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ABSTRACT 

The Mariana Trough is the backarc basin of the Mariana arc system. It opens with slow 

to intermediate spreading rates, and for most of its length has a spreading axis with a 

deep axial graben flanked by abyssal hill fabric. South of 14°N, however, it shallows 

from -5000 m to -4000 m and the spreading axis changes from an axial graben to the 

broad, smooth-surfaced Malaguana-Gadao Ridge (MGR)-3000 m deep, a morphology 

more typical of fast-spreading ridges with high magma supply rates. A 6-channel 

seismic-reflection profile reveals a magma chamber reflector with a highly negative 

coefficient of refraction of -0.41 that could be produced by bubbles within the magma 

body. Submersible observations also reveal recent explosive volcanic activity, and lava 

samples likely have high volatile contents. Therefore, the MGR is receiving an excess of 

volatile-rich magma. The descending slab of the Pacific Plate lies beneath the MGR at a 

depth consistent with arc magma generation, so the MGR could be entraining arc magma 

or decompression melting mantle hydrated by subduction. New swath-mapping sonar 

surveys of the region also show that spreading continues south and west of the MGR in a 

region distinguished by numerous small volcanic cones. Some of these volcanoes have 

coalesced into a high-relief ridge that may represent a spreading axis supported by arc 

volcanism alone. Extension continues further west where it forms a -5000 m deep 

amagmatic graben within the West Mariana Ridge, which also appears to lie in the 

forearc. If spreading in the southern Mariana Trough is propagating southwestward, then 

features observed along the spreading axis could reveal how the southern Mariana 

Trough has evolved with time, suggesting that backarc extension can begin with 
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amagmatic rifting of the forearc. As the forearc graben widens it would intersect the 

volcanic arc, to first produce small arc volcanoes and then an inflated spreading axis with 

the onset of decompression melting. With further widening of the basin the arc 

volcanoes come to lie trenchward of the spreading axis while backarc spreading is 

sustained by decompression melting alone, resulting in the typical Mariana Trough 

morphology north of 14°N. 
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CHAPTER 1. THE MALAGUANA-GADAO RIDGE: IDENTIFICATION AND 
IMPLICATIONS OF A MAGMA CHAMBER REFLECTOR IN 

THE SOUTHERN MARIANA TROUGH 

Abstract 

A 6-channel seismic reflection survey has identified a mamga chamber reflector (MCR) 

beneath the Malaguana-Gadao Ridge, the southernmost segment of the spreading center 

in the Mariana Trough, the backarc basin of the Mariana convergent plate margin. For 

most of its length the spreading center within the Mariana Trough has a morphology 

typical of slow-spreading mid-ocean ridges, that is, a deep central graben flanked by a 

zone of abyssal-hill fabric. This southernmost segment, however, has an inflated ridge 

morphology with a broad, smooth volcanic ridge lacking a deep central graben. We 

identify a magma chamber at 1.5s two-way travel time below the crest of the ridge. ROV 

dives reveal fresh pillows, lobate and sheet lava flows, as well as intense hydrothermal 

activity. These observations, together with the inflated morphology of the ridge, suggest 

that this segment supports active volcanism and has a considerably higher magma supply 

than is typical in the central Mariana Trough. This situation is similar to slow-spreading 

ridges that are affected by hot spots, except that mantle temperature anomalies are not 

suggested. Rather, in the case of the Malaguana Gadao Ridge, we suggest that the 

volcanic arc or enhanced melting of a hydrated mantle is supplying volatile-rich magma 

as evidenced by a highly negative coefficient ofreflection, -0.42, for this MCR and the 

presence of evolved, highly vesicular lava and volcaniclastic materials. 



Introduction 

Reflection seismology has previously identified high-amplitude, reversed-phase magma 

chamber reflectors (MCR's) beneath seafloor spreading centers. Several oceanic 

spreading centers have been shown to have these MCR's, including both mid-ocean 

ridges, such as the East Pacific Rise (Kent et al., 1990, Hussenoeder et al., 1996, Singh et 

al., 1998) the Juan de Fuca Ridge (Rohr et al., 1988), and the Galapagos Ridge (Blacic et 

al., 2004), and backarc spreading centers such as the Yalu Fa Ridge (Collier and Sinha, 

1992; Harding et al., 2000) and the East Scotia Ridge (Livermore et al., 1997). A similar 

MCR has now been identified at the northern end of the Malguana-Gadao segment of the 

southern Mariana Trough in a six-channel seismic reflection profile. Martinez et al. 

(2000) had previously used data collected by potential field and sidescan sonar surveys to 

describe the unusual volcanic and tectonic relationships in this area. They recognized that 

although limited magnetic data indicate that Brunhes chron spreading rates are not faster 

than an intermediate rate of 64 mm/yr, the southernmost spreading segment of the 

Mariana Trough has an inflated morphology-a smooth, broad ridge lacking an axial 

graben-more typical of ridge crests spreading at 100 mm/yr or more. Kato et al. (2003) 

have more recently used global positioning sytem (GPS) measurements to determine that, 

currently, the southern Mariana Trough is spreading at an even slower rate of 45 mm/yr. 

Because of nearby active submarine arc volcanoes, Martinez et al. (2000) also suggested 

that the inflated morphology resulted from the entrainment of magma from the volcanic 

arc into the backarc spreading center. New surveys in this area using hydrocasts, swath

mapping sonar, and observations from remotely-operated vehicles (ROV's) have 

identified recent volcanic activity and active low- (10°C, Masuda et al., 2001) to high-
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temperature (>270°C - this study) hydrothermal venting on the ridge. The Malaguana

Gadao Ridge's anomalously high magma supply for its spreading rate would appear to 

place it in the same class ofbackarc spreading ridges as the Yalu Fa Ridge and Segment 

E2 and E9 of the Scotia Ridge, which are spreading at slow-to-intermediate rates of 39-

61 mm/yr (Zellmer and Taylor, 2001) and intermediate rates of65-70 mm/yr (Livermore 

et al., 1997; Bruguier and Livermore, 2001), respectively. 

In this paper we present the evidence for the presence of a magma chamber 

reflector based on results of processing the six-channel seismic reflection data, and 

summarize new observations from submersible operations. We will also include in our 

analysis previously published geochemical data for lavas collected in the study area. We 

discuss the implications of these observations in terms of the processes active along this 

segment of the spreading center in the southern Mariana Trough. In particular, we will 

aruge that the presence of the MCR results from the addition or generation of volatile

rich magma within this backarc spreading segment. 

Background 

The Mariana convergent margin system is located at the eastern boundary of the 

Philippine Sea plate (Figure 1.1 ). Subduction of the Pacific plate beneath the Philippine 

Sea Plate boundary began in the Eocene prior to about 50 Ma (e.g., Seno and Maruyama, 

1984). Stem and Bloomer (1992) and Macpherson and Hall (2001) suggested that the 

initial phase of subduction prompted widespread volcanism above the subduction zone. 

Initially this region may have been as much as 200 km wide, but by the Middle 

Oligocene (-30 Ma) volcanoes of the arc had become localized along what is now 
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referred to as the volcanic front (Kobayashi and Nakada, 1979). From about 30 to 20 Ma 

a series of episodic arc building and rifting events occurred, forming from west to east, 

the Palau-Kyushu Ridge, the Parece Vela Basin, and the West Mariana Ridge (Okino et 

al, 1998). Since 6 Ma extension has been concentrated in the eastern basin of the system, 

the Mariana Trough, and supra-subduction zone volcanism has been limited, for the most 

part, to the active Mariana volcanic arc (represented by the Mariana Ridge) and to the 

spreading center in the Mariana Trough (Hussong and Uyeda, 1981). 

Swath-Sonar Mapping 

Swath-mapping sonar data were acquired with both multibeam and sidescan systems on 

several cruises from 1997 to 2003. The first survey has been described by Martinez et al. 

(2000). It used the HAWAII MR-1 towed sidescan system (Rongstad, 1992) to collect 

both bathymetry and backscatter imagery from the RIV Moana Wave. This cruise also 

collected the six-channel seismic reflection data described in the next section. The MR-1 

system was employed again in 2001 from the RIV Melville during a cruise that also 

collected SeaBeam 2000 multibeam data along the crest of the Malaguana-Gadao Ridge 

during transects between dredging locations and wax-coring sites. Finally, in 2003 a 

cruise aboard the RIV Thomas G. Thompson collected Hydroweep and Simrad EM300 

multibeam data for part of the ridge crest and nearby seamounts. Bathymetry data were 

merged using the technique of Becker (2005, see Appendix), MB-System software 

(Caress and Chayes, 1995, 1996), and Generic Mapping Tools software (Wessel and 

Smith, 1991, 1998). A map of these merged bathymetry data is shown in Figure 1.2. 
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Seismic Reflection Profile 

In addition to collecting HAWAII MR-1 sidescan data, the 1997 RIV Moana Wave 

survey collected digital 6-channel seismic reflection data throughout the sidescan survey 

region (see Figure 1.2). The sonar ping repeat rate was synchronized with the seismic 

survey shot interval. The RIV Moana Wave towed two airguns with chamber sizes of 

120 and 300 in3 each. The streamer was configured with 6 channels at 25-m group 

interval, and the survey was run at 8.1 knots with a firing interval of 9 seconds to yield 2-

fold seismic coverage with 12.5 m CMP interval. In water depths greater than 5 km, 

however, it was necessary to increase the firing interval to 18 seconds in order to provide 

adequate time to record the sidescan swaths, in which case seismic coverage was 

decreased to single fold at 12.5 m CMP interval. The data were digitized at a 2 msec 

interval and recorded in SEGY demultiplexed format (32-bit floating point) on Exabyte 

and DAT tape using a Sun-based seismic acquisition system. Data were processed using 

ProMAX software and included editing of bad traces, sorting, deconvolution, time

variant filtering, muting to water bottom, migration, and depth conversion. Signal-to

noise was improved by either summing adjacent traces or applying a running mix prior to 

migration, and the 12.5 m reflection-point spacing allowed for migration of steep dips 

without spatial aliasing. Migration and depth-conversion velocities were estimated from 

iterative migration, using a range of velocities. Migration results, however, were 

degraded due to the oblique crossing of topography (see below). 

These data were gathered in order to provide high-resolution images of the 

southern Mariana backarc and outer forearc sedimentary strata and structures. The 

survey pattern, however, was controlled by the geometry of the sidescan survey and 
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consisted of east-west transects spaced 5 nautical miles (9.26 km) apart and oblique (-

650) to the strike of the Malaguana-Gadao Ridge. Only a single candidate for a MCR 

was identified even though the survey crossed the ridge axis 12 times. The location of 

the line that contains it is shown in inset of Figure 1.2, and the seismic reflection profile 

in Figure 1.3a. The MCR candidate is the high-amplitude reflector at a depth of 1.5 s 

two-way travel time ( - 1125 m) below the crest of the spreading ridge. This depth is 

comparable to the MCR found beneath the Scotia Arc at - 1.4 s (Livermore et al., 1997) 

but is shallower than the MCR found at the Yalu Fa Ridge at -1.6-1.8 s (Collier and 

Sinha, 1992). The magma lens, however, does not appear on the parallel adjacent 

profiles -9 km to the north or south of it, nor did we identify any MCR's in any other 

ridge-crossing profile (see Figure 1.2 for line locations). Therefore, we can only say we 

identified a single MCR beneath the Malaguana-Gadao ridge and that it extends less than 

-18 km along the ridge axis. 

In order to demonstrate that a reflector beneath a spreading axis is indeed a MCR, 

we need to show that its polarity is reversed relative to the bottom reflector. This is 

because a magma body will have lower acoustic impedance than the overlying rock. A 

detail of the MCR candidate is shown in Figure 1.3b, and Figure 1.3c shows how its 

polarity compares with that of the bottom reflector. The traces on the left side of Figure 

l Jc show the bottom reflector with normal polarity, while the traces on the right show 

the MCR candidate with the polarity of the traces reversed. The apparent repetition of 

reflectors in these detailed views result from oscillations of the bubble pulse source. 

Since the polarity of the reversed traces match the polarity of the bottom reflector, the 

MCR candidate does indeed represent a boundary between a zone of higher acoustic 
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impedance above a zone of lower acoustic impedance. This observation is consistent the 

reflector representing the top of a magma body, which would have lower acoustic 

impedance than the surrounding rock. 

In order to compare the MCR with those seen in other spreading centers, we also 

calculated its reflection coefficient using, with some modification, the method described 

by Collier and Sinha (1992). As the line on which the MCR was identified does not 

contain a sea floor multiple (Figure l .3a), we determined mean values for the amplitudes 

of the bottom reflector and multiple from the next survey line to the south where the ridge 

crest was shallower. We also used the same values for stacking velocity of the MCR 

(Vrms = 2.2 km/s), and transmission loss correction factor (L = 1.23) as Collier and Sinha 

(1992, after Morton and Sleep, 1985), and we assumed a seawater velocity, Vi, of 1.5 

km/s. We then calculated the value of the coefficient ofreflection for the MCR, R, on the 

33 traces that show it, and these R values were plotted in the histogram shown in Figure 

1.4. All values were calculated from data within stacked lines without further processing. 

Using this method, we calculate a mean value for R of -0.42 with a standard deviation of 

0.14. When compared with MCR' s identified beneath other seafloor spreading axes, R 

for the Malaguana-Gadoa Ridge is more negative than those for the MCR's in the East 

Scotia and Yalu Fa Ridges, -0.34 (Livermore et al., 1997), and is considerably more 

negative than R calculated for the East Pacific rise, approximately -0.2 (Barth et al., 1987, 

Harding et al., 1989). 
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Submersible observations 

A Jason-2 dive (J2-42) visited the crest of the Malaguana-Gadao ridge south of the 

location of the MCR (see Figure 1.2). Spreading ridge relief in this area is less than 20 

m. The dive location was chosen on the basis of a water column turbitity maximum 

identified with towed instruments (Embley et al., 2004). There were also turbidity 

maxima both north (close to the area of the MCR) and south of the Jason-2 dive. This 

evidence of widespread hydrothermal effluent is consistent with this ridge being an active 

volcanic feature along its entire length (Martinez et al., 2000, Fryer et al., 1998). 

The morphology of the lava types observed on the active portion of the spreading 

ridge varies considerably even on a small scale. We observe patches of pillow lavas, 

sheet flows, contorted sheets, spatter cones, volcaniclastic sediment, and chasms that 

expose interiors of thick flows with well developed joints in a survey area of about O.OI 

km2
• A similar variability of flow types on a small scale was reported by Masuda (200I) 

from the northernmost tip of the Malaguana-Gadao Ridge during Kaiko ROV dive I64 

(Mitsuzawara et al., 2000). 

We observed areas of pillow lavas that range in size from <Im (Figire I.SA) to 

several meters in diameter. Some pillows have striking break-out morphology (Figure 

I .SB). In some areas it is possible to distinguish lava tubes that overlay older, rough, 

slabby lava. Sheet flows vary in size from modest lobes under a meter across upward to 

cover areas larger than can be imaged with the ROV cameras. They have smooth to 

undulating surfaces (Figure I .SC) and are locally cut by fissures (Figure I .SD). Some 

deep (>I Om), wide (~20m) fissures expose several layers oflava flows and in two 

localities we observed columnar jointing (Figure I .SE). The fissures are more common 
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in regions of sheet flows. One steep scarp face at the edge of a ridge was mantled with 

thin lava flows. These sheet flows are also commonly broken into slabs. Some of these 

thin flows are contorted or ropey, resembling pahoehoe surfaces (Figure 1.5F). We also 

observed tumuli that are surrounded by either sheet flows or by pillow lava. Blocky lava 

was observed in one locality although the individual blocks are not smooth as normal 

silicic block lava appears on land. Instead, the blocks have rough surfaces and are more 

transitional to contorted fragments of sheet flows. Some fragments of contorted, ropey 

lava are very similar to spatter (Figure 1.5G), and some small local highs have flanks 

covered with fine-grained volcaniclastic sediment (Figure l .5H). 

Collapse features of varying sizes were also observed. A small collapse pit ~2 m 

diameter and a much larger pit~ 7 m in diameter lies in an area of dominantly pillow lava. 

Broad depressions were also observed within the dive area that contain mounds of lava 

~2 m high and tumuli, suggesting lava has welled up into the depressions. Almost all of 

these features lack sediments and are thus considered to be very recent. The edges of the 

depressions are generally mantled with pillows and lava tubes. 

Scattered patches of hydrothermal deposits locally occur at the base of small 

scarps and also form along the summit areas of ridges. We also found areas where lava 

flowed over hydrothermal deposits, as well as areas where lava flows are encrusted with 

patches of microbial mats. In one area we also observed a lava flow that overlaps an 

older, lighter-colored and likely hydrothermally altered lava flow. Southwest from the 

site of this contact, the seafloor drops off by a few meters and the distribution of 

microbial mat becomes more extensive, though it is still only a dusting on the surface. 
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Previous dredging of the ridge crest by Japanese scientists resulted in recovery of 

fresh glassy lava from numerous locations along the entire crest of the ridge from 

12°40'N to 13°22'N (white diamonds on Figure 1.2) but particularly in the region of the 

MCR (Mitsuzawara et al., 2000, Masuda, pers. comm., 2004). A dive was also made 

with the ROV Kaiko (dive 164) in 1999 approximately 3 km northeast of where the MCR 

was identified (Masuda et al., 2001) (Figure 1.2, inset). This dive found fresh 

unsedimented lava and active hydrothermal vents similar to those seen during the Jason-2 

dive. Samples collected from the area of Kaiko dive had sulfur contents high enough to 

disable shore-based analytical equipment during attempts to measure volatiles (Masuda, 

pers. comm., 2004). 

Discussion 

As previously described by Martinez et al. (2000), the Malaguana-Gadao Ridge has an 

inflated morphology despite its intermediate spreading rate. We have now shown that it 

also possesses a MCR, another feature typically found at spreading centers that have high 

magma supply rates. Of particular interest, then, is the spreading rate of the Malaguana

Gadao Ridge. Martinez et al. (2000) could only constrain Brunhes chron full spreading 

rate to less than 64 mm/yr. from their magnetic data collected on the eastern side of the 

Ridge. Magnetic data collected from the western side of the Ridge, however, gives a half 

spreading rate of 35 mm/yr (Seama, 2004, pers. comm.), and would yield a full rate of70 

mm/yr. assuming symmetric spreading. Kato et al. (2003), used GPS measurements to 

determine that the southern Mariana Trough is currently opening with a full spreading 

rate of 45 mm/yr. The magnetic- and OPS-derived spreading rates together indicate that 
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the southern Mariana Trough is spreading asymmetrically as it does in its central and 

northern sections (Deschamps and Fujiwara, 2003), where the half spreading rates of the 

western side range between 1.2 to 2.9 times greater than those of the eastern side. If the 

full rate is 45 mm/yr, and the western half spreading rate is 35 mm/yr., then the eastern 

side is accreting new crust at a rate of only 10 mm/yr. and the western side is therefore 

spreading 3 .5 times faster than the eastern side. Such asymmetry would continue the 

trend from the central and northern portions of the Trough of asymmetric spreading with 

faster accretion on the western side of the spreading axis. It would also be consistent 

with the position of the spreading center at the eastern edge of the backarc proximal to 

the magmatic arc. 

