'E to 142°2S'E. 

ZOne c 

The rrorphology of this zone, which extends fran 22°45' N to 23°15 'N, 

is daninated by Nikko, a large seamount fran which both primitive arc 

basalts and dacites have been dredged (Jackson et al., 1987). Although 

Nikko is an arc volcano, it sits in the back-arc rift graben defined by a 

set of normal faults north and south of Nikko (Fig. 8). 

Zone C is flat and well sedlirented south of Nikko searrount. A large 

lava flON (60-70 krn2) lies in this sedimented portion of Zone C at about 
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Fig. 8 Major lineations of zone C, interpreted as normal faults, taken fran 
the side-scan record. The large circle depicts Nikko sitting in the back
arc rift graben. Dotted line outlines the rift graben as defined by faults 
north and south of Nikko. 
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Fig. 9 Seianic reflection profiles fran Z.One C showing zone of intrusive 
dikes, considered to be precursors to the developrent of a volcanic rift. 
Dikes show up as light pillar-like features prirrarily in the western portion 
of the figures. Nbte that profile E displays such features in its eastern 
end. Nbte also that the back-arc rift graben lies slightly to the east of 
the main zone of intrusions. 
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22°50 'N, 142°15 'E. Although this flow has a rather unusual cariposition, it 26 ,1. 

does shcM sane possible arc affinities (Jackson et al., 1987). 

There is evidence in the reflection profiles for a fairly widesprea:i 

region of intrusions. These piercarent structures show up as light, pillar

like irrages on the reflection records (Fig. 9) arrl have been interpreted as 

dikes representing the earliest stages of back-arc crust fonnation. Ver:y 

likely the lava flow in this zone emanated fran one of these dikes which 

reached the surface. The unusual cariposition of this flow ir.rlicates that 

these dikes do not consist of true back-arc crust, but may instead be made 

of transitional material derived fran a mixing of magma sources. 

Nevertheless, it seems that these dikes are irrportant precursors to back-arc 

crust f onnation. 

Another interesting characteristic of this zone revealed by the 

seismic reflection records is the wide extent of tectonic activity. Profile 

E shows a region approximately 65 km wide displaying subsurface intrusions 

ar.rl nonnal faulting. This widespread defonnation is consistent with the 

idea that rifting of an islarrl arc may be similar to the rifting of a 

continent (Fryer arrl Hussong, 1981) in that the rift is breaking through 

thick lithosphere and a correspor.rlingly wide region of defonnation is 

expected. 
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III. DISCUSSION 

Regional tectonic stresses and local distumances of fer 

sane plausible explanations for several intriguing characteristics of 

the northern Mariana Trough. Based on these SeaMARC II data, 

related geophysical data, and partially on previous work in the Bonin 

area (Karig and :r.Dore, 1975; Taylor et al., 1984; Fryer et al., 1985}, a 

rrodel is proposed for the events associated with the early opening of 

the Mariana Trough (Fig. 10}. While this rocd.el is airced st::eeifically at 

the processes involved with the q;:ening of the M:triana Trough, sane of 

these ideas may be appropriate for other areas of inter-arc basin 

f onnation. 

One of the earliest events to transpire in the developnent of an 

inter-arc basin is the extension of the island arc. During this stage 

rrany nonnal faults develop aligned pei:perrlicular to the direction of 

stretching. These faults lead to the developrent of a large rift valley 

in the vicinity of the active island arc (Karig and :r.Dore, 1975; Taylor 

et al., 1984; Hawkins et al., 1984}. The floors of the rift valleys are 

broken by nonnal faults, facilitating the anplacement of magmatic 

material. This is a ver:y canplicated stage in the process of forming a 

marginal basin and is not ver:y well urrlerstocxl. Data fran the Bonin 

area show that lavas with back-arc geochemical signatures can occur in 

the very early stages of rift valley formation (Fryer et al., 1985). 

HCM"ever, the data fran this suzvey area in:iicate that large arrounts of 

extension can occur with arc-related volcanoes, such as Nikko, 

daninating the rift graben. The occurence of both back-arc and arc 

related volcanism in similar envirornnents suggests that the network of 
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faults controlling the subsurface plurrbing of such regions has a large 

influence on the type of magmas that are extruded at different stages in 

the developnent of a back-arc basin. 

In ZOne C several nonnal faults north arrl south of Nikko define 

the back-arc rift graben (see fig. 8). The fact that Nikko sits in this 

graben irrlicates that in the early stages of back-arc basin formation, 

i.e. during the rifting of an islarrl arc, it is not uncamon for the 

back-arc rift to overlap the line of active arc volcanoes. This is 

consistent with the possibility of magrra mixing in young back-arc basins 

(Fryer et al., 1986) • 

The abundance of piercement structures in profiles D, E, arrl F 

suggest that the injection of dikes may be a precursor to the 

developnent of an axial volcanic rift. The fact that the zone of dike 

injection and nonnal faulting in this area is fairly wide (™65 km as 

seen on profile E of Fig. 9) suggests that the initial stages of back

arc formation are marked by diffuse tectonic activity similar to the 

concepts presented by Lawver arrl Hawkins (1978) to explain the 

incoherent magnetic patterns of sare marginal basins. 

The large lava flCM in Zone C is rrostly likely fed by a dike. 

Although this lava flCM shows certain arc affinities, rrost notably a 

high JSO content, its overall CatJIX>sition is not typical of arc material 

(Jackson et al., 1987). The unusual canposition of this flCM ma.y 

indicate the effects of a back-arc magrra source. Regardless of their 

canposition, the injection of dikes appears to be an important 

preliminary process in the developnent of a back-arc volcanic rift. 
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A :perplexing d::>sei:vation is that the area of aburrlant piercarent 

structures lies well to the west of the rift graben defined above. 'Ihis 

could be evidence that the locus of extension has :periodically shifted 

east just as it apr;ears to have shifted in zone A. 

With continued extension of the st.ll'rlered arc, volcanoes develop on 

the rift valley floor. While these initial expressions of the back-arc 

spreading center are aligned roughly parallel to the trerrl of the arc, 

they do not fonn the long, continuous ridges characteristic of an 

established spreading center. 

Zone B appears to be in this 'transition' stage, which occurs 

after the fonnation of the rift graben but before the establishrrent of a 

nature volcanic spreading center. The daninant features of zone B are 

the large, discreet volcanoes lying in the back-arc rift graben (Fig. 

4). Dredge samples fran the northernm:::>st of these volcanoes have 

yielded back-arc basin basal ts (Jackson et al. , 1987) • The syrnretrical 

nature of these volcanoes implies that they are fed fran point soorces 

as opposed to the fissure sources of zone A which result in long linear 

ridges. Such an interpretation leads to the infer~e that, while the 

volcanic rift zone is not fully established in this area, rragrnatic 

rraterial is able to reach the surface through a few- key points of 

weakness in Zone B. 

This zone also includes a cross-chain of volcanoes, rrost likely 

arc-related, trending d::>liquely to the back-arc spreading system. Major 

lineations, interpreted as fault scarps, north arrl east of this feature 

show a similar orientation (Fig. 11). It is likely that the anplacerrent 

of the cross-chain is facilitated by such a fault. 
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The origin of the N60W lineations is not clear. The majority of 

these features occur where there is a break in the line of active arc 

volcanoes. It is highly likely that these lineations are associated 

with the stress regirce of the fore-arc region. This stress regirce has 

created a very canplicated fault pattern in the Ma.riana fore-arc. '!he 

relation- ship of this fault pattern to the o:pening history of the 

Ma.riana Trough is uncertain and beyon:1 the scope of this thesis. 

South of the cross-chain of Zone B lies the active sprea:iing 

center of the Ma.riana Trough. This spreading center is oonsidered to be 

propagating northward, resulting in a series of propagating ridges, 

nurcbered 1, 2, and 3 fran west to east. These propagating rifts 

sequentially die out in favor of a new volcanic center slightly to the 

east. 