Despite its intermediate spreading rate, the Malaguana-Gadao Ridge has an 

inflated morphology characteristic of spreading centers with high magma supply. These 

include fast spreading centers (> 100 mm/yr.), such as the East Pacific Rise, or slow to 

intermediate spreading centers coincident with hot spots, such as the Rekyanes Ridge or 

the Endeavour Segment. In the case of the Malaguana-Gadao Ridge, however, like 

Martinez et al. (2000) we suggest that the proximity of submarine arc volcanoes (Fryer, 

1995, Fryer et al., 1998) and their magma source provides the surplus magma required to 

produce its inflated morphology and the MCR. A similar correlation of arc volcanoes 

proximal to an inflated spreading segment has been observed for the Yalu Fa Ridge in the 

Lau Basin (Collier and Sinha, 1992, Wiedicke and Collier, 1993). 

Like Maritnez et al. (2000) we also suggest that the additional magma may result 

from either arc magma being entrained into the spreading axis directly from a discrete arc 

magma source. Another possibility, suggested by Martinez and Taylor (2002) for the 
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Lau Basin, is that that fluids released from the descending slab of the Pacific Plate have 

lowered the melt solidus of the mantle beneath the spreading axis, and thus 

decompression of hydrated mantle results in enhanced melting relative to such melting of 

"dry" mantle (Stolper and Newman, 1994). Distinguishing between these two 

mechanisms would require a trace-element geochemical study of the erupted lavas and is 

beyond the scope of this paper. However, either mechanism should produce evolved 

lavas with high volatile contents. 

The presence of a MCR in the Malaguana-Gadao Ridge is further evidence for a 

volatile-rich source for the additional magma. The presence of volatiles within the 

magma would significantly increase the acoustic impedance of the magma body and 

produce the high amplitude of the MCR. The presence of volatiles would also enhance 

the contrast in acoustic impedance, R, between the magma body and the overlying rock. 

While backarc spreading centers show higher R values generally than mid-ocean ridges, 

the value we measure for the Malaguana-Gadao Ridge, -0.42, is highly negative, 

suggestive of an especially volatile-rich magma body, which may even contain bubbles. 

The Malaguana-Gadao Ridge is not the first backarc-spreading segment to be 

identified with some of the aforementioned characteristics. Segment E2 of the East 

Scotia Ridge has a similar morphology and MCR to the Malaguana-Gadao Ridge, and 

erupts volatile-rich basalts averaging 1.052 wt.% H20 and 0.214 wt.% C02 (Muenow et 

al., 1980) as the result of mantle flow bringing enriched mantle below the spreading 

center (Livermore et al., 1997). Likewise, the Yalu Fa ridge in the southern Lau Basin 

also has an inflated mophology and a MCR, but erupts andesitic-basalts, andesites, and 

rhyolites (Frenzel et al., 1990). These lavas also have high volatile contents, averaging 
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1.23 wt.% H20 and 0.03 wt.% C02 (Vallier et al., 1991). We would also expect evolved 

rocks with high volatile contents from Malaguana-Gadao Ridge. 

Recent submersible observations and rock sampling by ROV's provide evidence 

for volatile-rich magmatism at the Malaguana-Gadao Ridge in the form of recently 

erupted lava, volcaniclastic materials, and widespread hydrothermal activity. In 1999 the 

ROY Kaiko (dive #164) was lowered approximately 3 km northeast of where the MCR 

was identified (Masuda et al., 2001) (Figure 1.2, inset) and found fresh unsedimented 

lava and active hydrothermal vents similar to those seen during the Jason-2 dive (Figure 

1.5). Recovered rock samples had andesitic compositions (Mitsuzawara et al., 2000). 

Though we do not yet have geochemical data showing high volatile contents of these 

lavas, the fact that sulfur contents were high enough to damage analytic equipment 

(Masuda, pers. comm., 2004), that the lavas are highly vesicular, and that spatter cones 

are present (Mitsuzawara et al., 2000), suggests that the lavas from this portion of the 

ridge do have a gas-rich magma source. Volcaniclastic sediments and spatter cones are 

also common in the area of the Jason-2 observations and are likewise consistent with a 

volatile-rich magma source. These highly vesicular fragments are reminiscent of the 

highly vesicular, frothy lava described as "volcanic mousse" cored in the Sumisu Rift on 

ODP Leg 126 drilling Site 791 (units 11-14) (Taylor et al., 1990). The lack of pelagic 

sediments and the association of hydrothermal deposits in several localities in this small 

area suggests that it is a recently active area. 

The combination of compositionally intermediate and vesicular lavas, their 

probable high volatile contents, and the observed explosive eruption products 

demonstrate that volcanism along the Malaguana-Gadao Ridge has a volatile-rich source. 
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This evidence for high volatile contents is also consistent with a high value of R for the 

MCR, as a high portion of volatiles in the magma body-or even bubbles-would 

significantly decrease its acoustic impedance. Furthermore, the Malaguana-Gadao Ridge 

spreads with slow. to intermediate velocities, yet its inflated morphology implies high 

rates of volcanism similar to fast-spreading ridges. Therefore, we suggest that the 

Malaguana-Gadao Ridge is either receiving additional volatile-rich magma directly from 

the volcanic arc, and/or that fluids released from the descending slab of the Pacific plate 

have lowered the solidus of the mantle beneath the spreading axis to enhance 

decompression melting to produce excess volatile-rich magma at this spreading segment. 

Conclusions 

1. Six-channel seismic reflection data indicates a magma chamber reflector (MCR) lies 

1.5 s TWT beneath the Malaguana-Gadao Ridge. 

2. The Malaguana-Gadao Ridge, like other spreading segments within the Mariana 

Trough, spreads asymmetrically and accretes new crust to the west 3.5 times as 

rapidly as it does to the east. 

3. The magma chamber reflector has a high amplitude and a highly negative coefficient 

of reflection comparable to other MCR's identified in backarc basin settings, 

consistent with the presence of volatile-rich magma. 

4. This segment is volcanically active with a diverse range of lava morphologies, 

numerous hydrothermal sites, and volatile-rich magmas. 
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5. Though it has a slow to intermediate spreading rate, the Malaguana-Gadao Ridge as a 

fast-spreading morphology because it receives volatile-rich magma from the volcanic 

arc and/or from hydration of the melt source region by slab-derived fluids. 
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Figure Captions 

Figure 1.1: Location map for the area of this study showing major tectonic, and the 

convergence rate and direction between the Philippine Sea Plate and the Pacific Plate as 

determined by the GPS measurements of Kato et al. (2003). Bathymetry has been 

extracted from the ETOP0-2 global topography dataset (Smith and Sandwell, 1997). 

Figure 1.2: Bathymetric map of the 1997 RIV Moana Wave survey area in the southern 

Mariana Trough including the Malaguana-Gadao Ridge. Contour interval is 250 m, and 

dashed lines show where 6-channel seismic reflection data were acquired. White 

diamonds indicate locations ofrock dredge sampling by Japanese scientists (see text). 

Inset: detail of area where a seismic reflection profile shows a magma chamber reflector. 

Heavy red line A-A' indicates the location of the seismic reflection profile shown in 

Figure 1.3, and red boxes Kand J identify the locations of the dives by the ROV's Kaiko 

and Jason-2, respectively. 

Figure 1.3: Seismic reflection data were collected aboard the RIV Moana Wave by a six

channel system in 1997. These data were filtered and processed with deconvolution and 

stacking (2-fold) algorithms, and F-K migration. Automatic gain control was not used in 

order to preserve relative amplitudes. (A) Seismic reflection profile across the ridge crest 

with the location of the magma chamber reflector (MCR) indicated. The small boxes 

indicate the locations of the traces used for polarity analysis. (B) Detail of the seismic 

reflection profile showing the crest of the Malaguana-Gadao Ridge and the (C) Detail of 
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individual traces (stacked only) showing the sea floor (left) and MCR (right). The traces 

showing the MCR are displayed with their polarity reversed to compare them the sea 

floor reflector on. The phase angle for both sets has been rotated through -120° to aid 

interpretation. 

Figure 1.4: Histogram of values for the reflection coefficient calculated for the magma 

chamber reflectors on the 33 traces that show them. These values have a mean and 

median of -0.42 and a mode of -0.40. The standard deviation of these calculated values is 

0.14. 

Figure 1.5: Seafloor images taken from the ROY Jason-2 video cameras. These images 

show: (A) small diameter (>1 m) lava tubes, (B) large diameter (~2 m) lava pillows, (C) 

broad sheet flow with a fracture across its surface, (D) a broad, very lightly-sedimented 

sheet flow with a fissure cutting across its surface, (E) an exposure of columnar jointing 

in the wall of a 10 m deep grab en, (F) thin lava flow contorted into ropes, ( G) contorted, 

very thin sheets of lava with ropey to fragmented morphology, or possibly spatter, (H) 

volcaniclastic material near the summit of a small spatter cone. 
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Figure 1.1 : Locator map for Chapter 1 
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Figure 1.2: Bathymetric map of the 1997 RIV Moana Wave survey area 
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Figure 1.3 : Seismic refleciton profile with detail showing magma chamber reflector 
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Figure 1.4: Histogram ofreflection coefficeints for the magma chamber reflector 
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Figure 1.5: Seafloor images taken with ROY Jason-2 video cameras 
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Abstract: 

CHAPTER 2. MAGMA PIRACY IN THE SOUTHERN 
MARIANA BACK.ARC BASIN 

The Mariana Trough, the backarc basin of the Mariana convergent margin system, has a 

different character south of 14°N than it does to the north. The southern Mariana Trough 

is shallower by - 1 km, and has lower relief. It also contains a spreading segment that has 

the morphology of a high effusion rate "fast-spreading" ridge, though fast spreading is 

unlikely along this ridge segment. We mapped the region with multibeam and sidescan 

sonar. These data reveal the southern terminus of a well-defined spreading center for the 

southern Mariana Trough, but also suggest that extension continues west of the spreading 

center in a region of diffuse faulting and volcanism characterized by numerous faults and 

many small volcanic structures and lineaments. Regional cross sections showing 

earthquake hypocenters beneath the arc volcanoes indicate a geometry of the Wadati-

Benioff zone beneath them that displays a bimodal distribution for distance between the 

volcanic front and the trench and depth to the subducting slab beneath the arc volcanoes. 

The arc volcanoes in the central part of the arc tend to lie -210 km from the trench axis 

and-135 km above the subducted slab. The southernmost arc volcanoes, however, tend 

to lie-119 km behind the trench and-75 km above the subducting slab. We suggest that 

this configuration is consistent with a variation in subduction rate along the length of the 

arc as well as changes in slab curvature. The spreading axis in the southern Mariana 

Trough lies very near the volcanic arc, and has apparently captured arc magma in a 

process we term "magma piracy" to produce the distinctive Malaguana-Gadao Ridge 

(MGR) and associated lavas. Igneous petrologic and geochemical analyses of lava 
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samples recovered through dredges, wax cores, and submersible dives confirm the 

participation of an arc source in their origin. The seafloor immediately west of the MGR 

shows diffuse volcanism in the between possible split halves of an arc volcano. 

Numerous discrete volcanic edifices lie along NE-SW striking ridges in the westernmost 

part of our study area. We interpret this fabric to indicate a spreading center that has a 

strikingly different morphology from that of any other part of the Mariana Trough. 

Introduction 

The Malaguana-Gadao Ridge (MGR), the southernmost segment of the spreading axis for 

the Mariana Trough, displays some unusual characteristics relative to the spreading axis 

for the central part of the Mariana Trough. Martinez et al. (2000) recognized that the 

MGR has an inflated morphology, a smooth-surfaced, shallow (-3000 m) ridge, 

markedly different from the -5000 m deep grabens and abyssal hills of the central part of 

the Mariana Trough (e.g., Yamazaki et al, 2003). Martinez et al. (2000) also noted that 

while this morphology is typical for fast(> 100 mm/yr) spreading centers, their estimated 

full spreading rate of 64 mm/yr or less led them to suggest that the ridge has an unusually 

high magma supply considering its morphology. Martinez et al. (2000) suggested that this 

additional magma may come from the volcanic arc. In Chapter 1 of this dissertation we 

considered this suggestion further and examined volcanic phenomena on the MGR. We 

concluded that a magma chamber reflector, volcaniclastic sediment, and high volatile 

contents oflava samples show that the inflated morphology of the MGR results from 

either the addition of volatile-rich arc magma, or from decompression melting of volatile-
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rich mantle hydrated by suduction of the Pacific Plate. In this chapter we will further 

consider the possible role of arc magmagenesis in backarc seafloor spreading. 

First, we will test the hypothesis that the backarc spreading center is capturing arc 

magma, a phenomenon we term "magma piracy," by examining whether the spreading 

axis lies over the zone of arc magma generation within the mantle. Gill (1981) presented 

an exhaustive survey of all volcanic arcs and showed that the depth to the Wadati-Benioff 

zone below volcanoes of volcanic arcs at subduction zones can range between 80 to 270 

km (his table 2.1, p. 14). More recently, Tatsumi (1986) and Tatsumi and Eggins (1995) 

argued that the source region for arc magmas lie over subducted slabs at ~ 110 km depth, 

where ambient pressures would cause amphibole and chlorite minerals within the slab 

would loose their volatile constituents to the overriding mantle thereby reducing its 

solidus temperature. A study by England et al. (2003), however, presented evidence that 

while the depth of subducting slabs beneath arc volcanoes remains constant within a 

particular volcanic arc, this depth varies from arc to arc between 65 and 130 km, though 

it is~ 115 km for the Mariana Arc. England et al. (2003) also found that the depth of a 

slab beneath arc volcanoes was a function of the descent rate of the slab and that the 

mantle wedge reaching a critical temperature rather than a critical pressure controls the 

depth of the slab beneath arc volcanoes. We investigate the geometry of the subducting 

slab of the Pacific Plate beneath the southern Mariana Trough to determine whether the 

arrangement of the slab beneath the backarc spreading center is consistent with the 

generation of arc magmas. We will use a technique similar to England et al. (2003), 

though in greater detail for the Mariana Arc, in which we plot relocated hypocenters of 
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Engdahl et al. ( 1998) beneath the arc system to map out the surface of the subducting slab 

of the Pacific Plate. 

Next, we will evaluate the hypotheses that the MGR is, in fact, the southern 

terminus ofbackarc spreading in the southern Mariana Trough and whether magma 

piracy affects other possible spreading segments in this region. To address this problem 

we will study the seafloor morphology as determined using swath-mapping sonar data 

and analyze the major element compositions of samples we collected in this region. We 

will also compare our interpretations with those from published trace element studies of 

samples also collected in this region to look for evidence of magma piracy at spreading 

segments in the southern Mariana Trough. We will also suggest that a unique style of 

seafloor spreading supported by arc volcanism may characterize the spreading axis south 

and west of the MGR and represent the true terminus of seafloor spreading in the 

southern Mariana Trough. 

Tectonic Setting 

The Mariana convergent margin system is located at the eastern boundary of the 

Philippine Sea region, and the morphology of the basins and remnant arcs of this system 

record the response of the overriding Philippine Sea plate to subduction of the Pacific 

Plate beneath it since Eocene time. Subduction of the Pacific plate beneath the plate 

boundary began prior to about 50 Ma (e.g., Seno et al. 1984). Stem and Bloomer (1992) 

suggested that the initial phase of subduction prompted widespread volcanism above the 

subduction zone. Initially this region may have been as much as 200 km wide, but by the 

Middle Oligocene (-30 Ma) volcanoes of the arc had become localized along what is 
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now referred to as the volcanic front (Kobayashi and Nakada, 1979). From about 30 to 

20 Ma a series of episodic arc building and rifting events formed, from west to east, the 

Palau-Kyushu Ridge, the Parece Vela Basin, and the West Mariana Ridge (Figure 2.1). 

Over the last 10 Ma, extension has been concentrated in the eastern basin of the system, 

the Mariana Trough, and supra-subduction zone volcanism has been limited, for the most 

part, to the active Mariana volcanic arc and the spreading center in the Mariana Trough. 

The area between the active backarc spreading center of the Mariana Trough and the axis 

of the Mariana Trench preserves the most ancient portion of the arc, the Eocene arc 

volcanics exposed on Guam, Rota, Tinian and Saipan. This region also exposes the most 

recent volcanism and deformation patterns within this convergent margin system. 

The currently active volcanoes of the modem Mariana Arc lie along the eastern 

boundary fault of the Mariana backarc basin, the locus of initial rifting along the arc (e.g., 

Fryer 1995; 1996; Bloomer et al 1998; Stem et al., 2003). Until recently these volcanoes 

were thought to stretch over 1300 km from Nikko Seamount at 23°N, 142°115'E to 

Tracey Seamount at 13°40°N, 144°25'E, just west of Guam (Figure 2.2). It is now 

known that the arc volcanism extends southwestward to at least 143 °E and likely beyond 

(Fryer et al., 1998). The volcanic arc has been subdivided into three provinces. 

Subaerial volcanoes comprise the Central Island Province (CIP) between ~16°N and 

~21°N, while seamounts comprise the Northern Seamount Province north of ~21°N and 

the Southern Seamount Province (SSP) south of~ l 6°N (Bloomer et al., l 989)(Figure 

2.2). 

A detailed description of the evolution of the Mariana Trough, the currently active 

backarc basin of the system, is given by Fryer (1995, 1996; submitted). The Mariana Arc 
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formed in a two-stage process. Initial rifting without development of a well-defined 

spreading axis was followed by a later stage of seafloor spreading marked by the 

development of a divergent plate boundary where new backarc basin lithosphere is 

generated (Fryer, 1981; Fryer and Hussong 1981; Fryer, 1995; Martinez et al. 1995; 

Baker et al. 1996). The southernmost part of the Mariana Trough, south of 14°N, is 

uniformly shallower by about 1 km and has lower relief than the central part of the basin 

to the north (Figure 2.1 )(Fryer, 1995). Early suggestions that this part of the basin 

formed by diffuse spreading (Hawkins, 1977; Smoot, 1988) are inconsistent with 

observations we present in this chapter. Karig and Ranken (1983) suggested that the 

Mariana Trough has an active rift zone from 13°N to 14°30'N and that it is located 

approximately equidistant from the active Mariana arc and the West Mariana Ridge. 

Side-scan sonar data collected prior to our surveys demonstrate that a well-developed 

spreading center does exist in the southern Mariana Trough, but it is located much closer 

to the active arc (Hagen et al. 1992; Fryer 1993; 1995; 1996). Additional bathymetric 

swath mapping data collected in 1992 (Yokosuka cruise Y9204) (Fryer, 1993; 1995; 

1996) show that the center of backarc extension lies close to the active volcanic arc at 

about 13°15'N. Fryer (1995) and Fryer et al. (1998) suggested that the abrupt shallowing 

of the Mariana Trough south of 14°N denotes a basin-wide structural change reflecting a 

difference in the nature of rifting and volcanism. 

Masuda et al. (1994) suggested that the northern portion of the Malaguana-Gadao 

Ridge (MGR), a narrow, low-reliefbathymetric ridge at about l 3°05'-30'N, 143°40'-

50'E, marks the southernmost portion of the spreading axis of the backarc basin. Though 

Fryer et al. (1998) suggested that active extension and volcanism in this part of the 
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backarc basin is centered along the line oflarge volcanoes at about 13°15'N, 144°00'E 

(Seamounts B and X, Figure 2.5), the data recently collected by side-scan sonar mapping 

of the larger region show that Masuda et al. (1994) were correct. The new mapping and 

geochemical data, however, do confirm Fryer et al. 's (1998) suggestion that the large 

volcanoes that lie southwest of 13°15 'N are probably volcanoes of the Mariana volcanic 

front and not of the center of extension. We have termed these arc volcanoes lying south 

of Seamount X at 13°15°N, 144°02'E to comprise a fourth province, the Southern 

Backarc Province (SBP) (Figure 2.2). 