Evidence for the propagating nature of this systan is of fererl by 

figure 12. This figure shows three seismic reflection profiles, A, B, 

and C, which all exhibit a break in bathymetry west of the sprea:iing 

axis. This break in bathyrretry is interpreted to mark the border 

between fresh back-arc crust and old, rifted arc crust. This 

interpretation assumes that stretched and faulted material tends to 

subside while fresh oceanic crust fonns axial ridges. The SeaMARC II 

data of this area supports this relationship. Given this 

interpretation, figure 12 exhibits a wedge of new back-arc crust which 

narrows to the north, suggesting that the spreading system has 

propagated northward. 

Several features of Ridge 2 in::iicate that it is a dying segment of 

the back-arc spreading center. As rrentioned, there are many circular 
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Fig. 12 Seismic reflection profiles fran zone A shc:Ming the bathymetric 
border between new back-arc crust and old sundered arc material in the 
southern IX>rtion of the survey area. Wedge of back-arc crust narrcws to the 
north implying that the spreading system has propagated northwards 
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craters arrl vents along the length of this ridge. Ha,.iever, over 50% of 

these sb:uctures have been draped with sediment (Fig. 7) indicating a 

decline in recent volcanic activity along Ridge 2. M:>st likely there 

are several volcanic features which are so buried that they cannot be 

identified on the SeaMARC II rrosaic. Therefore, it is estimated that 

between 50-75% of the volcanic features associated with this ridge have 

been quiescent for sane time. 

Sedimentation rates on Ridge 2 are a function of local volcanic 

activity. There are three sources of volcaniclastic sediment in this 

area: (1) the arc, 50-60 km to the east, (2) the cross-chain in zone B, 

more than 30 km to the north, arrl (3) Ridge 3, less than 20 km to the 

east. As a reference, holes 456 arrl 456A of DSDP leg 60 are 

approxima.tely the same distance fran the active arc as Ridge 2 arrl 

yielded recent (0-0.3 my) sediment accumulation rates of 1.9 kg/cm2/my 

and 1.3 kg/cm
2 

/my respectively (Hussong arrl Uyeda et al., 1982)). 

Ridge 3 is the rrost recently active volcanic rift in this survey 

area, as suggested by the large nunber of fissures, flows, arrl vents 

associated with it. HCMeVer, it is sanewhat smaller arrl less continuous 

than ridge 2, perhaps indicating that it is a younger, less develo{:ed 

feature. 

An interesting feature of all three ridges is the occurerx:::e of a 

depression just to the northwest of the tip of each ridge. A IQssible 

explanation for these deeps is that as the ridges prop:i.gate through the 

sundered arc, the old, cold crust inhibits the continuation of the 

rift.This is similar to the behavior of a mid-ocean ridge at a fracture 
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zone (Sleep and Biehler, 1970: Panrentier and Forsyth, 1985). Hey et 

al. (1980) expanded this idea to include propagating rifts. They 

reasoned that the colder material through which the rift is propagating 

causes increased magma cooling, viscous head loss, and leads to the 

obse:r:ved basin fonnation. The large basin in front of the active 

oceanic propagating rift in the Galapagos at 95°30 'W is floored by new 

material behind the rift tip (Hey et al., 1986). Sane older rifta:i 

material has been identified in the western :portion of this basin near 

rift tip (R.N. Hey, personal carmunication). It is likely that the 

distribution of material that floors the depressions in Zone A is 

similar (i.e. new back-arc c:rust in the southeastern part of the basin, 

near the ridge tip, and older rifted arc material in the north p::i.rt of 

the basin, CJ!./Vay fran the ridge tip). The obse:r:ved flows in the 

southeastern :portion of the basin associated with Ridge 3, coupled with 

the sedirrented nature of the northern part of this basin, are evidence 

that this may be the case. The presence of fresh lava flows in the arc 

side of this basin SUPIX>rts the interpretation that Ridge 3 is actively 

propagating northward. The absence of volcanism in the western basins 

implies that the corresponding ridges have ceased propagating and are 

being abandoned. 