As described by Martinez et al. (2000) and in Chapter 1, the MGR has an 

anomalously high magma supply for its spreading rate. This surplus of magma has 

allowed it to have an inflated "fast spreading" morphology, robust volcanism, and 

vigorous hydrothermal activity despite its slow full spreading rate of 47-65 mm/yr. 

Martinez et al. (2000) suggested that that the excess magma could originate with the 

volcanic arc. Chapter 1 also gave evidence for the MGR erupting lavas with high volatile 

contents and suggested that volatile-rich excess magma could also result from 

decompression melting of hydrated mantle above a subducted slab. 

Methods of Data Collection and Processing 

Earthquake hypocenters and slab geometry 

We use the technique of England et al. (2004) as a starting point for a more detailed study 

of the variability in measurements of depth-to-slab beneath the volcanoes of a single arc, 

the Mariana Arc. In addition to being the most recent examination of the geometry of 

slabs beneath arcs, England et al. (2004) relied on no assumptions about the geometry of 
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the slab. Rather, they used the arrangement of the arc volcanoes themselves as a guide to 

draw profiles through the Engdahl et al. (1998) relocated hypocenter data set. Using their 

technique, we fit a small circle through the volcanoes of the Mariana arc listed in the 

Smithsonian Institution Global Volcanism Project catalog of Holocene volcanoes (Siebert 

and Simkin, 2002). This small circle was determined using a routine provided with the 

Generic Mapping Tools (Wessel and Smith, 1998) and is represented by the dashed 

magenta line in Figure 2.2. 

Like England et al. (2004) we also draw our earthquake profiles normal to this 

small circle fit for each volcano. These profile traces (Figure 2.2) are also normal to the 

dip of the down-going slab, as shown by the 50 km slab contours of Gudmundsson and 

Sambridge (1998). We then attempted to fit a small circle through the submarine arc 

volcanoes we surveyed south of those listed in the Smithsonian catalog, (West Rota to 

Seamount E). Segments can be fit either by extending the small circle from the north, or 

by fitting new circles, but in each case profiles drawn normal to the small circle fits are 

not normal to the slab contours. Because we wish to minimize distortion in our profiles 

as the result of drawing them oblique to slab dip, we have chosen to draw the profiles for 

these southern seamounts normal to the slab contours. Table 2.1 gives parameters used 

for drawing these profiles. 

As did England et al. (2004), we used the relocated earthquake hypocenter data 

set of Engdahl (1998) to create our profiles. We filtered these data to show only those 

hypocenters flagged in the database as having good depth information, and we then 

projected this subset of hypocenters from 50 km to either side of the profile plane to 

make the individual profiles (Figure 2.3). These profiles also include bathymetry and 
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topography data (see "Swath Mapping Sonar," below) sampled along the profile trace. 

For each profile the top of the downgoing slab was estimated by connecting the 

shallowest hypocenters of intermediate-depth earthquakes in the Wadati-Benioff zone 

with the trench axis, represented by the curved blue lines in Figure 2.3. For reference, we 

have also included a fit to the slab contours of Gudmundsson and Sambridge (1998) as 

dashed red lines. We measured two parameters from each profile: the arc volcano-to

trench distance, DT, and the depth of the slab beneath each arc volcano, Ds (Table 2.1). A 

graphical representation of these parameters (gray boxes in Figure 2.3) and a summary of 

them (Figure 2.4) provides the detailed regional variability in distance from trench vs. 

depth to slab for each profile. The hypocenters of Engdahl et al. (1998) also permit 

relocation of centroid-moment tensor (CMT) solutions from the Harvard CMT catalog 

(available online at http://www.seismology.harvard.edu) and thus to determine the 

direction of slip along faults identified in the southern Mariana Trough. 

Swath-Mapping Sonar 

Swath-mapping sonar data were acquired with both multibeam and sidescan sonar 

systems on three cruises from 1997 to 2003. Martinez et al. (2000) and Fryer et al. 

(2003) described data collected by the first survey from the RIV Moana Wave in 1997, 

which used the HAWAII MR-1 towed sidescan system (Rongstad, 1992) to collect both 

bathymetry and backscatter imagery. We used the HAW All MR-1 system again in 2001 

on the RIV Melville, and we also used the RIV Mellville's hull-mounted SeaBeam 2000 

system on this cruise to compliment the HAW All MR-1 surveys. In 2003 we used the 

RIV Thompson's hull-mounted Hydrosweep and Simrad EM300 systems to survey the 
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Malguana-Gadao Ridge in preparation for ROV Jason-2 dives. These data were 

processed at sea and post-cruise at the University of Hawaii using the MB-System 

software package (Caress and Chayes, 1995, 1996). We also supplemented our 

bathymetry data with multi-narrow beam data collected on the 1993 and 1995 cruises of 

the JAMSTEC vessel Yokosuka. 

These bathymetry data were merged together into gridded datasets using Generic 

Mapping Tools software (Wessel and Smith, 1991, 1998, Becker, 2005, also see 

Appendix). To complete the bathymetric coverage, all of our bathymetric data were then 

merged with the ETOP0-2 global topography dataset (Smith and Sandwell, 1997) to fill 

in the unsurveyed areas. 

We use the merged bathymetry dataset (Figure 2.5) and the sidescan imagery 

(Figure 2.6) to examine in detail the morphology of the southern Mariana Trough and its 

spreading center, and provide detail maps of several features using these data (Figures 

2.7, 2.8, and 2.9). We also examine the number and size of submarine arc volcanoes 

(Figure 2 .10), and relate their distribution to the nature of the spreading center. We use 

the bathymetric data to construct a map of lineaments in the area by identifying bases of 

scarps and crests of ridges (Figure 2.11 ), and examine their relation to fault slip motions 

with published CMT solutions (Figure 2.12). 

Petrology and igneous geochemistry 

Samples from the study area (Figure 2.13) include dredges we collected in 1997 and 

2001, wax cores of volcanic glass in 2001, and both volcanic rocks and high-temperature 

hydrothermal deposits recovered with the ROV Jason-2 in 2003. We used a Siemens 
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SRS-303-AS fully-automated X-ray Fluorescence Spectrometer at the University of 

Hawaii for major and trace element analyses of the lavas (Fryer et al., 1998 and this 

study). Routine analyses give whole-rock compositions on 10 major elements (Si02, 

Ti02, Al203, Fe203, MnO, MgO, CaO, Na20, K20, P205 +/- 0.05 wt%) and 16 trace 

elements (Ni, Cu, Zn, Cr, Co, V, Ba, Sc, Nb, Zr, Y, Sr, U, Rb, Th, Pb,+/- 1 to 5 ppm). 

We used a 1992 CAMECA SX50 Electron Microprobe with 5 wavelength dispersive 

spectrometers at the University of Hawaii to determine compositions of glasses in 

polished thin sections. Typical operating conditions give accurate compositions on very 

small spots (<l % relative uncertainty in weight percentage of oxides, 2 micron diameter 

spot size) (Figure 2.14 and Table 2.2). We compare our data and interpretations with 

those from recent publications (and from preprints of papers on which we are coauthors) 

from the southern Mariana region. 

Data Analysis 

Slab geometry and the position of the volcanic arc 

Similar to the analysis of the Mariana Arc by England et al. (2004), measurements of Ds 

for the arc volcanoes with a small-circle fit have similar depths, though our 

measurements reveal more variability along the Mariana arc than they described (Figure 

2.4). England et al. (2004) reported a depth value for "intermediate-depth" earthquakes 

of 115 ± 10 km for the Mariana Arc, though their analysis only covered those volcanoes 

between Frallon de Pajaros to Esmerelda Bank. For the same segment of the Mariana 

Arc, we measure a mean depth of 135 km;±: 28 km. Our greater variation in depth can be 

explained in part by the fact that unlike England et al. (2004) we did not correct the 
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locations of our volcanoes to the small circle fit. Furthermore, some volcanoes (e.g. 

Anatahan and Esmerelda Bank) have few or no earthquakes directly beneath them, and 

depth measurements had to be made from an interpolated fit for the top surface of the 

slab (the blue lines in Figure 2.3). However, even after removing the least-constrained 

slab-surface fits the Ds beneath these volcanoes still varies between 114 and 163 km. We 

also discern a subtle bimodal distribution of slab depths along the arc between these 

volcanoes. From Farallon de Pajaros to Guguan the arc has a mean depth-to-slab of 125 

km (Ds(ml), Figure 2.4), and from Sarigan to Esmerelda Bank has a mean depth-to slab of 

153 km (Ds(m2), Figure 2.4). 

South of Esmerelda Bank, the values for Ds decreases beneath the arc volcanoes 

of the SBP. The profile through West Rota Seamount has a Ds value (147 km) that lies 

within the range of depths measured north of it, but has a shallower Ds than Esmerelda 

Bank (163 km) and starts a southward trend of decreasing Ds values that continues into 

the SBP. The four southernmost volcanic seamounts of the arc (SBP) have a depth-to

slab of 61-79 km with a mean of75 km (Dscm3), Figure 2.4). As with some arc volcanoes 

further north, the wide scatter may result from the necessary interpolation of the slab 

surface in regions of sparse seismicity (e.g., "Unnamed" and "KG"). 

For most of its length, volcanoes in the Mariana Arc maintain a nearly constant 

distance from the trench. For the volcanoes fitted by the small circle, the mean value of 

Dr is 213 ± 20 km (Drcmi), Figure 2.4). A likely source for the scatter in these 

measurements is the irregular shape of the trench axis (see Figure 2.2). Values for Dr also 

decrease southward starting with West Rota, and the mean Dr for the four seamounts 
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comprising the SBP is 119 ± 3 km (DT(m2), Figure 2.4). The decreasing values of Ds and 

Dr in the southern half of the SSP and the SBP are obvious on profile plots (Figure 2.3). 

Morphology and backscatter characteristics of the Malaguana-Gadao Ridge 

Bathymetry and side-scan imagery (Figures 2.5 and 2.6) show structural elements of the 

survey area. As previously described (Martinez et al. (2000) and Chapter 1) the 

southernmost segment of the spreading axis of the southernmost part of the Mariana 

backarc basin is the Malaguana-Gadao Ridge (MGR) (Figure 2.5). 

The MGR is clearly an area of recent volcanism. The high backscatter of the 

MGR (Figure 2.6), its continuous smooth morphology, and its lack of a central graben are 

reminiscent of fast spreading mid-ocean ridges. The uniform high backscatter of the 

region attests to the widespread resurfacing of the area indicating a large volume of lava 

erupted along this feature. The presence of fresh glassy lava and active high-temperature 

hydrothermal venting (see Chapter l) on the ridge at the ROV Jason-2 dive site at 

13°17'N and elsewhere along the ridge as observed by ROV Kaiko dives (Masuda et al 

submitted) is consistent with this interpretation of the side-scan imagery. 

The bathymetry data and backscatter imagery for the backarc basin west of 

143°20'E suggest that there is no unique, well-defined spreading center in the western 

part of the basin (Figure 2.5 and 2.6). Instead, the spreading becomes diffuse and 

numerous discrete small volcanic centers are apparent on the swath data (Figure 2. 7). The 

southern terminus of the MGR at about 12°35'N, 143°20'E (Figure 2.7) appears to splay 

out into a series of narrow very low-relief ridges and troughs oriented slightly more east

west than the MGR east of about 143°1 O'E. These ridges curve southwestward again 
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west of this longitude, creating a generally sigmoidal pattern beyond the southern end of 

the MGR (as discussed further in Chapter 3). The high backscatter in this area suggests 

that the seafloor west of the termination of the MGR has been recently resurfaced by 

volcanic activity. 

Morphology and Distribution of Volcanoes 

The HMR-1 data shows that volcanoes near the Malaguana-Gadao Ridge, at about 13°10' 

- 30'N, 144°E (e.g., Seamounts Band X, Figure 2.5 and 2.6), have well-developed rift 

zones oriented north-south, parallel to the spreading axis. Seamount Cat l3°07'N, 

143°50'E, however, has rift zones apparently aligned along a fault trend that strikes E-W 

through the center of the edifice. The eastern rift zone is slightly further north than the 

western one suggesting an en echelon arrangement of the faults. Furthermore, Masuda et 

al. (1994) reported that Seamounts C and X have active hydrothermal systems. 

The next volcano to the southwest is Patgon Masala Seamount, located at 

12°42'N, 143°02'E (Figure 2.5 and 2.8). It lacks significant rift zones (Figure 2.8). This 

volcano has a large (5.3 x 3.1 km) and very deep (~1 km) caldera, a feature lacking in 

volcanoes along the spreading axis and indicative of a different style of eruption, one 

more characteristic of arc volcanism. Like Seamount C, this volcano also supports an 

active hydrothermal system as revealed by ROY Jason-2 observations in 2003. 

The shoal areas between 12°25'-56'N, 143°25'-52'E ("old volcanic ridge,'' 

Figure 2.5 and Figure 2.6) are cut by faults and sidescan imagery reveals their low 

backscatter characteristics (Figure 2.8). Several of these volcanic centers have calderas 

(e.g., 12°29'N, 143°35'E and 12°40'N, 143°45'E) and the low backscatter character of 
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the region indicates some sediment cover. Rocks dredged from the westernmost calderas 

are the most highly altered of those recovered from the region (thus were not analyzed). 

Fault traces to the southeast of the shoals cut through the edifices suggesting that there 

has been no recent volcanism on the edifices since the deformation occurred. 

The northernmost shoal in this series of features, however, appears to have been 

volcanically rejuvenated. The summit of the seamount at 12°51 'N, 143°50'E ("ycl" on 

Figures 2.5 and 2.6) has a steep upper slope and a well-defined crater (Figure 2.8). The 

faulted eastern slopes of the edifice are partially mantled by smooth intermediate 

backscatter regions consistent with sediment or volcaniclastic debris. A recent dredge 

haul on the summit of this seamount recovered reddish hydrothermal sediments in the 

caldera (Masuda and Garno, pers. comm. 1998). There are several possible subsidiary 

cones aligned along a trend that strikes northwest-southeast immediately north of this 

volcano. The chain of subsidiary cones lies along the trend of some of the fault traces 

that dominate the region immediately southeast of the shoals. The satellite cones have 

intermediate backscatter and smooth surfaces suggesting they are composed of 

volcaniclastic sediment that overprint the low-relief ridges and troughs associated with 

the Malaguana-Gadao Ridge. 

Within the vicinity of our proposed termination of the MGR at about 12°35'N, 

143°20'E (section 4.2) we identify several 2-5 km-diameter volcanic cones (Figure 2.7). 

These cones are superimposed on ridges that lie either parallel to the MGR or on the fault 

traces that cross-cut the spreading fabric from the south. An apparently young volcano 

with high backscatter lies at about 12°32'N, 142°59'E. 
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Another apparently young cone with higher backscatter intensity lies at the 

westernmost edge (at about 12°26'N, 142·55'E) ("yc2" Figures 2.5, 2.6, and 2.8) of what 

is probably another older volcanic seamount with lower backscatter intensity ("Unnamed 

Seamount 1," Figure 2.5 and 2.6). The volcanic cone on the so~thwestem tip of this 

seamount has much higher backscatter and apparent volcaniclastic material overlaps the 

more rugged topography of the seamount surface. 

The southern Mariana Trough between 142°50'E and 143°20'E (Fig 2.7) does not 

appear to have a distinct spreading center, nor does it have large, central arc volcanoes. 

Instead, numerous small conical edifices distinguish volcanism in the region (Figure 2.7). 

Sidescan backscatter shows this entire area to have high backscatter, indicative of either 

recent volcanism (thin or no sediment cover) or to be highly fractured, or both. Unnamed 

Seamount 2 lies at 12°50'N, 143°E, about 45 km north of Unnamed Seamount 1. It also 

has relatively low backscatter suggesting sediment cover and thus greater age than the 

seamounts that lie between them. The seafloor between the unnamed seamounts is 

comprised of a series of low-relief ridges and troughs that make a series of curved 

lineaments in the area about 40 to 50 km west of the termination of the MGR (Figure 

2.7). Between 12°20'N to 12°35'N, 142°35'E to 142°59'E these ridges trend W-E. Of 

particular note is the overall shallow character of the seafloor between 143°20'E and 

142°50'E between the two unnamed seamounts. 

West of 142°50'E (Figure 2.9) the seafloor shows a fabric reminiscent of abyssal 

hills and some volcanoes lie along lineaments or have produced topographic ridges 

("young volcanic ridges," Figures 2.5, 2.6, and 2.9). Most of these ridges trend NE-SW. 
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Structural patterns 

Seafloor morphology of the study area shows lineaments resulting from deformation 

within the forearc region and backarc basin. We created a lineament map (Figure 2.11) 

based on the bathymetric data (Figure 2.5), and distinguish scarps (black lines on Figure 

2.11) and crests of volcanic ridges and rift zones (red lines on Figure 2.11 ). Though this 

map is based on bathymetry, these lineaments are consistent with lineaments revealed in 

the backscatter imagery (Figure 2.6). 

The lineament map shows two distinctive sets of lineaments. The first set is 

roughly parallel to the spreading axis and is therefore oriented NE-SW. It characterizes 

the backarc ("backarc fabric," Figure 2.11 ). The second set of lineaments characterizes 

the forearc region and is either orthogonal or lies at a high angle to the first. The latter set 

is oriented NW-SE ("forearc fabric," Figure 2.11). These two sets oflineaments also 

overlap slightly where they meet (blue dashed line, Figure 2.11 ). A similar relationship 

between backarc extensional fabric and forearc deformation was observed in the northern 

Mariana region by Wessel et al., (1994). In some areas lineaments are not observed near 

volcanic structures, such as Patgon Masala Seamount ("PM," Figure 2.11 ), though other 

volcanoes have rift zones aligned with the fabric, such as Seamounts C and X (Figure 

2.11). In the backarc, lineaments southwest of the MGR beyond its termination at 

12°35'N, 143°20'E show the slight tendency to curve toward the east then back to SW. 

The "young volcanic ridge" in the western part of the study area (Figures 2.5, 2.6, 

and 2.9) is composed of numerous small ridges (red lines, Figure 2.11) that define the 

backarc fabric, made up of small en echelon volcanic ridges with numerous small 

volcanoes. Seamounts H and W (Figure 2.11) also show evidence of tectonic 
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deformation. Seamount W has a notable double summit, with its southeastern summits 

deeper than the northwestern one, and a lineament cross-cutting the edifice, suggesting 

that this seamount straddles a fault. 

Within the forearc fabric at the southeastern comer of the study area (compare 

Figure 2.10 and 2.11), high-relief, NW-SE and N-S trending canyons dominate the 

deeper sections of the inner (northern) slope of the southern Mariana Trench. These 

probably result from left-lateral strike-slip faults that have a component of normal 

faulting down dipping to the west (Fryer et al., 2003). 

The absolute timing of deformational events in our study area is unknown at 

present. There is, however, virtually no sediment cover in the forearc in the southeastern 

comer of our study area (compare Figure 2.6 with Figure 2.10), suggesting that the 

deformation there is relatively recent. Hagen et al. (1992) used the estimates for rate of 

seafloor spreading suggested by Hussong and Uyeda (1981), 30-43 mm/yr, to determine 

the age of the high-backscatter (unsedimented) portion of the newly generated seafloor at 

the Mariana Trough spreading center at 13°30'N. Ifwe accept the seafloor spreading rate 

of Hussong and Uyeda (1981) and assume that Hagen et al. (1992) are correct in their 

estimation of how much new seafloor has been generated in the last 3 My, then we can 

estimate that the high-backscatter deformed seafloor (Figure 2.6) of the southern Mariana 

forearc region is 3 My old or less. 

Seismicity 

Earthquake activity suggests that deformation in the area is ongoing. Figure 2.12 shows 

epicenters and available CMT solutions for teleseismic earthquakes in the study area with 
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body wave magnitudes greater than 3.0 and depths less than 50 km. We chose a depth of 

50 km as a cutoff in order to examine shallow seismicity generated within the backarc 

crust. Southeast of the MGR, the forearc crust is seismically active and available CMT 

solutions show mostly normal or strike-slip motions. The orientation of the CMT 

solutions, mostly NW-SE, is consistent with the structural fabric (Figure 2.11) in this 

area. In the backarc region, southwest of the MCR and east of the young volcanic ridge, . 

CMT solutions only show normal motions with north-south dip, consistent with the east

west trend of scarp lineaments there (Figure 2.11 and 2.12). There are few CMT solutions 

for earthquakes in the area of the "young volcanic ridge". West of about 142°E the CMT 

solutions show normal faulting whose orientation is consistent with the fabric (Figure 

2.11). 

Petrology and geochemistry of lavas from the survey region 

Major element analyses of samples collected in the study area (Table 2.2 and Figure 2.14) 

reveal that although some basalts have been collected along the Malaguana-Gadao 

spreading segment, most of the lavas recovered in dredges and submersible operations 

are dominantly basaltic andesite to andesite (Figure 2.14A). They show calc-alkaline 

compositions typical of arc lavas, but they also include some tholeiitic rocks (Figure 

2.14B). These are island arc thoeiite (IAT) (Figure 2.14C). We also collected samples 

from seamounts southwest of the MGR and from Patgon Masala Seamount (Figure 2.13). 

Seamounts H and E are calc-alkaline basaltic andesites, while Patgon Masala erupts a 

range of IAT basaltic ansesites through high-silica andesite. Masuda et al. (1994) also 

analyzed major element compositions of samples from the seamounts northeast of the 
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MGR (A, B, C, and X, white symbols on Figures 2.13 and 2.14), and found them to have 

cover a range of IAT basalt through andesite. 

Discussion 

The geometry of the subducting Pacific Plate beneath the Mariana Arc suggests two 

distinct arc segments. England et al. (2004) identified the first segment, coincident with 

the Central Island Province (CIP) and the northern half of the Southern Seamount 

Province (SSP), in which a small circle was fit through the locations of previously 

identified arc volcanoes (Figure 2.2). England et al. (2004) reported a consistent depth of 

115 ± 10 km to the zone of intermediate depth earthquakes. However, our analysis 

denotes a greater depth and variability of depth for this same segment, 13 5 km ± 28 km. 

We define a second arc segment, coincident with the Southern Backarc Province (SBP), 

where submarine arc volcanoes lie only-75 km over the descending slab. Whereas 

England et al. (2004) found that measurements of depth-to-slab varied between volcanic 

arcs, we find that it can significantly vary in a single arc. In neither the investigation of 

England et al. (2004), nor in our investigation do arc volcanoes only lie over slabs -110 

km beneath them as suggested by Tatsumi (1986) and Tatsumi and Eggins (1995). The 

broad range of depth-to-slab values for all arcs suggested by Gill 1981 could be 

significantly improved in light of the earthquake relocations provided by Engdahl et al 

(1998). 

The two configurations of depth-to-slab vs. distance-to-trench between the CIP 

and SBP for the Mariana Arc reveal the variable nature of subduction along the southern 

part of this convergent margin system. England et al. (2004) found that their 
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measurements for slab depth beneath volcanic arcs correlated best with the descent rate 

of the slab, a phenomena they attributed to the correlation of temperature with the descent 

rate of the slab (England and Wilkins, 2004). These studies suggest higher rates of slab 

descent lead to elevated temperatures at shallower depths, and thus melt is produced at 

shallower depths within the mantle wedge over the descending slab. Kelemen et al. 

(2003) also developed a numerical model to explain the apparently common occurrence 

of melted slab constituents within arc magmas by considering temperature-dependent 

viscosity within the mantle wedge. Their model predicts that slab-mantle coupling will 

result in enhanced return flow of hot, deep mantle to replace mantle drawn down with the 

descending slab. The model of Kelemen et al. (2003) also predicts that melts will be 

generated closer to the trench axis than is commonly observed, ~ 100 km, which they 

attribute to the fact that they did not model the curvature of the slabs. 

We therefore have two possibilities to explain the differences between the 

volcanic arc-relative slab geometries of the central and southern arc and their potential 

effect on the process of "magma piracy" in the southern Mariana Trough: 1) vertical 

descent rate of the slab, and 2) curvature of the slab beneath the arc. The vertical descent 

rate of the slab is the vertical component of subduction, and would therefore be 

proportional to subduction rate. Analysis of global positioning system (GPS) 

measurements by Kato et al. (2003) show that suduction rates are indeed higher in the 

south relative to the central part of the arc, and are 45 mm/yr near Agrihan Island and 70 

mm/yr near the island of Guam (i.e, near Tracey Seamount). Following the arguments of 

England et al. (2004) and Kellemen et al. (2003) this would suggest a higher production 

rate for arc magmas in the southern Mariana region. The curvature of the descending 
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slab shown in Figure 2.3 is harder to quantify, however, because the surface of the 

descending slab has been interpolated through regions of shallow seismicity that likely 

include earthquakes which occur the overlying plate. 

Our investigation of the geometry of the subducting slab supports the contention 

that the spreading axis of the southern Mariana Trough engages in "magma piracy" from 

the nearby arc. The depth of the slab beneath the MGR (see Patgon Masala and 

Seamount X profiles in Figure 2.3 ), -80-120 km, is well within the range of arc magma 

generation. Furthermore, the proximity of arc volcano seamounts such as Seamount C 

and Patgon Masala Seamount to the MGR (Figure 2.4) suggests that the axis ofbackarc 

spreading may lie over the zone of arc magma generation. Therefore, the MGR should 

be able to capture magma from rising arc magma diapirs. Samples of lavas recovered 

from the MGR have arc compositions, and thus also support our hypothesis (Figure 2.14). 

In Chapter 1 we suggested that magma piracy could account for the appearance of a 

magma chamber reflector on a low-resolution six-channel seismic reflection profile and 

that the presence of arc magma it would be one way to add volatiles to this magma 

chamber. 

We note that where submarine arc volcanoes lie close to the axis of spreading 

(e.g., Seamounts A, B, C, X, and Patgon Masala), they are all located trenchward of the 

spreading axis and we find no evidence of recent arc volcanism on the opposite side of 

the spreading axis. This distribution of volcanic centers may result from convection 

within the mantle wedge, with upwelling under the spreading center, lateral flow toward 

the trench, and then descent along the top of the subuducting slab. Such convection 

would tend to deflect upwelling magma trench ward of the backarc spreading axis. 
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The MGR is not the first inflated ridge identified in a backarc basin spreading 

center. Others include the East Scotia Ridge (Livermore et al., 1997), the Yalu Fa Ridge 

in the Lau Basin (Wiedicke and Collier, 1993), the northernmost spreading segment of 

the of the Mariana Trough (Martinez et al., 1995, Baker et al, 1996; Yamazaki et al., 

2003), and the Manus Basin (Martinez and Taylor, 2003). In particular, the Yalu Fa 

Ridge and the inflated northern Mariana spreading segment are most similar to the MGR~ 

All of these inflated segments lie close to the volcanic front of the arc and appear to be 

entraining arc magmas. The Yalu Fa Ridge and the northern Mariana, however, both lie 

at the slowest-spreading portions of their spreading centers, ~40-60 mm/yr full rate for 

Yalu Fa (Martinez and Taylor, 2002) and 31-35 mm/yr full rate for the northern Mariana 

(Deschamps and Fujiwara, 2003). The inflated mophology observed in the southern 

Mariana, however, takes place in the fastest-spreading portion of this backarc basin, 

which appears to have a full spreading rate in the slow-to-intermediate range of 47 to 65 

mm/yr (Chapter 1). The Yalu Fa Ridge (Fujiwara et al., 2001) also shows a transition 

from an inflated ridge morphology, though not as large in cross section as the MGR (see 

Chapter 1 ), to a set of diffuse volcanic centers that do not define a unique spreading 

ridge. One notable difference between the area surrounding the southern Yalu Fa Ridge 

termination and the termination of the southern MGR is the possibility of a former major 

arc volcanic center in the vicinity of the MGR ridge termination. The two seamounts at 

143°E (Unnamed 1 and Unnamed 2, Figure 2.8) may represent a split arc volcano. 

Dredges from Unnamed 2 collected in 2001 are too altered to analyze and therefore may 

as old as those recovered from the caldera at 143°35'E. By comparison with the seafloor 

south of the southern terminus of the Yalu Fa Ridge, the seafloor to the west of the MGR 
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termination is much shallower, suggesting greater magma input. We speculate that this 

may be a consequence of the splitting of an arc volcano at some time in the past to 

produce the Unnamed Seamounts 1and2, and that spreading west of the MGR 

termination results from extension along with arc volcanism in the region. 

The MGR appears to be the southern terminus of the backarc spreading center of 

the Mariana Trough. Though there is an apparent lack of seismicity (mb > 3) on the 

Ridge itself.-perhaps as the result of plastic deformation because of high magma 

supply-the crust is actively rifting west of it as evidenced by the heavily fractured and 

faulted terrain and CMT solutions indicating normal fault motion (Figures 2.11 and 2.12). 

Compared to the Lau Basin south of the Yalu Fa ridge, the area west of 143°20'E in the 

Southern Mariana Trough also contains numerous small (see Figure 10 for locations of 

those larger than ~2 km diameter) volcanic features, most of which appear to lie on fault 

traces. Some of these volcanoes appear to have formed a SW-NE striking, 50 km-long 

ridge between 12°20'N-12°45'N, 142°10'E-142°35'E ("young volcanic ridge," Figures 2.5 

and 10). As this crust is actively rifting, this ridge may represent a new kind of spreading 

center in which arc volcanism alone accretes new crust to the rifting halves. 

We have also noted that the petrogenesis ofbackarc lavas in the southermost 

Mariana Trough and particularly along the MGR suggests magma piracy from the arc. 

There is additional data from recent analyses (kindly provided by colleagues) that support 

this contention. Masuda et al. (submitted.) also analyzed glasses from both the 

Malaguana-Gadao Ridge and nearby submarine arc volcanoes. They interpret their rare

earth trace element data to show two magma sources in the southern Mariana arc and 

backarc system, which are an arc source and a BABB source. These two sources in tum 
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yield two varieties of magma: distinctly arc-like magmas at the submarine arc volcanoes, 

and hybrid magmas produced by both sources at the MGR. Pearce et al. (2005) mapped 

trace element analyses of glass samples from the whole Mariana Arc system to identify 

slab-derived components within magmas produced in the mantle wedge. They showed 

that spreading segments within the central portion of the Mariana Trough erupt lavas with 

a normal MORB (N-MORB) mantle source. At its northern and southern extremities, 

however, where the backarc basin narrows and the spreading axis meets the arc, the 

spreading centers erupt lavas that appear to have an enriched N-MORB mantle source 

lying directly above the subduction zone (Pearce et al., 2005). The mantle in these 

regions appears to be especially enriched in Ba, an indicator of slab-derived fluids 

common throughout the Mariana volcanic arc (Pearce et al., 2005) . 

Conclusions 

Arc magma affects backarc-spreading in the southern Mariana Trough through a process 

we term "magma piracy." Extension in the southern Mariana Trough takes place along 

the Malaguana-Gadao Ridge (MGR), a well-defined spreading ridge east of about 

143°20'E that erupts arc or a hybrid of arc and BABB magmas. West of the MGR we 

suggest that the extension and volcanism is more diffuse forming a series of en echelon 

fault traces along which arc magma finds egress in volumes great enough to result in a 

general shoaling of the seafloor. West of about 142°35'E the extension appears to have 

formed a relatively well-defined set of subparallel volcanic ridges striking roughly 

parallel to the MGR, but offset from it by nearly 100 km. Numerous small ridges with 

scattered small (less than 4 km diameter) volcanic cones make up these ridges and only 

47 



lavas of arc composition have been recovered from them to date. Evidence for magma 

piracy includes the following: 

1. Slab geometry and tectonics: the steeply dipping slab under the southern Mariana 

Trough permits arc magma generation beneath the backarc spreading center 

2. Morphology: the spreading center dramatically changes south of~ 13 °30'N from a 

bathymetric trough into a broad ridge with "fast-spreading-ridge' morphology 

without a corresponding sharp increase in spreading rate, suggesting that the magma 

supply rate to the spreading center is much higher in the south than the central trough. 

This is consistent with the arguments presented in Chapter 1. 

3. Volcano size and distribution: for most of the Mariana Arc, from Farallon de Pajaros 

south to Tracey Seamount, arc volcanism is dominated by large central volcanoes, but 

southwest of Tracey in the vicinity of the inflated spreading center arc volcanoes are 

much smaller. Furthermore, the concentration of arc volcanoes to form a young 

volcanic ridge west of the Malaguana-Gadao Ridge is an exclusively arc-magma

sourced spreading center as revealed by the compositions of lavas .collected from the 

ridge (this study and Pearce et al., 2005). 

4. Geochemistry: analyses of recovered lava samples (both our own analyses and 

unpubished data supplied by colleagues) from both the spreading center and nearby 

seamounts have island-arc ( calc-alkaline to tholeiitic) compositions (Figure 2.14, 

Table 2.2, and Masuda et al., submitted.). Rare-earth elements also show that glasses 

recovered from the MGR have a hybrid composition between that of BABB and arc 

rocks (Masuda et al., submitted), while highly incompatible elements show the source 

of MGR magmas to be contaminated by slab components (Pearce et al., 2005). 
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Table 2.1: Summary of earthquake profile data 

Arc Volcano Latitude Longitude Profile Azimuth (deg.) Dr(km) Ds(km) 

Central Island Province 

Farallon de Pajaros 20.53 144.90 57 218 120 
Maug 20.02 145.22 63 196 137 

Asuncion 19.67 145.40 66 192 129 
Agrihan 18.77 145.67 76 208 122 
Pagan 18.13 145.80 82 210 121 

Alamagan 17.60 145.83 87 208 114 
Guguan 17.32 145.85 90 214 114 
Sarigan 16.71 145.78 96 216 140 

Anatahan 16.35 145.67 100 232 163 

Southern Seamount Province 

East Diamante 15.94 145.67 103 218 149 
Ruby 15.60 145.57 107 216 149 

Esmerelda Bank 14.97 145.25 114 226 163 
WRota 14.31 144.84 130 204 147 
Tracey 13.63 144.42 144 176 105 

SeamountX 13 .25 144.02 154 148 113 

Southern Backarc Province 

Patgon Masala 12.71 143.53 158 121 79 
Unnamed 12.47 143.05 163 117 61 

KG 12.42 142.76 164 117 64 
E 12.44 142.27 167 122 97 
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Table 2.2: Major element analyses of recovered rock samples 

SAMPLE Latitude Longitude Si02 Ti02 AI20 3 FeO MnO MgO CaO Na20 KiO P20s 

Seamount H (dredge) 

D5-04 12.42650 142.02667 54.22 0.83 18.46 7.56 0.13 4.88 9.94 2.33 1.03 0.23 
D5-06 12.42650 142.02667 54.19 0.82 18.35 7.44 0.13 5.14 10.09 2.26 1.02 0.22 

Seamount E (dredge) 

D6-02B 12.43933 142.26850 53.63 0.91 18.13 7.54 0.13 5.41 10.33 2.83 0.71 0.19 
D6-03 12.43933 142.26850 54.83 0.95 18.59 7.30 0.13 4.46 9.35 3.15 0.94 0.23 
D6-04 12.43933 142.26850 53 .54 0.91 17.80 7.53 0.14 5.40 10.25 2.70 0.71 0.19 

D6-05 (040617) 12.43933 142.26850 55.53 0.99 18.67 7.08 0.13 4.19 9.05 3.37 0.95 0.23 
D6-07 12.43933 142.26850 53.75 0.91 18.15 7.52 0.13 5.43 10.33 2.85 0.73 0.19 

Patgon Masa/a (Jason-2) 

143-4 12.70549 143.52008 56.66 1.05 16.17 8.60 0.16 5.22 9.63 2.77 0.49 0.14 
143-7 12.70765 143 .52015 54.83 0.86 16.14 8.92 0.16 6.06 10.49 1.70 0.38 0.09 
143-9 12.71508 143.52167 54.73 0.87 16.36 8.31 0.15 6.21 10.84 1.97 0.42 0.07 

143-10 12.71496 143.52175 54.50 0.87 16.41 8.38 0.16 6.31 10.92 2.03 0.30 0.07 
143-11 12.71511 143.52168 54.92 0.79 16.74 7.68 0.15 6.46 11.38 1.88 0.20 0.06 
143-13 12.71573 143.52180 61.93 1.26 15.08 8.38 0.15 2.36 6.33 3.00 1.24 0.16 
143-14 12.71681 143.52181 56.86 1.04 15.37 10.35 0.17 4.53 9.03 2.20 0.51 0.07 

143-16B 12.71782 143.52177 55.56 0.84 16.39 9.02 0.15 5.76 10.21 2.15 0.20 0.06 
143-17 12.71815 143.52184 55.04 0.88 16.16 9.07 0.16 6.10 10.49 1.95 0.42 0.08 
143-22 12.72353 143.52090 57.50 1.40 15.42 10.91 0.20 3.49 7.62 3.76 0.51 0.18 

Patgon Masa/a (dredge) 

MWD2-Al 12.70833 143.54167 57.61 1.16 15.75 9.92 0.16 4.10 8.43 3.07 0.47 0.12 

Spreading Axis (wax cores) 

Wax Core 11 12.63667 143.19057 53.31 0.69 16.58 6.98 0.14 6.79 11.66 2.54 0.23 0.03 
Wax Core 13 13.07828 143.67500 51.26 0.94 15.97 8.72 0.18 6.80 11.49 2.45 0.21 0.03 
Wax Core 14 13.15833 143.69167 53.83 1.47 14.89 10.55 0.19 4.57 8.30 3.45 0.21 0.05 

Spreading axis (Jason 2) 

142-3 12.93482 143.60499 56.10 1.70 15.76 11.15 0.20 3.81 8.00 3.14 0.34 0.18 
142-4 12.95168 143.61863 56.04 1.76 15.48 11 .35 0.19 3.74 7.73 3.26 0.37 0.19 
142-5 12.94734 143.61498 60.40 1.44 16.06 8.49 0.20 2.40 6.01 4.15 0.60 0.31 
142-9 12.95231 143.61233 55.65 1.76 15.43 11.40 0.20 3.81 7.77 3.26 0.44 0.19 

142-10 12.95640 143.62132 56.64 1.46 15.59 10.61 0.19 3.67 7.87 2.91 0.43 0.19 
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Figure Captions 

Figure 2.1: Locator map identifying the Mariana Arc and its major tectonic features as 

well as those of the surrounding area. Bathymetry is from the ETOP02 (Smith and 

Sandwell, 1998). Black box identifies the Mariana Arc and the area covered by Figure 

2.2. Red box identifies the area we surveyed in detail with swath mapping sonar and 

from which rock samples were recovered as shown in Figures 2.5 to 2.13. 