The depression at the tip of a propagating rift terrls to re

equilibrate with its surrouniings by isostatic adjustrrent (Hey et al., 

1986). Thus, the fact that the basins in Zone A are progressively 

deeper to the east implies that the corres:poniing ridges are 

progressively younger. 
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The stress regirre associated with a back-arc basin is likely to be 

considerably different than that associated with a mid-ocean ridge 

propagator. In a mid-cx::ean ridge environment the stresses to be 

considered are regional an:1 generally involve two large plates. This 

situation is quite different fran a back-arc envirorment where stresses 

are localized an:1 involve at least the subducting plate, the landward 

plate, and a snall platelet between the back-arc rift and the deep-sea 

trench. In the case of the :Mariana systan the subduction cx::curing at 

the Philippine and Ryuku trenches also needs to be considered. All 

together, these local forces probably result in a variable stress regime 

causing frequent re-orientation of the propagating rift. Thl:s 

adjust:rrent is datonstrated by the existence of three ridges of 

propagator origin within 30 km of each other. 

One question arising out of this interpretation is why the ridges 

becane offset to the east. Certainly the active arc is thicker than the 

sundered arc, so the tendency for the back-arc spreading ridge to re

locate closer to the arc is puzzling. The behavior is possibly the 

result of two factors: (1) local tensile stress, such as trench suction, 

may favor the formation of the rift zone nearer the tren:::h (Forsyth arrl 

Uyeda, 1975: Bibee et al., 1980): an:1 (2) mantle convection, as proposed 

by Sleep and 'Ibksoz (1972) may concentrate the replenished mantle supply 

on the arc side of the rift graben, favoring the developrent of the 

spreading center closer to the arc. (Fig. 13). Once the rift is 

initiated it tends to propagate perpendicular to the direction of least 

canpressive stress (parallel to the arc). This situation continues 

until thenro-nechanical conditions, such as replenished magma supply and 
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Fig. 13 Cartoon shc:Ming hcM rrantle convection nay concentrate the 
replenished rragma supply closer to the arc causing the propagating ridges to 
migrate in this direction. 
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the state of the local stress field, favor shifting the ridge closer to 

the arc. 

Spreading center relocation appears to be a gradual process based 

on inforrration set forth here. The spreading center widens (up to 25 

km), fanning a broad zone of volcanic activity. Although the rrost 

prolific volcanism is concentrated about the dying arrl nascent ridges, 

there is a high propensity for volcanism between the two ridges at this 

time. This rrodel is supported by the wide barrl of sedinent draped 

volcanic features between ridges 1 and 2 (see Fig. 14) and by the zone 

of four searnounts near 21°55'N. The partially covered craters of Fig. 

14 indicate that much of the area between ridges 1 and 2 has exi;erienced 

volcanic activity. This activity is interpreted to have occurerl during 

the gradual relocation of the spreading axis fran Ridge 1 to Ridge 2. 

The broad zone of active volcanism at 21°SS'N represents the transfer of 

the spreading center f ran Ridge 2 to Ridge 3. 

Transfonn faults occurring in the early stages of marginal basin 

forrration are likely to be highly unstable. such a transform occurs 

near 22°20 1 N where the spreading systen is offset about 25 km to the 

west. Despite this offset, rrorphologic arrl bathyrretric features 

perpendicular to the trend of the spreading systen are not cbserved. 

The fact that Ridge 3 is propagating northward, considered in 

conjunction with the cbse:r:vations of Hussong and Sinton (1977) that the 

Pagan Fracture Zone may involve roall ridge segrrents undergoing frequent 

re-orientation, suggests an unstable, highly variable geanetcy for this 

40 



41 

Fig. 14 Close-up of side-scan data between Ridges 1 and 2 sboNing sedirrent 
laden craters suggesting that this area was once volcanically active. This 
supports the contention that the pro:pagating ridges gradually shift to the 
east r ather than niaking dicreet jumps. 
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transfonn zone. This instability would decrease the tendency to form 

identifiable transform fault rrorphology. 

Another feature of ZOne A is the abrupt change in orientation of 

the lineations 35 km west of the spreading axis (see Fig. 6). These 

lineations, identified as nonnal faults associated with back-arc 

extension, change f ran roughly N-S oriented features in the western 

:portion of the trough to N30W trending faults near the present spreading 

axis. This re-aligrunent irrlicates a change in the strike of the axis of 

minimum canpression f ran roughly E-W to N60E, suggesting a change in the 

opening direction of the trough. 