Figure 2.2: Locator map of earthquakes and profiles shown in Figure 2.3. Areas shaded 

in gray represent bathymetry shallower than 3000 m, and islands are shaded black. 

Relocated earthquake hypocenters of the Enghdahl et al. (1998) dataset are plotted as 

crosses. The "study area" box indicates the area of swath-mapping sonar surveys 

discussed in detail in this paper. Triangles indicate locations of arc volcanoes through 

which earthquake cross-sections are drawn (see text). Profile lines are colored according 

to their province: green = Central Island Province profiles, blue = Southern Seamount 

Profiles, and red = Southern Backarc Province profiles. The long black line indicates 

position of the Mariana Trench. Dashed black lines are 50 km contours of depth to the 

top of the slab from Gudmundsson and Sambridge (1998), and the heavy magenta 

dashed line indicates the small circle fit through the arc volcanoes from Farallon de 

Pajaros in the north to Esmerelda Bank in the south. Profiles through these volcanoes are 

drawn normal to this small circle. The remaining profiles to the south, from West Rota to 

Seamount E, are drawn normal to the slab contours (see text.) 
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Figure 2.3: Profiles drawn through the Engdahl et al. (1998) relocated hypocenter 

dataset. Locations of profiles are shown in Figure 2.2 and have been drawn to intersect 

the summits of arc volcanoes and parallel to slab dip. These profiles also show 

bathymetric cross sections at both 5x (top) and 1 x (bottom) vertical exaggeration. The 

top of the down-going plate has been interpreted for each profile based on the Wadati

Benioffzone and the location of the trench (blue curve). Dashed red lines represent the 

surface defined by the depth-to-slab contours from Gudmundsson and Sambridge (1998). 

Vertical lines identify the center of the arc volcanoes and the trench axis, and a horizontal 

line indicates the depth at which the slab top lies under each arc volcano. Gray rectangles 

enclose the area defined by the distance from the volcano to the trench, Dr, and the depth 

to the slab below the volcano, Ds. These values are summarized in Table 2.1 and Figure 

2.4. The position of the Malaguana-Gadao Ridge (MGR) is indicated by the red arrows 

on the profiles for "Seamount X" and "Patgon Masala." 

Figure 2.4: Summary of measurements from earthquake profiles shown in Figure 2.3. 

Values for Dr are shown by lighter colors and Ds by darker colors. As in Figure 2.2, these 

colors are: green = Centeral Island Province (CIP), blue = Southern Seamount Province 

(SSP), and red =Southern Backarc Province (SBP). Dashed lines indicate average vales 

for Ds and Dr for different sections of the arc. Dscmi) = average depth-to-slab beneath arc 

volcanoes from Farallon de Pajaros to Guguan. Ds(m2) = average depth-to-slab from 

Sarigan to Esmerelda Bank. DscmJ) =average depth to slab beneath the SBP, Patgon 

Masala to Seamount E. Dnmi) =average value of volcano-to-trench distance from 
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Farallon de Pajaros to Esmerelda Bank. DT(m2) =average value of volcano-to-trench 

distance for the SBP, Patgon Masala to Seamount E. 

Figure 2.5: Bathymetric map of the study area created by merging data from multiple 

swath-mapping sonar surveys with ETOPO 2-minute data (Smith and Sandwell, 1997). 

Contours lines occur at every 0.2 km and are annotated every I km. Color also indicates 

depth, and the bathymetry has been artificially illuminated from the northwest. Labels: E 

= Seamount E, W = Seamount W, E = Seamount E, KG= Seamount KG, Un.I= 

Unnamed Seamount I, Un.2.= Unnamed Seamount I, PM= Patgon Masala Seamount, A 

= Seamount A, B = Seamount B, C = Seamount C, X = Seamount X. Apparently 

younger volcanic cones superimposed on older volcanic crust are indicated by "ycI" and 

"yc2" (see text). We also identify the Malaguana-Gadao Ridge (the inflated spreading 

segment) and two volcanic ridges, a younger one with high backscatter and an older one 

showing low backscatter (see Figure 2.6, 2.7, and 2.9). 

Figure 2.6: HAWAII MR-I sidescan backscatter data for the study area. Dark shades 

indicate high backscatter (e.g., lava flows or faulted terrain) while light shades indicate 

low backscatter (e.g., sediments, including volcaniclastic sediment). Labels are same as 

in Figure 2.5. 

Figure 2.7: Detailed bathymetry and sidescan imagery of the area proximal to the 

southern termination of the Malaguana-Gadao Ridge (see locator boxes on Figures 2.5 

and 2.6). Symbols are: MGR=Malaguana-Gadao Ridge, Un.I= Unnamed Seamount I, 
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Un.2 = Unnamed Seamount 2, and yc2 = young volcanic cone superimposed on 

Unnamed Seamount I . 

Figure 2.8: Detailed bathymetry and sidescan imagery in the area of the "old volcanic 

ridge" (see locator boxes on Figures 2.5 and 2.6) containing several old calderas. 

Symbols are: MGR= Malaguana-Gadao Ridge, PM= Patgon Masala Seamount, and ycl 

=young volcanic cone superimposed on the older volcanic terrain (see text). 

Figure 2.9: Detailed bathymetry and sidescan imagery of the young volcanic ridge and 

nearby seamounts in the southwestern Mariana Trough (see locator boxes on Figures 2.5 

and 2.6). Symbols: H = Seamount H, W = Seamount W, E = Seamount E, and KG= 

Seamount KG. The features identified by "volcanic ridges" are examples of the 

numerous smaller en echelon volcanic ridges that make up the young volcanic ridge (see 

text) . 

Figure 2.10: HAWAII MR-I sidescan backscatter data overlay on the merged 

bathymetry. Color indicates depth, dark shades indicate high backscatter and light shades 

indicate low backscatter. Triangles indicate locations of high-backscatter seamounts and 

conical features interpreted to be small volcanoes (see text). 

Figure 2.11: Lineaments in the study area. Black lines indicate the base of scarps. Red 

lines indicate crests of volcanic ridges. Lineaments parallel or subparallel to the 

spreading axis, the Malaguana-Gadao Ridge, are termed "Backarc Fabric," and those 
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lineaments orthogonal or at high angles to the "Backarc Fabric" make up the "Forearc 

Fabric." The dashed blue line denotes where these two fabrics meet and slightly overlap. 

Labels are the same as in Figure 2.5. 

Figure 2.12: Hypocenters (small circles) of Engdahl et al. (1998) and centroid-moment 

tensor solutions from the Harvard database relocated with hypocenters of Engdahl et al. 

(1998) for solutions with depths less than 50 km. These are plotted on bathymetry 

artificially illuminated from the northwest. Color indicates depth of hypocenters (see bar 

at bottom of figure), with compressional quadrants of CMT solutions also colored by 

depth. Labels are the same as in Figure 2.5. 

Figure 2.13: Rock sample location map. Our samples are identified by: green triangle= 

dredge of Seamount H, yellow triangle = dredge of Seamount E, blue circle = wax core 

collected west-southwest of the Malaguana-Gadao Ridge (MGR), red circles= wax cores 

from the MGR, red diamonds= ROV Jason 2 samples from the MGR. White symbols 

indicate dredges and whole-rock analyses previously reported by Masuda et al. (1994): 

triangle = Seamount A, square = Seamount B, circle = Seamount C, and diamond = 

Seamount X. These location symbols have been plotted on HAWAII MR-1 sidescan 

backscatter data overlay on the merged bathymetry as in Figure 2.10. Labels are the same 

as in Figure 2.5. 

Figure 2.14: Major element classification diagrams. Our samples are identified by same 

symbols as in Figure 2.13 green triangle= dredge of Seamount H, yellow triangle= 
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dredge of Seamount E, blue circle = wax core collected west-southwest of the 

Malaguana-Gadao Ridge (MGR), red circles = wax cores from the MGR, red diamonds = 

ROY Jason 2 samples from the MGR. White symbols indicate dredges and whole-rock 

analyses previously reported by Masuda et al. (1994): triangle= Seamount A, square= 

Seamount B, circle= Seamount C, and diamond = Seamount X. A) Total alkalis vs . 

Si02 binary variation diagram after Le Bas et al. ( 1986), note that most of our samples 

are basaltic andesites. B) AFM ternary diagram identifying calc-alkaline and tholeiitic 

fields, after Irvine and Baragar (1971 ), note that most of our samples lie in the tholeiitic 

field. C) Ternary diagram for classifying oceanic basalts after Mullen (1983). This 

ternary diagram shows Ti02, MnO x 10, and P20 5 xlO data for lava samples dredged and 

wax cored from the study area. The fields of CAB (island arc calc-alkaline basalt), IA T 

(island arc tholeiite), MORB (mid-ocean ridge basalt) and BABB (back-arc basin basalt), 

OIT (ocean island tholeiite), and OIA (ocean island alkalic basalt). Most of our lavas 

from both tije spreading axis and small arc volcanoes fall in the IA T field, though 

seamounts A and X yielded samples that fall in the MORB/BABB field. 
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Figure 2.1: Locator map identifying the Mariana Arc and its major tectonic features 
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Figure 2.2: Locator map of earthquakes and profiles shown in Figue 2.3 
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Figure 2.3: Profiles drawn through the Engdahl et al. (1 998) relocated hypocenters 
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Figure 2.4: Summary of measurements from earthquake profli es shown in Figure 2.3 
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Figure 2.5: Bathymetric map of the study area 
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Figure 2.6: HAWAII MR-1 sidescan backscatter data for the study area 
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Figure 2.7: Detailed bathymetry and sidescan imagery of the area proximal to 
the southern termination of the Malaguana-Gadao Ridge 
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Figure 2.8: Detailed bathymetry and sidescan imagery of the "old volcanic ridge" 
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Figure 2.9: Detailed bathymetry and sidescan imagery of the "young volcanic ridge" 
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Figure 2.10: HAWAII MR-1 sidescan backscatter data overlay on the merged bathymetry with locations of discrete volcanic structures 
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Figure 2.11 : Lineaments in the study area 
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Figure 2.12: Hypocenters and CMT solutions for earthquakes in the study area 
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Figure 2.13 : Rock sample location map 
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Figure 2.14: Major element classificaiton diagrams for rock samples from the study area 

16 
A 

14 

12 
0 
~ 10 
+ 
0 8 

N 
cu 
z 6 

4 

2 

O +-~T"'"~T""'~T""'.A<~~ ....... ~,........~,........~,........• 
35 40 45 50 55 60 65 70 75 

Si02 

FeO* 

71 



CHAPTER 3. THE INITIATION OF ARC RIFTING IN THE FORMATION OF 
BACK-ARC BASINS: AN EXAMPLE FROM THE SOUTHERN MARIANA ARC 

Abstract 

The morphology of the southernmost part of the Mariana Trough spreading axis varies 

strikingly along its length. These variations are a function of several factors. Extension in 

the Mariana Trough has been affected by variations in arc crustal structure, the character 

of the magma sources that supply the neovolcanic features of the region, and by the 

geometry and structure of the subducting plate. The most complex part of the Mariana 

Trough lies south of 14°N. This southern part of the Trough displays all aspects of 

backarc basin development, from an initial stage of amagmatic rifting within relict arc 

crust producding a deep axial graben, through the development of an inflated spreading 

center entraining arc magmas, to fully mature backarc basin seafloor structure dominated 

by abyssal hill fabric with its spreading center separated from the volcanic arc front. 

Furthermore, we suggest that backarc extension can begin with forearc rifting, as 

represented by a rift within the southernmost West Mariana Ridge that is contiguous with 

the backarc spreading axis. With time, the position of extension with the overriding plate 

first lies trench ward of the arc, then coincides with it, then lies landward of the volcanic 

arc to become a backarc spreading center in the southern Mariana Trough. 

Introduction 

Backarc spreading centers share many characteristics with mid-ocean ridges. In 

particular, they are narrow plate boundary zones where oceanic crust formed from 

magmas produced by decompression melting in the mantle accretes to the overriding, 
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rifting tectonic plates. In the case ofbackarc basins, these spreading centers form at 

convergent margins where the overriding plate is extended, thinned, and intruded by 

magmas from decompression melting, anatexis of the arc crust, or suprasubduction-zone 

melting. These basins develop rift grabens, eventually forming broad basins with true 

seafloor-spreading centers. Two important issues regarding the formation ofbackarc 

basins are a) how do they start, and b) how do they make the transition from amagmatic 

rifting to true sea-floor spreading? Several investigators have addressed these processes 

in a variety ofbackarc basins (e.g., Karig, 1971; Uyeda and Kanamori, 1979; Taylor and 

Kamer, 1983; Saunders and Tamey, 1991) and although every backarc basin is unique 

they all share more or less the same general progression. We will discuss these processes 

as they apply, for the most part, to intraoceanic backarc basins, and to the Mariana 

Trough in particular. 

In the southern Mariana Trough, the backarc basin of the Mariana Arc system, we 

identify changes in seafloor morphology, petrology and geochemistry, and seismicity 

along its spreading axis. Furthermore, we continue our analysis to from the termination 

of the spreading axis into an area of amagmatic rifting. We use the term "axis of 

extension" to collectively refer to both spreading and rifting phenomena in the southern 

Mariana Trough which appear to be part of the same extensional system. In our analysis 

we separate this axis of extension into five zones based on these changes. Furthermore, 

we investigate whether the spreading axis is propagating southward, and whether the 

southern extremity of the spreading axis is a propagator tip. Spreading was suggested by 

Bracey and Ogden (1972) to have first begun in central part of the Mariana Arc and 
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propagated both north and south through a volcanic arc to form the backarc basin 

between the West Mariana Ridge and the active volcanic arc. 

If southward propagation of the axis of extension characterizes the southern end 

of the Mariana Trough, we would expect similar features to the northern end of the 

Trough or to other well studied extensional phenomena in other backarc settings. Of 

particular interest is our discovery of an amagmatic rift valley within the southern 

extremity of the West Mariana Ridge, the remnant arc terrane forming the western 

boundary of the basin (Karig, 1971, Karig et al., 1978). We show that this rift continues 

backarc extension into the remnant arc. If the axis of extension is indeed a propagating 

feature ''unzipping" the remnant arc to create new crust through spreading, then the 

features we describe in along the axis of extension paint a picture of the evolution of 

backarc extension in its earliest stages. We suggest that the tectonism and volcanism 

observed along the southern Mariana backarc extensional system, from the newly 

discovered amagmatic graben to the fully evolved spreading center, reflects how the 

backarc spreading center has evolved through time as it extended southwestward through 

the Mariana Trough. In other words, the amagmatic rift valley represents the earliest 

stages of the formation of the Mariana Trough, and phenomena observed northeastward 

along the axis of extension represent greater and greater degrees of evolution of the 

system until the mature, stable spreading center is reached in the central Mariana Trough. 

The southern Mariana Trough is unique because it contains all stages of backarc 

basin formation, and therefore these stages can be modeled and the transitions between 

them can be interpreted. In essence, our study area provides in space the active 

phenomena that in other basins we can only infer to have occurred through time. Moving 
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along the study area from southwest to northeast we step forward in time by 

approximately 3-4 million years. As we have shown in Chapters 1 and 2, the southern 

Mariana Trough has an arc magma supply rate that exceeds that of other backarc basins. 

We show how this part of the basin is affected by the added complication of magma 

piracy (Chapter 2) relative to the typical backarc basin basalt (BABB) magmagenesis of 

the mature central part of the basin, and by the peculiarities oflocal tectonics as related to 

geometry of the subducted slab. In this study we examine in detail the variations in 

morphology, seismicity, and geochemistry of lavas along the axis of extension in the 

southern Mariana Trough and propose how these phenomena describe the evolution of 

this backarc basin. 

Background 

One of the still outstanding issues regarding the formation ofbackarc basins is the 

mechanism by which they form. Without exception, extensional deformation of the 

overriding plate is ubiquitous in intraoceanic convergent plate boundaries with backarc 

basins. There are several mechanisms suggested for the generation of the extension in 

overriding plates at convergent margins that result in backarc basin formation. These 

include: subduction (i.e., "slab pull" e.g., Schellart, 2004a; 2004 b.) of the landward side 

of the overriding plate (e.g., at the Philippine, and Nankai Trenches in the case of the 

Philippine Sea Plate (Forsyth and Uyeda, 197 5), updoming and initial fracturing (above a 

suprasubduction-zone magma source) followed by subsequent thinning of the arc crust 

and extension because of mantle counter flow (Uyeda and McCabe, 1983; Tamaki & 

Honza, 1991; Ahemenda, 1993; Honza, 1995), lateral density variations present at 
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incipient subduction and the effect of differential seismic friction along the subduction 

plane (Mart et al., 2005), and roll-back of the subducting plate causing migration of the 

trench axis oceanward and concomitant extension in the overriding plate (Elsasser, 1971; 

Moberly, 1971; and more recently Garfunkel, et al., 1986; Kincaid and Olson, 1986; 

Griffiths, et al., 1995; Olbertz, et al., 1997; Buttles and Olson, 1998; Funiciello et al, 

2003a and 2003b) have been suggested mechanisms. The causes for extension in such 

environments are still a matter of debate and may, in the end, be found to depend on a 

combination of factors (e.g., Mantovani et al, 2001), but, trench rollback has gathered 

increasing acceptance as a principle driver for the Mariana backarc extension (Hussong 

and Uyeda, 1982; McCabe and Uyeda, 1983; Hsui and Youngquist, 1983, Wessel et al., 

1994; Fryer, 1996; Martinez et al., 2000; Mantovani et al., 2001; Fryer et al., 2003). 

For most of its length its backarc basin, the Mariana Trough (Figure 3. I), has a 

well-defined spreading center displaying morphologic characteristics consistent with 

slow (less than -35 mm/yr halfrate) spreading centers (MacDonald, 2001). Such 

features include a deep central half-graben to which young lava flows are confined, as 

indicated by side-scan sonar imagery (e.g., Fryer, 1996). Martinez et al. (2000), 

however, demonstrate that the southernmost spreading segment within the Mariana 

Trough, the Malaguana-Gadao Ridge (MGR)(Figure 3.2), in fact has and "inflated" 

morphology. That is, it is a very broad (-15 km) swell relative to its height (-500 m) 

with cross-axis areas varying between 5 to 7 km2 (Martinez et al., 2000), similar to fast 

spreading ridges (Lin and Phipps-Morgan, 1992), and it lacks a central deep axial graben. 

This type of morphology is typical of fast-spreading mid-ocean ridges with high rates of 

magma production and at which magma chamber reflectors are often observed in seismic 
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1magmg. In Chapter 1 we showed that the MGR exhibits a magma chamber reflector in a 

seismic reflection profile across its northern terminus. In Chapter 2 we showed that it 

erupts lavas geochemically equivalent to arc magmas (see also Pearce et al, 2005, 

Masuda, submitted). We suggested in Chapter 2 that the MGR erupts arc magmas 

because of a process we termed "magma piracy" in which arc magmas become directed 

to the spreading center, thus giving it an anomalously high eruption rate despite having a 

slow spreading rate. We should note that Martinez et al. ( 1996) and Baker et al. ( 1996) 

also inferred arc magma capture in the northern end of the Mariana Trough. At' the 

northern end of the Trough, however, the morphology of the.active volcanic and tectonic 

extensional center is distinctly different from that in the south. It is a deep, narrow 

graben and the magmas that form the neovolcanic zone include typical BABB and even 

boninitic derivative lavas (Fryer et al. 1997), except where the neovolcanic zone lies very 

close to the arc volcanoes. 

The axis of well-defined spreading in the southern Mariana Trough appears to end 

with the MGR, but in Chapter 2 we showed that extension may continue west of the 

MGR. The lineaments west of the MGR termination are broadly parallel with the MGR. 

Exclusively arc-composition lavas erupt along numerous small ridges that parallel these 

lineaments throughout the area west of the MGR termination. Small volcanic cones lie 

collinear with the lineaments that define elongate (up to many tens of km long) scarps on 

the seafloor, suggesting that these scarps define fault traces. Centroid moment tensor 

(CMT) solutions support the suggestion that faults in this region are a response to 

extension. 
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We identify a deep (3 km) rift graben (Figures 3.2 and 3.3) at the southwestern 

extremity of the West Mariana Ridge, an Eocene-age remnant arc terrane separated from 

the modem arc by the Mariana Trough (Karig, 1971 )(Figure 3 .1 ). This graben is -100 

km long, reaches widths of 50 km and has over 3 km of relief. Earthquakes with normal

slip motions (Figure 3.4) indicate that it is actively rifting. The shoal area to the south of 

the rift graben has generally low backscatter and during our 2001 RIV Melville cruise 

(COOK-06) we dredged shallow water corals from the top of the southwestern part of the 

shoal (location 3 on Figure 3.4). 

Methods of Data Collection 

Swath-Mapping Sonar 

During the spring of 2001 we conducted geophysical surveys of the southernmost part of 

the Mariana Trough on two back-to-back cruises, the COOK-06 and COOK-07 cruise 

legs aboard the RIV Melville. We gathered swath-sonar data with the towed HAWAII 

MR-1 sidescan sonar array (Rongstad, 1992). We also gathered potential field data. The 

preliminary results and interpretation of these data have been discussed by Ishihara et al, 

(2001) and will be also be addressed elsewhere (Martinez, in prep.). After the swath

mapping sonar surveys were completed, rock samples were recovered from the sea floor 

with dredges and wax cores. 

The COOK-06 survey pattern was primarily along east-west lines spaced every 5 

minutes of latitude. The new area of coverage extends from the region discussed in 

Chapter 1, the MGR, westward to the West Mariana Ridge, and south to the Mariana 

Trench including the Challenger Deep (Figure 3.2). This survey was adjacent to and 
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continues coverage of the area surveyed with HAW All MR-1 in 1997 aboard the RIV 

Moana Wave (Martinez et al., 2000). The COOK-07 cruise mapped the spreading axis 

and submarine arc volcanoes north of the 1997 survey to l 7°30'N latitude (Figure 3.2). 

We also collected multibeam bathymetry data on several cruises. During the 

COOK-06 and COOK-07 cruises we used the RJV Melville's hull-mounted SeaBeam 

2000 system to fill gaps in the HAW All MR-1 survey and for reconnaissance of dredge 

and wax core targets. We also used the RIV Thompson's hull-mounted Hydrosweep and 

Simrad EM300 systems in 2003 to survey the MGR in preparation for ROY Jason-2 

dives. Additionally, we used multi-narrow beam bathymetry data collected with the 

JAMSTEC vessel Yakosuka to fill in some gaps in the coverage. These multibeam data 

were processed at sea and post-cruise at the University of Hawaii using the MB-System 

software package (Caress and Chayes, 1995, 1996). All of these bathymetry data were 

then merged into gridded datasets using Generic Mapping Tools (GMT) software 

(Wessel and Smith, 1991, 1998) and the technique of Becker (2005, see Appendix). To 

complete the bathymetric coverage, all of our bathymetric survey data was then merged 

with the ETOP0-2 global topography dataset (Smith and Sandwell, 1997) to fill in 

remaining unsurveyed areas. These data are shown in Figure 3.2 through Figure 3.5. 

Bathymetric profiles have also been drawn across the axis of extension, and are shown in 

Figure 3.6. 

Rock Sampling 

Rock samples were collected from the study area during the 1997 cruise aboard the RIV 

Moana Wave and the 2001 COOK-06 cruise aboard the RIV Melville (Chapter 2). We 
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also collected samples in 2003 with the ROV Jason-2 during the TN154 cruise of the 

RIV Thompson. In addition to samples discussed in Chapter 2, we also dredged rock 

samples from the wall of the rift valley and the top of a horst block to the southeast 

(Figure 3.4). As discussed in Chapters 1 and 2, we also sampled several seamounts in the 

area as well as the crest of the MGR. 

Earthquake hypocenters 

As in Chapter 2 of this dissertation, we use the catalog of relocated earthquake 

hypocenters of Engdahl et al. (1998) in the analysis of the tectonics of the southern 

Mariana Trough. We also use these hypocenters to relocate CMT solutions from the 

Harvard CMT catalog (available online at http://www.seismology.harvard.edu). These 

relocated CMT solutions depict the sense of slip along faults in southern Mariana Trough 

and distinguish earthquakes associated with the subducting slab (thrust motions) from 

those associated with deformation of the overlying plate (normal and strike-slip motions). 

In our examination of the deformation of the overlying plate, we plot only those 

hypocenters having depths less than 50 km in order to highlight those not associated with 

the subducting slab (Figures 3.4 and 3.5). We also plot relocated Harvard CMT solutions 

(Figures 3.4 and 3.5), including areas both west and north of the region discussed in 

Chapter 2. 

We examine earthquake profiles under the southern Mariana Trough (Figure 3.7). 

As in Chapter 2, we draw these profiles to follow the dip of the subducting slab and they 

show hypocenters 50 km on either side of the profile plane. These profiles do not 

duplicate those shown in Chapter 2, however. Instead of coinciding with arc volcanoes, 
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we have drawn these new profiles to coincide with our morphologic "zones" along the 

axis of extension in the southern Mariana Trough (see Section 4 below). These profiles 

also extend farther west than those in Chapter 2 to include seismic activity associated 

with modem rifting of the West Mariana Ridge 

Observations 

We group observations resulting from the various techniques described above in Section 

3 into five geographic zones within the study area based on seafloor morphology (Figures 

3.2, 3.4, and 3.5). We reserve our interpretations of how the changes in characteristics of 

these zones relate to backarc basin evolution for the next section of this chapter. Zone 1 

is defined by a rift graben within the southwestern West Mariana ridge and extends from 

roughly 12°00'N, 140°30'E to 12°30'N, 141°55'E. Zone 2 lies between the rift valley 

and the MGR, from roughly 12°30'N, 141°55'E to 12°40'N, 143°20'E and is 

characterized by heavily fractured terrain, with high-relief ridges in the western half and 

low-relief ridges in the east, and broadly distributed, small volcanoes. Zone 3 is defined 

by the MGR between 12°40'N, 143°20'E and 13°35'N, 143°50'E. Zone 4 contains a 

shallow, inflated spreading segment, but one with a pronounced axial graben, and lies 

between 13°35'N, 143°50'E and 14°15'N, 143°53'E. In Zone 5 the spreading axis not 

only shows the typical morphology of the spreading throughout the Mariana Trough 

farther north, with a deep axial graben, but also is flanked by abyssal hill fabric that 

typifies most of the basin north of 14°N. Though these zones are defined based on 

seafloor morphology, they also have distinctive petrology, geochemistry, and seismicity. 

These observations are summari:ii:ed in Table 1. 
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Zone 1: Rift graben 

The rift graben of Zone 1 lies within the southwestern extremity of the West Mariana 

Ridge and separates a horst block from the rest of the ridge (Figure 3.4). The valley is 

-120 km long, -40 km wide, and has 3 km ofrelief. Its long axis strikes -N-70-E, and 

the fault scarp that forms the northwestern wall of the graben dips -45°. Several angular 

seamounts lying at the southwestern end of the graben appear to be fault blocks. The 

bathymetric cross sections B-B' to F-F' (Figure 3.6) reveal the graben to have an 

asymmetric shape with a steep northwestern wall and a series of angled stair-step fault 

scarps on its southeastern wall. 

Sidescan imagery of the graben (Figure 3.4) shows overall intermediate 

backscatter, however linear and arcuate high-backscatter features are coincident with 

scarps revealed in bathymetry and likely represent fault traces. A circular high

backscatter feature in the southwestern end of the valley floor appears angular in 

bathymetry, perhaps as the result of talus covering the slopes of this apparent fault block. 

Though backscatter of the graben floor suggests that it is sedimented, it also has higher 

backscatter than nearby sediment ponds, possibly representing the presence of talus on 

the graben floor. 

Three conical high-backscatter features were targeted for dredging because they 

were suspected volcanic edifices (dredges 1, 2 and 3, Figure 3.4). Dredges 1 and 2 did 

not recover any rocks. The site for Dredge 3, a 2600 m deep circular hill on the horst 

block bounding the valley to the southwest, yielded manganese-coated reef-forming coral 

of the order Scleractinia. These are shallow-water corals now at a depth of more than 2 

km. Scarps seen in the bathymetry data and high-backscatter lineaments seen on the 
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imagery also indicate faults on the northern flank of this horst block (Figure 3.4). These 

high-backscatter lineaments occur in a region of otherwise low backscatter. Such low 

backscatter is common in areas of seafloor with fine-grained carbonate sediments (B. 

Appelgate, pers. comm), and was also seen 100 km due east of Guam (Figure 3.3). We 

also dredged a single site within the rift valley of Zone 1, in a talus pile at the base of the 

steep escarpment that makes up its northeastern wall (Figure 3.4, Dredge 4). This dredge 

haul contained highly altered ankaramite with ~ 1 cm relict pyroxene crystals, numerous 

altered gabbroic and basaltic fragments and lithified carbonate/volcaniclastic sand (that 

we interpret to be beachrock). No unaltered volcanic rocks were identified in this dredge 

haul. Thus, the only structures with high backscatter we sampled in Zone 1 proved to not 

have formed via recent volcanism. 

Though Zone 1 lacks evidence ofrecent volcanism, as shown in Figure 3 .4 it is a 

seismically active region. They have normal slip motions, consistent with active rifting 

in this area. The profile drawn through this area, R-R' (Figure 3.7), shows that these 

earthquakes occur as deep as 70 km. Though the Wadati-Benioff zone beneath the rift 

valley is poorly defined in these data, its appears to extend no deeper than 150 km. 

Zone 2: Fractured terrain with small volcanoes 

Zone 2 is a complicated region containing scarps, ridges, and small volcanic cones 

(Figure 3.4). This area appears to be heavily faulted (see Figure 3.4), most faults strike 

NE-SW, but toward the eastern end of Zone 2 lineaments strike more nearly due E-W 

(see Chapter 2 for detailed discussion). The most pronounced lineaments are ridges, 

which commonly have small(< 1 km wide) cones superimposed on them, though the 
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largest of these cones approach 10 km in width and rise 2 km above the surrounding 

seafloor (Seamounts H, W, E, and KG, Figure 3.4). Some of these are grouped together 

to form a single structure composed of ridges and small volcanoes lying between 

12°25'N, 142°15'E and 12°50'N, 142°40'E ("young volcanic ridge," Figure 3.4). The 

eastern half of Zone 2, between 142°50'E and 142°20'E, contains a triangular-shaped 

shallower area with its apex at 12°25'N, 142°50'E and broadening to the northeast (red 

dashed lines, Figure 3.4 and profile K-K' in Figure 3.6). The apex is crossed by cross 

section J-J' (toward the J' end) and its broader aspect is shown in cross section K-K', 

both in Figure 3.6. 

Acoustic imagery of Zone 2 (Figure 3 .4) reveals evidence of volcanism, faulting, 

and several large sediment ponds. Small volcanoes appear as small, high-backscatter 

circular features, some with low-backscatter acoustic shadows on their summits opposite 

the side of ensonification. High backscatter in Zone 2 also shows scarps and the steep 

slopes of ridges lying sub-parallel to the survey tracks. Low-backscatter values 

coincident with flat-lying plains are sediment ponds. 

As discussed in Chapter 2 we collected nine dredges and wax cores from the 

small volcanoes in this region. In hand specimen they were dark, glassy, and highly 

vesicular, with some vesicles as large as 2 cm. Major element analyses (see Chapter 2) 

indicate that these volcanoes erupt island arc tholeiites. In addition to recent volcanism, 

Zone 2 appears to be actively rifting as evidenced by normal-slip earthquakes (Figure 

3.4). Most are in the 2-030 km depth range, and though numerous, they only extend 

down to 50 km in profile T-T', and are fewer in number by profile U-U' at the boundary 
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with Zone 3 (Figure. 3.7). The Wadati-Benioffzone is better defined in Zone 2 than 

Zone 1 and extends as deep as 220 km. 

Zone 3: Inflated spreading center 

The active Malaguana-Gadao Ridge (MGR) defines Zone 3 and is discussed in detail in 

Chapters 1 and 2. It is the southernmost segment of well-organized backarc spreading in 

the Mariana Trough (Martinez et al., 2000; Fryer, submitted; Chapters 1 and 2). It has 

the morphology typical of fast-spreading mid-ocean ridges with broad, low relief; it is 

~ 120 km long and ~20 km wide at its widest point but rises only ~200-500 m above the 

surrounding seafloor (profile M-M', Figure 3.6). Second- and third-order segmentation 

are evident in the bathymetry, and there is a change in the trend of the ridge at about 

13°10'N from N-35°-E to N-11°-E. North of this change in trend the ridge also becomes 

much narrower and has higher relief, about 5 km wide with 700 m of relief. The entire 

length of the MGR has very high backscatter, and its smooth appearance in the 

bathymetry data, suggests that recent lava flows cover its surface. This interpretation is 

verified by our Jason 2 observations and by Kaiko ROY and Shinkai 6500 observations 

(Masuda et al, 2001b). 

As described in Chapter 1, rocks recovered with the ROY Kaiko from the MGR 

are of andesitic compositions (Mitsuzawara et al., 2000), though one sample is a rhyolite 

with silica content~ 80% (Urabe, 2004, pers. comm.). These samples probably have 

very high volatile contents as evidenced by the abundance of vesicular fragments. 

Volatile contents have not been quantified, though attempts to measure sulfur contents 

damaged the analytic equipment because of their very high concentrations (Masuda, pers. 
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comm.). We also suggested in Chapter 1 that a volatile-rich, or even bubble-rich, magma 

lens could explain the magma chamber reflector identified in 6-channel seismic reflection 

record. 

Unlike Zone 1 and Zone 2, Zone 3 appears to be aseismic (Figure 3.4), and the 

shallow hypocenters do not co-locate with the MGR. Because data of Enghdahl et al. 

(1998) do not include hypocenters in this region with body wave magnitudes values less 

than 3.0, we do not know the nature of microseismicity in Zone 3. The forearc crust 

southeast of the MGR has some shallow earthquakes, but they have strike-slip or thrust 

motions, and are unlikely to be related to backarc extension. 

Off-axis volcanoes are also seen on the arc side of the inflated spreading center 

(Figures 3.4 and 3.5). Those coalesced into a ridge southeast of the MGR appear inactive 

as they have low backscatter, indicative of sediment cover. Other seamounts, such as 

Patgon Masala, and Seamounts A, B, C, and X, have higher backscatter. Patgon Masala 

and Seamount X also support active hydrothermal systems (Masuda et al., 2001a). These 

seamounts are volcanically active. 

Zone 4: Relict inflated spreading center 

The southern boundary of Zone 4 coincides with the northern termination of the MGR 

at13°40N (Figure 3.5). In Zone 4 a pair of inward dipping scarps defines an 

approximately 10-km-wide axial valley. From the tops of the scarps the seafloor slopes 

gently away from the axial valley (see profile 0-0', Figure 3.6). The valley is -10 km 

wide and 0.5 km deep, and it trends N-11°-E for 50 km. The scarp face making up the 

eastern valley wall extends southward into a series 0f small volcanoes. Tracey 
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Seamount, the southernmost large central arc volcano of the Mariana Arc, lies 50 km due 

east. Backscatter characteristics of Zone 4 are similar to those of Zone 3. Though 

bathymetry reveals the 0.5 km tall scarps that make up the valley walls, these do not 

stand out as strong lineaments in the imagery, a common effect when a survey is run 

nearly perpendicular to the trend of scarps. 

Lava samples collected in Zone 4 have been analyzed by Pearce et al. (2005). 

Unlike Zones 2 and 3, where volcanoes erupted arc or arc-like lavas, the lavas of Zone 4 

are exclusively backarc basin basalts (BABB's) lhat have an Indian Ocean MORB mantle 

source. Seamounts east of the spreading axis, such as Tracey Seamount, erupt lavas with 

arc compositions and form part of the Southern Seamount Province of the Mariana Arc 

(Bloomer et al., 1989). 

Earthquakes in Zone 4 (Figure 3.5) show a similar pattern to those of Zone 3. The 

Engdahl et al. (1998) data show no shallow seismicity for this zone, not even off-axis. 

As noted in the previous section, this data does not include earthquakes with body wave 

magnitudes less than ~3.0, so the nature of microseismicity is unknown. 

Zone 5: Spreading center with axial graben 

The axial valley of Zone 4 continues into Zone 5 (Figures 3.5 and 3.6). Unlike Zone 4, 

however, instead of being flanked by smooth slopes, the axial valley is flanked by abyssal 

hill fabric to the east. The valley is also considerably deeper, reaching 5 km. The axial 

graben is -10 km wide and has -2 km ofrelief. Like the rift valley of Zone 1, it also has 

an asymmetric profile with a steeper slope on the eastern side (Figure 3.6, section P-P'). 

Off-axis to the east several -40 km long ridges sub-parallel to the spreading center rise 
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~ 1 km above the surrounding plain. Our surveys did not map the western side of this 

portion of the spreading axis. Unlike Zone 4, in which high backscatter occurs over a 

wide area, the high-backscatter neovolcanic features of Zone 5 are confined between the 

scarps that define the axial graben. High-relief off-axis ridges also appear as high

backscatter features that contrast sharply with the surrounding low-backscatter 

sedimented plains. Like the lavas from Zone 4, those recovered from Zone 5 are also 

basalts that appear to have an Indian Ocean MORB mantle source and these lavas are 

more MO RB-like than in Zone 4(Pearce et al., 2005). Though the southern part of Zone 

5 lacks seismicity, at ~14°20'N earthquakes appear at and near the spreading axis 

(Engdahl et al. , 1998). They occur as deep as ~35 km, and those for which CMT 

solutions have been computed show normal-slip motion that is consistent with extension. 

Discussion 

Evolution of the southern Mariana Trough 

In the previous section we defined five zones along the axis of extension in the southern 

Mariana Trough. It is not unusual to see some of these transitions spatially along a 

backarc basin spreading center, but it is unusual to have them all active in a relatively 

small geographic region of a single backarc basin. We have also mapped the various 

crust types created by processes within these zones (Figure 3.8). 