A :possible explanation for the apparent change in the o:p=ning 

direction of the Mariana Trough is the collision of the Ogasa\\0.ra 

Plateau with the active arc. Many people have argued that such 

collisions may cause islarrl arcs to berrl (Vogt, 1973: I.arson et al., 

1975: McCabe, 1984). A collision related berrling of the arc would very 

likely have a considerable effect on the stress regime in the back-arc 

basin. Perhaps an OBS survey corrlucted on the Ogasawara Plateau might 

elucidate the processes involved in this :portion of the subduction zone. 
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IV. (!)NCLUSIONS 

Examination of this data set suggests an orderly sequence of 

events associated with the opening histo:ry of the Mariana Trough (Fig. 

10) • These events appear to be progressing f ran south to north, 

splitting the Iwo Jima ridge. Thus, different latitudes of the sm:vey 

area are in different stages.of developnent~ the southern features being 

rrore mature than the northern features. While evidence for this 

sequence of events is drawn specifically fran the northern Mariana 

Trough, it may be considered relevant to other areas of marginal basin 

f onnation. 

First, the arc massif is subjected to a tensional stress regi.rre. 

This causes stretching and thinning of the thick island arc crust. As a 

result, large nonral. faults develop and lead to the fonnation of the 

back-arc rift graben. Due to the thickness of the arc crust, this stage 

is similar to the rifting of a continent. As a result, a wide zone of 

def onnation is developed. 

As stretching continues and the arc becanes progressively rrore 

faulted, magmas migrate through an intricate plurrbing system. At this 

very canplicated stage in the developnent of the marginal basin, arc 

lava, back-arc lava, or any mixture of the two may penetrate the graben 

floor. Arc volcanoes, as well as dike swanns, may develop in the rift 

graben prior to the establishment of the back-arc volcanic rift. Data 

fran this survey irxiicate that the zone of dike injection can be up to 

65 km wide. This :implies that the initial stages of back-arc crust 

generation are marked by diffuse magmatic activity. 
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With continued extension, back-arc volcanoes daninate the rift 

graben and a volcanic axis is established. In the early stages these 

volcanoes may be fed fran near point sources and build syrmetric, 

discreet structures as are seen in zone B. If the rate of extension is 

rather slow, these volcanoes will develop large edifices. 

Eventually the volcanic axis becanes daninated by fissure flows 

fonning sani-continuous ridges. These ridges propagate into the colder 

su.rrlered arc material arrl typically have large depressions at their 

tips. Due to the variable stresses and canplicated tectonic enviroment 

associated with marginal basin for:mation, these propagating rifts 

frequently becane abandoned and the volcanic axis becanes re-established 

in a rrore favorable location. The data presented here suggest that this 

relocation tends to be closer to the active arc, but this may not be a 

universal trend. 

The above is an admittedly simplified rrodel. Several factors may 

impede the orderly progression fran one stage of developrent to the 

next. Irregularities in the rift scar may impede the progress of the 

propagating rifts. As a rift iropinges on the arc or intersects a cross

chain of volcanoes, a transfonn fault may be rrore rrechanically feasible 

than continuing the rift. In the case of this survey area the transfonn 

fault may partially isolate zone A fran zone B, allowing for a sla-.rer 

rate of extension to the north than to the south. The difference in 

extension (spreading?) rates may be taken up by fault splays in the 

fore-arc and the marginal basin. This la-.rer rate app:!ars to result in 

fewer vents and fissures. With continued extension a volcanic zone such 

as zone B will develop sani-continuous fissures which will split the 
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larger volcanoes. In time these rifts may overcane the transform zone 

arrl develop a continuous back-arc spreading system. 