Morphology suggests that opening rates may vary considerably within the 

southern Mariana Trough. The rift valley of Zone 1 is only 40 km wide as measured 

between the West Mariana Ridge and the large horst block. Though the trenchward 

boundary the backarc basin in Zone 2 is harder to determine, the shallower features lying 
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between 142°10'E and 143°45'E at 11°55'N may represent relict arc crust (Figure 3.8) 

such as makes up the forearc crust of Santa Rosa Bank, Guam and Saipan. If true, then 

the backarc basin is ~ 100 km wide in Zone 2. A possible explanation for the narrowness 

of Zone 1 relative to Zone 2 is that the convergence with the Caroline Ridge on to the 

Mariana Trench (Figure 3.1) may limit extension in Zone 1. Previous workers (McCabe 

and Uyeda, 1983; Hsui and Youngquist 1983) have suggested that the arcuate shape of 

the Mariana system may result from its interaction with the Ogasawara Plateau at 26°N 

and the Caroline Ridge at 10°N. These high-relief features appear to "pin" the arc while 

trench rollback occurs between them, gradually increasing the curvature of the arc with 

time and thus limiting the extent of the backarc spreading center to between these two 

latitudes. If spreading is limited by the impingement of these features on this convergent 

margin system, then spreading should be slowest at the latitudes at which the collisions 

are taking place. Yamazaki et al. (2003) and Kato et al. (2003) have, however, shown that 

this backarc spreads most slowly at its northern extremity, yet spreads most rapidly near 

Guam, which would correlate with our Zone 3, with a full spreading rate of 45 mm/yr. 

We do not know the current rates of opening of the southern Mariana Trough southwest 

of Guam, however, as the absence of islands there precludes GPS measurements. Yet we 

do know that southern Mariana Trough is currently undergoing extension southwest of 

Guam because it is seismically active with normal-slip earthquakes in both Zone 1 and 2. 

And though it would appear that Zone 1 is opening more slowly than Zone 2, we do not 

know how fast Zone 2 is opening relative to Zone 3. 

We suggest that the rift graben of Zone 1 represents the southwestern terminus of 

the backarc extensional axis within the southern Mariana Trough. Furthermore, as the 
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feature is a rift within the remnant arc, the West Mariana Ridge, it may represent the 

initiation of arc rifting, a process that has been previously suggested to lead to the 

creation ofbackarc basins (Karig, 1970; 1971; Packham and Falvey, 1971; Karig, 1972; 

and Hawkins, 1974). This graben is undergoing active extension as evidenced by 

numerous earthquakes. The fact that these earthquakes occur as deep as 70 km, and the 

fact that we do not see normal fault CMT solutions for earthquakes in this depth range 

elsewhere along the Mariana arc, suggests that the remnant arc crust within Zone 1 may 

be colder than the crust elsewhere along the arc. The depths of these quakes could even 

be within the lithospheric mantle, suggesting little or no asthenospheric mantle above the 

subducting plate, which could explain the lack of volcanic activity within the rift graben. 

Though the rift graben in Zone 1 appears to be free of volcanic activity, nearby 

structures seen in the bathymetric data suggest that there may be volcanism adjacent to it. 

North of the rift graben a conical feature is superimposed on the West Mariana Ridge at 

140°50'E, 12°20'N ("young arc volcano?" Figure 3.4). Though we surveyed this 

structure with the SeaBeam 2000 multibeam sonar, we do not have MR-1 sidescan 

coverage for it so we cannot estimate its relative age with backscatter imagery. Like the 

horst block rifted away from it, the small area of the West Mariana Ridge we did survey 

also appears to have a flat, wave-cut top with very low backscatter characteristics, and 

Dredge 4 (Figure 3.4) recovered a fragment ofbeachrock. Thus, if this cone has a 

volcanic origin, the eruptions that formed it would postdate the erosional episode that 

planed off the top of the West Mariana Ridge. Faults beyond the western end of the rift 

valley also have conical structures superimposed on them. Unfortunately, attempts to 

dredge some these western conical structures (Figure 3.4, dredges 1 and 2) did not yield 

90 



samples. The only available bathymetry north of our survey of the rift graben is 

ETOP02 data, and though oflow-resolution, also suggests the existence of isolated 

edifices, probably arc volcanoes, lying just northwest of the southernmost West Mariana 

Ridge (Figure 3.8). We speculate that these isolated edifices could represent recent arc 

volcanism near the rift valley. Though poorly defined, the Wadati-Benioff zone beneath 

them extends to a depth of 150-180 km (Figure 3. 7, profile R-R '), well beyond the range 

of arc magma generation, which can be as shallow as -60 km for the southern Mariana 

Arc (see Chapter 2). Therefore, the volcanoes north of the valley could be analogous to 

the volcanoes of the Southern Seamount Province in the Mariana arc such as Tracey, 

West Rota, and Esmerelda Bank. If these structures are in fact active arc volcanoes, then 

the southern West Mariana Ridge is not only a remnant arc but lies in the forearc between 

the active volcanic arc and the Mariana Trench. In this case the rift graben represents 

forearc rifting rather than backarc extension. However, since this extension is contiguous 

with backarc spreading in Zones 2 to 5, we still consider it to be part of the backarc axis 

of extension. 

We also identify two other -5000 m deep grabens in the southern Mariana Trough 

adjacent to the West Mariana Ridge within our survey data (DG, Figure 3.8). They are 

not seismically active but they may represent former episodes of amagmatic rifting of the 

West Mariana Ridge analogous to modern rifting within Zone 1. These grabens are 

common along the eastern base of the West Mariana Ridge all along the Mariana trough 

(e.g., Fryer and Hussong, 1981; Baker et al., 1997) 

The next stage of early backarc extension is represented in Zone 2. Like Zone 1, 

it is also actively rifting, and numerous ridges and fault scarps distinguish the region, 
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though seismicity declines toward Zone 3. Unlike Zone 1, Zone 2 has volcanic features 

that appear to be relatively recent (high backscatter cones and lobate lava flows), with 

thin or no sediment cover. Numerous small volcanoes can be found throughout this 

region, and geochemical analyses show them to be of arc composition with a lithospheric 

mantle source (Pearce et al., 2005). These volcanoes form lineaments and appear to 

coalesce into ridges (see Chapter 2) that likely formed where fractures provide egress for 

magma. The prominent cluster of these ridges (Figure 3.4, "young volcanic ridge") may 

represent the earliest stage of crustal accretion (see Chapter 2). 

The decline in seismicity toward Zone 3 also coincides with the appearance of a 

shallower region (denoted by dashed red lines in Figures 3.4 and 3.6) we suggest 

represents an area where a former arc volcano has been split by backarc extension. The 

"inflation" of the topography through enhanced magmatism ahead of the well-defined 

spreading in the next zone may be a consequence of infusion of this region with arc 

magmas from this locus of concentrated arc volcanism. 

Structures produced in Zone 2 are harder to identify in older crust adjacent to the 

spreading axis in subsequent zones because of the lack of survey data west of the MGR 

and because of volcanic overprinting by the modem volcanic arc east of the MGR (see 

"ARC" zone in Figure 3.8). Given the data we do have, the best candidate for a Zone 2 

structure off-axis in a subsequent zone is the "old volcanic ridge" (Figure 3.4), which 

may represent an inactive version of the active "young volcanic ridge" in Zone 2 (Figure 

3.4). 

The appearance of hybrid lavas formed from both decompression melting and arc 

magmatism erupted at a well-organized spreading axis defines the next stage as 
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represented by the MGR in Zone 3. Whereas only arc lavas are erupted in Zone 2, the 

lavas of Zone 3 show a hybridization of arc and backarc basin basalts (BABB) magmas 

(Chapter 2; Masuda et al., submitted, Pearce et al., 2005). The addition of volatile-rich 

(Chapter 1) arc magma (Chapter 2) to the backarc spreading center results in a high 

magma supply for this slow-to-intermediate rate spreading center and gives the MGR an 

"inflated" broad, smooth, low-relief morphology without an axial graben. As we have 

noted in Chapter 1, this morphology is typical of fast-spreading ridges such as the East 

Pacific Rise, even though, the MGR is spreading at slow to intermediate rates. Therefore, 

ifthe magma supply rate were equivalent to that elsewhere along the Mariana Trough 

spreading center we would not expect to see 'inflated" ridge morphology. The fact that 

we do supports the contention that the rate of eruption, and thus presumably the rate of 

both arc and decompression magma generation, is greater along the MGR. 

Seismic activity in Zone 2 declines toward Zone 3, and is completely absent along 

the MGR, suggesting that the region is deforming plastically at depth because enhanced 

magmatism is heating the lower crust. The shallow seismicity in Zone 2 is confined to 

the forearc southeast of the MGR and sidescan imagery shows widespread deformation 

with complex faulting patterns throughout the forearc region (Fryer et al., 2003). This 

widespread deformation is consistent with recent extensional tectonism. 

In Zone 3, the profile of the MGR changes from a broad, smooth "inflated" 

structure to a narrow, steep, blade-like feature as it approaches Zone 4 (profile N-N', 

Figure 3.7). At the same latitude, off-axis volcanoes occur trenchward along abyssal hill 

fabric. Major-element analyses of some of samples recovered from these volcanoes show 

MORB characteristics while others can be classified as island arc tholeiite (Seamounts A, 
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B, C, and X, see Figure 3.5)(Masuda et al., 1996, Fryer et al., 1998, and Chapter 2). The 

profile of the northermost tip of the MGR (N-N' Figure 3.6) greatly resembles that of the 

Yalu Fa Ridge (Wiedicke and Collier, 1993), which also shows geochemical signatures 

ofbackarc basin and island arc sources (Sunkel, 1990, Vallier et al., 1991) and erupts 

andesitic basalts, andesites, and rhyodacites (Frenzel et al., 1990). Lavas recovered by 

Masuda et al. (submitted) with the Kaiko ROY show generally BABB trace element 

signatures (See Chapter 2). We speculate that the off-axis volcanoes (e.g., Seamounts B, 

C, and X, Figure 3.5) are preferentially tapping the deep arc magma source, starving the 

MGR of arc-source lavas so it is not dominated by the more obviously dual-sourced, 

hybrid magmas erupting farther south. The lower magma supply thus restricts its growth, 

giving it a profile similar to the Yalu-Fa Ridge. 

Zone 4 is a rifted version of Zone 3. The MGR of Zone 3 gives way to an axial 

valley at about 13°35'N just north of Seamount B. This axial valley is flanked by what 

appears to be the separated halves of an inflated spreading center. If the axial valley (as 

seen in profile 0-0', Figure 3.6) were closed, the morphology of the reunited flanks of 

the valley would be identical to that of the MGR in the center of Zone 3. Furthermore, 

the seafloor in Zone 4 shows much higher general backscatter suggesting a more 

widespread volcanic activity in the recent past and less sediment cover compared with 

Zone 5. The morphology of the spreading segment in Zone 4 may have experienced a 

higher rate of magma supply in the past than it does today. Based on the morphology of 

the seafloor shown in profile 0-0', we suggest that closing the axial valley produces a 

ridge with the inflated morphology of the MGR and that this ridge segment once 

experienced enhanced magmatism as the MGR does today (see Chapter 1). Lavas 
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recovered from currently active volcanic features along this segment of the axis only 

show a MORB mantle source (Pearce et al., 2005). The morphology of the seafloor and 

the current presence of exclusively MORB lavas erupting from young volcanic features 

in the rift valley suggest that in Zone 4 the arc magma source does not currently feed the 

spreading center as it does in Zone 3. 

The axial valley deepens from Zone 4 into Zone 5 until it is 5 km below sea level, 

or 2 km deeper than the crest of the MGR. Earthquakes occur north of profile P-P'. The 

morphology and seismicity is typical of the spreading axis for the rest of the Mariana 

trough until the northernmost extremity is reached (Yamazaki et al., 2003). Therefore, 

Zone 5 represents the most mature form of spreading within the Mariana Trough, with 

completely separated volcanic centers at the spreading axis and at the arc volcanic front. 

Comparison with other Backarc Basins 

Two other incipient rift basins show similarites and contrasts with the southern Mariana 

Trough. These are the southern Lau Basin and the Simisu Rift of the lzu backarc. 

In the Lau Basin Martinez and Taylor (2002) identified a sequence of 

morphologic and geochemical changes along the spreading axis and the crust it formed 

similar to what we see in the southern Mariana Trough. They interpreted their sequence 

as representing southward propagation of axis segments as the basin opens. They also 

used the term "zones" to classify these sections ofbackarc crust in the Lau Basin, though 

they apply it to the backarc basin crust rather than the spreading center itself as we have 

in section 4. The crustal zones of Martinez and Taylor (2002) are: Zone 1, crust formed 

by volcanism prior to current spreading (Hawkins, 1995) and rifted by southward 
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propagation of extension; Zone 2, crust generated by a magmatically robust spreading 

center producing both MORB and arc-like lavas, the Yalu Fa Ridge (southern East Lau 

Spreading Center) being the modern manifestation; Zone 3, crust formed by a magma

starved spreading center such as the northern East Lau Spreading Center, though 

magmatically still arc-like it erupts basalts rather than more evolved lavas (Pearce et al., 

1995, Vallier et al, 1991 ), and lies -1 km deeper than Zone 2; Zone 4, crust formed by 

the Central Lau Spreading Center, an inflated spreading axis which is offset from the East 

Lau Spreading Center by a non-transform discontinuity lies -60 km further away from 

the volcanic front, and erupts MORB-like lavas without an arc signature (Pearce et al., 

1995). Martinez and Taylor (2002) argued that the changes between these zones in the 

Lau Basin reflect variations in magma supply, with enhanced magmatism resulting from 

hydration of the mantle wedge by subduction processes and addition of arc magma to the 

spreading center. Zone 1 of the Lau Basin is analogous to our Zone 1 of the southern 

Mariana Trough, where old volcanic crust is being rifted at a propagator tip. Zone 2 of 

the Lau Basin also appears to be analogous to Zone 3 of the southern Mariana Trough, in 

which both the Yalu Fa Ridge and the Malaguana-Gadao Ridge are inflated spreading 

centers that erupt evolved arc-like magmas (see Chapters 1 and 2). Martinez and Taylor 

(2002) did not identify a region similar to our Zones 2 or 3, but their magma-starved 

Zone 3 is most similar to our Zone 5. 

Klaus et al. (1992) identified the Sumisu Rift as being in the early synrift stage of 

backarc basin formation and may be analogous to our Zone 1 for the southern Mariana 

Trough. They suggested a two-stage development of the Sumisu rift grabens with an 

early sag phase, followed by half graben formation with synthetically faulted, structural 

96 



rollovers facing large-offset (2-2.5 km throw) border fault zones. Over the 120-km-long, 

30-50-km-wide Sumisu Rift, extension resulted in the formation of curvilinear border 

fault zones with both convex and concave dip slopes that follow a zig-zag pattern and 

indicate extension oriented nearly orthogonal to the Izu Volcanic arc (Klaus et al., 1992). 

As the Sumisu Rift developed, the hanging walls of the border faults collapsed, forming a 

series of steps. Similarly, the graben in our Zone 1 also shows evidence of the hanging 

wall (the horst block) collapsing to form steps (Figure 3.4 and Figure 3.6, profiles B-B' to 

F-F'). 

Implications for evolution of backarc crust 

The model of backarc basin formation that has developed over the last two decades 

(Karig, 1971; Uyeda and Kanamori, 1979; Taylor and Kamer, 1983; Saunders and 

Tamey, 1991; and for a recent Mariana review see Stem et al., 2003) calls for the earliest 

stages .of rifting of an arc to be characterized by extension, crustal thinning, and the 

eruption of arc magma or hybrids with arc sources. These stages are followed by the 

accretion of new crust through separation of the arc and backarc source and only after the 

two magma sources have become separated in space do the two distinct rock types form 

distinct kinds of crust. 

Also interesting to note is that where grabens form along the axis of extension 

they are clearly asymmetric in cross section, whether in Zone 1 and Zone 5 as shown in 

this study (profiles B-B' to F-F', and P-P', Figure 3.7), or along spreading segments in 

the northern and central portions of the Mariana Trough (Deschamps and Fujiwara, 

2003). Asymmetric valleys are also typical of spreading axes that spread asymmetrically 
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(Macdonald 1977; Searle et al., 1998, Allerton et al., 2000). It appears, then, that 

assymetric rift morphology is present in even the earliest stages of the evolution of the 

Mariana Trough. Such asymmetric spreading over the entire history of the opening of the 

Mariana Trough is consistent with the observation that the well-defined spreading axis, 

including the MGR, lies east of the geographic center of the basin. 

If the modem volcanic arc lies to the north of the rift graben of Zone 1, and if the 

rift graben is an expression of modern backarc extension, then it would appear that in the 

southern Mariana Trough backarc extension can originate with rifting in forearc crust 

trenchward of the volcanic front (see Figure 3.8). This would mean that the usual 

positions of extension and arc volcanism have become reversed in the southwestern 

extremity of the Mariana Trough, with major trench-parallel extension taking place 

trenchward of arc volcanism in Zone 1 (forearc rifting was also suggested for the Tonga 

Arc by Hawkins, 1974). In the context of the evolution of this backarc basin, it means 

that with time these positions first intersect as in Zones 2 and 3, and then exchange 

positions relative to the trench as the basin opens with the arc trenchward of major 

trench-parallel extension, as in Zones 4 and 5. 

Conclusions 

The volcanic and tectonic phenomena along the length of the southern extremity of 

Mariana backarc extension vary in time as well as space, including the initiation of arc 

rifting and the opening of this backarc basin. Therefore, these phenomena can be used to 

describe the initiation of backarc extension and how it becomes the slow spreading 

morphology that dominates the majority of the Mariana Trough. We define five distinct 
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zones along the axis of extension where we can correlate seafloor morphology, 

backscatter imagery, petrology and geochemistry, and earthquakes and tectonics that 

represent five stages in the evolution of the southern Mariana Trough and perhaps 

backarc basins in general. As the rifting of the arc propagates from the north it would 

begin by amagmatically rifting remnant arc crust within the forearc and stretch and thin 

this crust to produce intensely fractured terrain. Numerous small arc volcanoes also grow 

on this intensely faulted fabric. When the crust is thinned enough that decompression 

melting begins, an inflated spreading center will develop that incorporates the arc 

magmas as well. But as the backarc basin widens, the sources for arc and backarc 

magmas will spatially separate. The old inflated spreading center will split to produce a 

spreading center with a central graben, and a well-defined ridge of large arc volcanoes 

will grow at the trenchward edge of the backarc basin as seen over most of the Mariana 

Arc today. 
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Table 3.1: Summary of observations along the axis of extension in the southern Mariana Trough 

Morphology 
Backscatter Seismicity 

Petrology/ 
Intensity Geochemistry 

Zone 1 single deep graben low deep rifting no fresh lavas 

intensely fractured 
Zone2 with small arc high rifting arc 

volcanoes 

Zone 3 inflated ridge high none hybrid 

Zone 4 
graben within an 

high none MO RB/BABB 
inflated ridge 

Zone5 deep graben 
high 

rifting MO RB/BABB 
(within graben) 
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Figure Captions 

Figure 3.1: Locator map for the region discussed in this chapter. The red box indicates 

the area studied in this paper, the southern portion of the Mariana Trough, the backarc 

basin that lies between the West Mariana Ridge, a remnant arc, and the Mariana Ridge, 

the location of modern arc volcanism. 

Figure 3.2: Bathymetry of the southern Mariana Trough. Data was collected by 

HA WAil MR-1 and several multibeam systems, and merged with the ETOP0-2 global 

elevation dataset (Smith and Sandwell, 1997). Island elevation data are from USGS 

digital elevation models (FS: refs?). The five different volcanic and tectonic zones along 

the axis of extension (see text) are indicated by the dashed lines. The red and blue boxes 

indicate the locations of Figures 3.4 and 3.5, respectively. The red box covers an area of 

the backarc extension zone from the amagmatic rift graben to the inflated spreading 

center (Zones 1 to 3). The blue box covers an area from the shallow, inflated spreading 

center northward to the Mariana Trough where the spreading axis is distinguished by a 

deep axial graben (Zones 3 to 5). Inset: A bathymetric cross section extending from the 

West Mariana Ridge to the Challenger Deep; location of cross section is shown by line 

A-A'. Vertical exaggeration is 5x. 