The different stages of developnent d:>served in the northern 

Mariana Trough indicate a pole of rotation north of the survey area. A 

continuation of the rift scars on figure 15 results in an intersection 

at about 24°05'N, 141°10'E. The actual pole of rotation is prd:>ably 

located a little N'l of this since the litlx:>sphere is likely to be able 

to withstand the ena.11 amounts of stress required near the pole. The 

concept of a pole of rotation is based on the assumption of rigid 

plates. 'lllis assumption may have to be relaxed in the northern Mariana 

Trough where the marginal basin appears to be subjected to distributed 

strain as it rifts through the arc massif. The fact that the Bonin area 

has extensional features implies that there may be more than one 'pole 

of rotation' for the Mariana/Bonin arc systan. 
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Fig. 15 Generalized tectonic map of the northern Mariana Trough. 
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APPENDIX 

SeaMARC II Systan Description 

This description is paraphrased fran a brochure on the SeaMARC II 

systan distributed by the Hawaii Institute of Geophysics. 

SeaMARC II is a long-range, high-resolution, side-scan sonar 

systan with the capability of simultaneously measuring precise 

batl¥netcy of the surveyed seafloor. The systan anploys a tramrlucer 

array that is tOIJed at shallcw depth, typically 100 m belcw the sea 

surface. Aside fran avoiding the strong sound-speed gradients near the 

surface, tcwing the array provides greater stability than could be 

cbtained were the array attached to the hull of a surface vessel. This 

is vecy i.mI:x::>rtant as the narrowness of the beam pattern requires that 

yaw or pitch of the transducer array be less than 1.5°. The systan 

operates at 11 kHz on the port side and 12 kHz on the starl::>Oard side. 

At seafloor depths greater than 1 km the systan is generally 

configured to prcxiuce irrages 10 km wide. The minimum swath width for 

shallcw water applications is 1 km and the minimum depth that can be 

surveyed is about 25 m belcw the array. The SeaMARC II side-scan irrages 

contain 1024 pixels in each half of the swath. The pixels are obtained 

by sampling the returning echoes to ranove the slant range distortion 

and prcxiuce a gearetrically correct plan view of the bottan. For a 10 
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km swath width each pixel represents the echo strength fran an area 5 m 

wide across track. The along beam width of the tared trans1ucer array 

. 20 is • At present the width of the bathymetric swath is limited to 3.4 

times the water depth. Beyond this distance the batl¥tetric infonnation 

suffers fran bottan nn.ll tiples. 

As the wavelength of a 12 kHz signal is approxina tely 12 an in 

water, the side-scan image is particularly sensitive to reflectivity 

changes caused by backscatter fran seafloor relief on the order of 10 

an. Recognition of seafloor patterns, however, is a function of the 

~ of feature causing the echoes. Typically, linear features such as 

channels or faults are recognizable if they have dirrensions of only ~ 

few to several tens of meters, while three-dimensional features, such as 

small rnoun:is or sediment pon:is, rrrust have dirrensions on the order of 100 

m or roc>re before displaying a recognizable shape. 

M:>nitor records of the side-scan data are prcxiuced on EPC and 

Raytheon variable density line scan recorders. A reduced scale 

{typically about 1 an=2 km) rronitor record of side-scan data and a 

sinn.lltaneously prcxiuced color-ccxled bathymetry swath roc>nitor provide an 

image of the survey area. These rronitor records can then be oonstructed 

into side-scan and bathymetry roc>saics of the survey area {the quality of 

the fit is dependent on the available navigation). All side-scan data, 

fish attitude (depth, roll, pitch, and heading), bottan depth, operator 

switch settings, and the echo angle vectors are recorded on digital tape 

for further processing. 
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I?ost-acquisition data processing of the side-scan data fran 

digital tapes includes further correction for ship speed after final 

navigation is available, canpensation for urrlesirable gain variations, 

and pixel relocation for corrected bottan depths. The corrected side

scan strips are played out on a gray-scale recorder and used to prepare 

a spatially correct side-scan nosaic. 

The depth resolution of SeaMARC II bathyrretry is still irrproving 

as data processing algorithns continue to be rocrlified. Under normal 

deep ocean situations an absolute repeatability, when canpared to other 

high resolution multibeam bat:hyrret:ry, of better than 35-75 m is 

d:>tained. This repeatability deperrls on local geologic and 

oceanographic characteristics. Relative depth variations, such as on 

abyssal hills with relief of a few tens of meters, are repeatable even 

when the average measured depth varies. 

For a nore ccrnplete description of the SeaMARC II systan see 

Blackinton et al. (1983). 
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