Figure 3.3: HAW All MR-1 sidescan imagery mosaic of the southern Mariana Trough. 

The neovolcanic zone following the spreading axis can clearly be seen in this image as a 

zone of high backscatter (dark) and is indicated by the dashed green lines. The solid 
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yellow line marks the position of the Mariana Trench, and the red and blue boxes indicate 

the locations of Figures 3.4 and 3.5, respectively. 

Figure 3.4: Bathymetry (upper panel) and backscatter imagery (lower panel) of Zones 1, 

2, and 3, showing the rift graben in the southern end of the West Mariana Ridge, the 

fractured terrain with small volcanoes and constructional ridges, and the Malaguana

Gadao Ridge and Patgon-Masala Seamount (PM) and Seamount C. Bathymetry was 

collected from several systems (see text) and sidescan imagery was collected by the 

HAW Aii MR-1 instrument. Contour interval is 0.2 km, annotated every 1 km. Lettered 

lines indicate locations ofbathymetric cross sections shown in Figure 3.6. Numbered 

diamonds on the bathymetry map indicate locations of rock dredges from the COOK-06 

cruise. Relocated earthquake hypocenters and CMT solutions are plotted on the 

backscatter image. Labels: PM = Patgon Masala Seamount, C = Seamount C. 

Figure 3.5: Bathymetry (upper panel) and sidescan imagery (lower panel) of Zones 3, 4 

and 5, showing the northern terminus of the inflated spreading axis and its transition from 

inflated morphology to a deep axial graben. Bathymetry was collected from several 

systems (see text) and backscatter data was collected by the HA WAii MR-1 sidescan 

sonar instrument. Contour interval is 0.2 km, annotated every 1 km. Lettered lines 

indicated locations ofbathymetric cross sections shown in Figure 3.7. Numbered 

diamonds indicate locations of rock dredges from the COOK-06 cruise. Relocated 

earthquake hypocenters and CMT solutions are plotted on the sidescan image. Labels: B 

= Seamount B, C = Seamount C, X = Seamount X, Tracey = Tracey Seamount. 
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Figure 3.6: Bathymetric cross sections across the axis of extension in the southern 

Mariana Trough. Locations of sections are shown in Figures 3.4 and 3.5. Sections B-B' 

through F-F' cross the amagmatically rifting graben of Zone 1 from its widest, deepest 

end to where its shallows into an area of volcanism. Sections G-G' to K-K' cover Zone 

2, an extensional zone marked by constructional ridges and numerous small (probably 

arc) volcanoes. Sections L-L' and M-M' cross Zone 3, the Malaguana-Gadao Ridge 

(MGR), the southernmost spreading segment of the Mariana Trough, and which has a 

inflated morphology indicative of high magma supply. Sections N-N' through P-P' show 

the morphologic changes of the spreading axis from the northern end of the MGR to a 

deep axial graben more typical of the central portion of this backarc spreading center 

(Zones 4 and 5). 

Figure 3.7: Total seismicity in the southern Mariana Trough region. Earthquake 

hypocenters are from the updated Engdahl et al. (1998) catalog. Top panel: all 

hypocenters and the locations of profiles R-R' to U-U' shown below. Bathymetry less 

than 3000 m deep is shaded gray and the solid black line represents the Mariana Trench. 

Bottom panel: four profiles crossing from the Mariana Trench to the backarc basin. No 

vertical exaggeration has been used in the hypocenter profiles; and bathymetry is shown 

with both no vertical exaggeration and with a vertical exaggeration of 5x. Profile R-R' 

crosses the rift valley (RV) and the horst block (HB). Profile S-S' lies on the boundary 

between Zone 1 and Zone 2 at Seamount H (H) and also crosses the horst block. Profile 

T-T' crosses Zone 2, the area of fractured terrain (FT) hosting small volcanoes. Profiles 
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U-U' lies on the boundary between Zone 2 and Zone 3 at the southern terminus of the 

Malaguana-Gadao Ridge (MGR). The heavy blue lines represent the estimated top of the 

descending slab of the Pacific Plate as interpreted from the Wadati-Benioff zones shown 

in these profiles, though this line is dashed in profile R-R' as it is poorly constrained in 

this profile. 

Figure 3.8: Interpreted crust types in the southern Mariana Trough. Labels: RELICT 

ARC = Eocene-age remnant arc crust, AMAGMA TIC = rifted and otherwise deformed 

crust lacking evidence of recent volcanism, ARC and ARC/ ARC INFUSED = crust 

formed at least in part through arc volcanism, HYBRID/INFLATED = crust formed 

through spreading which incorporates magmas of both arc and decompression melting 

sources, BABB= backarc basin basalt crust formed through decompression melting only, 

NTO = non-transform offset. 
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Figure 3.1: Locator map for Chapter 3 
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Figure 3.2: Bathymetry of the southern Mariana Trough 
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Figure 3.3: HAWAII MR-I sidescan imagery mosaic of the southern Mariana Trough 
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Figure 3.4: Bathymetry and sidescan imagery of Zones 1, 2, and 3 
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Figure 3.5: Bathymetry and sidescan imagery of Zones 3, 4, and 5 
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Figure 3.6: Bathymetry cross secitons across teh axis of extenion in the soutehrn Mariana Trough 
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Figure 3.7: Total seismicity in the southern Mariana Trough 
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Figure 3.8: Interpreted crust types in the southern Mariana Trough 
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APPENDIX: PAINTING BY NUMBERS: A GMT PRIMER FOR MERGING 
SWATH-MAPPING SONAR DATA OF DIFFERENT TYPES AND RESOLUTIONS 

Abstract 

Swath-mapping sonar systems are used to map the sea floor either by collecting 

bathymetry or backscatter data. However, the manipulation of such data to produce maps 

for interpretation requires specialized expertise that most geologists do not posses. This 

paper is intended to introduce a geoscientist to the Generic Mapping Tools and to 

supplement existing documentation for this software package by showing how to use it to 

process data gathered from swath-mapping sonar systems. Though this document is 

intended to be an introductory text and includes some basic examples, it will also 

introduce the novice user to more sophisticated techniques for merging data sets from a 

variety of sources and types, and will conclude with an algorithm for merging bathymetry 

with backscatter imagery. 

Introduction 

The purpose of this paper is to provide new techniques for post-processing and display of 

data acquired by swath-mapping sonar. No expensive software will be required; the 

techniques and algorithms described here will use freely available public domain 

software that is in general use in the academic community. This paper is geared towards 

novice users and can serve as a primer for the software used to process and display the 

data. In particular, it is hoped that this document will help novice users overcome the . 

steep learning curve that many experience the first time they use the Generic Mapping 

Tools (GMT) (Wessel and Smith, 1991, Wessel and Smith, 1998). In addition, advanced 
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users, or users new to processing bathymetry data, may find this document a useful 

reference. 

Well-documented individual examples on the use of GMT are given in the 

Generic Mapping Tools Technical Reference and Cookbook and Generic Mapping Tools: 

A Map Making Tutorial (http://gmt.soest.hawaii.edu) herein referred to the GMT 

Cookbook and the GMT Tutorial. These documents also include basic introductions to 

UNIX (and by extension, Linux) commands and their scripting used here. Likewise, the 

MB-System Cookbook (http://www.ldeo.columbia.edu/res/pi/MB-System) covers the 

basics of multibeam swath-mapping sonar and how to use MB-System software (Caress 

and Chayes, 1995, Caress and Chayes, 1996) to process its data. This document, 

however, gives special attention to methods for merging data collected by different sonar 

systems, mounted on different platforms, which each yield different types of data at 

differing resolutions. Example algorithms will be given and demonstrated for a seamount 

that has been mapped with multiple sonar systems. As the techniques and algorithms 

described here are specific to processing and displaying images ofbathymetry and 

backscatter data collected by swath-mapping sonar systems, this paper should be treated 

as a supplement to the GMT Cookbook, GMT Tutorial, and MB-System Cookbook. 

Finally, though this paper will concentrate on post-processing and display of 

swath-mapping sonar datasets, the techniques described here should work equally well 

for other types ofremote-sensing data. For example, GMT was used to create the digital 

elevation models for the planet Mars from data collected by the Mars Orbital Laser 

Altimeter (Okubo et al., 2004). 
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Required Tools 

Hardware 

At a minimum, a Pentium-class personal computer will do, but it will need to be running 

a UNIX or Linux-based operating system. In addition to computers based on the PC 

platform, such computers can include Macintosh computers running OS-X and 

workstation-class UNIX systems such as Sun and Silicon Graphics machines. Another 

option, as described in the installation instructions on the GMT homepage, GMT can run 

under Windows by using either DOS versions of GMT commands in batch scripts, the 

Windows- UNIX emulators Cygwin ( http://sources.redhat.com/cygwin/), Windows 

Services for UNIX ( http://www.microsoft.com/Windows/sfu/), or virtual machine 

software such as VMware (http://www.vmware.com/). 

Software 

As mentioned in the introduction, GMT is required and possibly MB-System as well. 

Both are freely available for download over the Internet, but users unfamiliar with UNIX

or Linux-based computers may need to have their system administrator install these 

software packages for them. GMT is available for download at 

http://gmt.soest.hawaii.edu and MB-System can be downloaded from 

http://www.ldeo. columbia. edu/res/pi/MB-S ystem. 

Documentation 

It is strongly recommended that new users acquire copies of, or have access to, the GMT 

Cookbook and the GMT Tutorial, and if MB-System is used, the MB-System Cookbook. 
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These documents are all available online and are free. Both GMT and MB-System also 

include extensive UNIX-style manual pages for their commands. Other useful resources 

include reference books on C-shell scripting and the AWK programming language. 

Data 

The methods discussed in this paper assume that initial processing and cleaning of the 

data has already been performed by sonar operators or by members of the shipboard 

science party. The procedure for the initial processing of multibeam data is covered in 

detail in the MB-System Cookbook and its command manual pages, but professional 

technicians usually perform such processing for towed sidescan systems. 

To merge bathymetry data from a variety of sonar sources with GMT, we need to 

have all the data in a single, simple, and consistent format. The data format used for 

input in this primer is random X-Y-Z triplets, i.e., lists of unsorted longitude-latitude

depth triplets. Data from different sonar sources, however, come in a variety of flavors. 

Raw and processing formats of multibeam data vary greatly from system to system, and 

are generally of a proprietary nature. Published data, on the other hand, are often 

available in one of several gridded forms and has been processed such that they are in an 

evenly spaced array or matrix. Both the proprietary sonar and gridded formats can be 

converted to the simple X-Y-Z format with GMT and MB-System, or if the available data 

happen to be in the ARC/INFO interchange file format (.EOO ASCII grids), these can be 

converted to X-Y-Z triplets with the MicroDEM software 

(http://www.usna.edu/Users/oceano/pguth/website/microdem.htm, Guth, 2001, Guth et 

al., 1987). 
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Sidescan backscatter data, on the other hand, is very complicated and time 

consuming to process and display, unless image files of the backscatter data already exist. 

Such image files are the typical final products of a sidescan survey, but they are usually 

not geographically registered. This document will describe how to convert such a file 

into a geographically registered GMT grid and how to use it with other gridded datasets 

created with GMT. 

Processing Methods 

Bathymetry Data 

This section will show users how to merge bathymetry data from different sonar sources 

into a single data grid, a simple way to reduce noise in the data grid, and how to make a 

data grid optimized to display the highest resolution data but still include the lowest

resolution data. All examples in this section and the rest of the primer will use C-shell 

command syntax, i.e.,"\" to continue a command on the following line, "I" to redirect 

output to the next command (pipe), and">!" to write output to a new file. 

Step 1: Convert swath bathymetry data to random X-Y-Z table files 

If the swath data comes from a multibeam source, this is most simply achieved by using 

the command "mblist" from the MB-System software package. Usually the raw and 

processed data will be in a sonar system-specific file format. 

The "mblist" command can work in two modes, either extracting data from a 

single multibeam data file, or more typically, from multiple data files simultaneously. To 
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do the latter, create a file containing a list of the files to be converted and format 

identifying numbers thus: 

em300.filel.mb57 57 
em300 . file2.mb57 57 
em300.file3.mb57 57 

In this case, "57'' refers to the MB-System processed data format for the Simrad EM300 

multibeam sonar. If the list of data files is named "em300.list", then the "mblist" 

command should be executed this way: 

mblist -Iem300 . list -F-1 -M0/134 -OXYz -A >! em300.all.xyzb 

In the example above, "-I" specifies the name of a file containing the list ofmultibeam 

data files and their formats and "-F-1" tells the command to expect such a list. The "-M" 

option tells the command the range of beams, or soundings, to extract per sonar ping. 

The EM300 system has 135 beams per ping (numbered beginning at 0), so the -M0/134 

option here extracts data from every ping. The "-0" option specifies which data to 

output, and in this case it is set to extract longitude, latitude, and depth, or X-Y-Z triplets. 

Finally, the "-A" option specifies binary output, whereas the default would otherwise be 

ASCII text. 

Bathymetry data derived from sidescan sonar systems will be provided by the 

sonar technicians in the X-Y-Z format so no format conversion is necessary. These data 

tables may also have an additional fourth column containing a weight modifier, usually 

between the values of 0 and 1, that is proportional to the distance in the swath from 
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instrument nadir (with 1 representing data collected at instrument nadir). These weighted 

files have an X-Y-Z-W format. In order to merge data from other sources with X-Y-Z-W 

data, a fourth column needs to be added to our X-Y-Z files extracted from multibeam 

sources. Furthermore, it can be useful to have data from different sources assigned 

different weights in the merging stage. For example, if Simrad EM300 data is considered 

more reliable than Hydrosweep data, then the former can be given greater weight values 

than the latter. To add a fourth column of weight modifiers to binary X-Y-Z tables, use 

the following combination of GMT and A WK commands: 

gmtconvert em300.all.xyzb -bi3 I\ 
gawk '{print $1, $2, $3, 0.5}' I\ 
gmtconvert -bo >! em300.all.xyzwb 

The GMT command "gmtconvert" is used here to translate between binary and ASCII 

formats. In the first line, the option "-bi3" tells the command that the input file is a 3-

column binary file. The default output is ASCII, and so the X-Y-Z table is sent directly 

to the next command, a line of A WK code which passes the three columns of ASCII and 

adds a fourth column adding a weight value of 0.5 to all of the X-Y-Z triplets. These 

ASCII X-Y-Z-W quadruplets are sent directly into a second "gmtconvert" command, this 

time with the binary output option engaged, "-bo," so the resulting file, 

"em300.all.xyzwb," is a four-column binary data table. If the X-Y-Z-W data from a 

sidescan survey are provided in ASCII form, "gmtconvert" can be used to change them to 

binary format. 
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Step 2: Extract region of interest from data files 

To speed the remaining steps in gridding our data, it will be useful to extract only the 

region for which we want to make a map from the random X-Y-Z(-W) files . It is useful 

to extract an area just slightly larger than our map area to avoid edge-effect artifacts at the 

map boundaries when the data is gridded and filtered. 

Therefore, if we want to make a map that has the boundaries long1 to long2, lat1 to 

lat2, we should restrict our data to a region of long1-n to long2+n, lat1-n to lat2+n. The 

value of n will depend on the resolution of the data and the size of the map, but it does 

not need to be more than a few grid cells. To simplify the remaining steps, let us define 

some variables that will represent the boundaries of our grid and our map. 

set rl 

set r2 

"145:50/146:10/13:38/13:56" 

"145:52/13 : 40/145 : 08/13:54r" 

Whenever a GMT command executed after these variables have been set will read 

"$rl" as the expanded area for our data subset, and "$r2" as the actual area of the map we 

want to create. Note that "rl" and "r2" have been defined in the two possible ways that 

GMT will read regional boundaries. The first case is west/east/south/north and the 

second case is (lower left corner)/(upper right corner), which will be more useful when 

we get to plotting the map. Note also that the boundaries in "rl" are greater than "r2" by 

two minutes of arc in each cardinal direction. 
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We will now restrict our data to the larger set ofregional boundaries, "rl ". The 

GMT command used to extract a subset from a data table file is "gmtselect", and is 

executed this way: 

gmtselect -bi4 em300.all.xyzwb \ 
-R$rl -bo >! em300 . subset.xyzwb 

The "-bi4" option indicates an input of four-column binary data table, and the "-R" option 

sets our region of interest, and the "-bo" option produces binary output. 

Step 3: Decimate the data to a single data point per grid cell 

The GMT gridding algorithms can be sped up more by averaging the input data to a 

single data point per potential grid cell in the final grid. For instance, if we want to 

produce a grid with a resolution of 4 arc-seconds, then we can reduce our data with 

denser coverage to only one data point per 4 seconds of arc. In fact, some gridding 

algorithms in GMT require that there is only one data point input per grid cell. GMT 

provides three routines using statistical techniques for decimating data to one data point 

per grid cell resolution: "blockmean'', "blockmedian", and "blockmode'', each of which 

will take all of t~e data input to a particular cell and determine the arithmetic mean, 

median, or mode of the data for that cell and output a single X-Y-Z(-W) value. 

Multiple files can be used as input, and it is here that bathymetry data collected on 

different surveys by different sonar systems are merged into a single file. In addition, the 

weight modifiers in the fourth column can be used in this step to aid in the determination 

of the mean, median, or mode for each cell. For example: 
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blockmean -bi -w \ 
hysdrosweep.subset.xyzwb \ 
MRl.subset.xyzwb \ 
em300.subset.xyzwb \ 
-R$rl -I4c -bo >! merged.xyzwb 

In this case, the three input files represent subsets ofbathymetry data from three different 

sonar systems, Hydrosweep, HAWAII MR-1, and Simrad EM300. All have weight 

modifiers and so are all four-column binary files, and the command is told to use this 

information with the "-W" option. As with "gmtselect", the map region has been set by 

the "-R" option, but now we also have the "-I" option which sets the resolution of the grid 

cells to "4c" or four seconds of arc ( ~ 120 m) in GMT nomenclature. 

Figure A.1 shows the distribution of data from several sources available for South 

Chamorro Seamount and the effect of decimating these data to a new resolution. Data 

extracted from the published gridded dataset of Smith and Sandwell's (1997) global 2-

minute bathymetry and topography grid is shown in Figure A. lA, demonstrating that at 

this scale the regular 2-minute distribution of the data is rather sparse. Figure A.1 B 

shows the distribution of individual soundings extracted from Hydrosweep multibeam 

surveys. They are denser than the 2-minute data, but restricted in distribution to the 

survey pattern. Similarly, Figure A. IC shows bathymetry data from the HAW All MR-1 

sidescan system. The data densities of the Hydrosweep and MR-1 data show that it 

would not be realistic to grid these data to resolutions higher than -1 OOm. Figure A.1 D, 

however, shows very dense data coverage from a Simrad EM300 survey that could 

realistically support much higher resolution data grids. Figure A.1 E shows the coverage 

of all these surveys combined together. Though the data coverage varies in density in the 
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map, most of the map is filled by data from at least one sonar source. Finally, Figure 

A.lF shows the effect of decimating the data to a lower resolution. Here, for the 

purposes of demonstration, a grid cell size of 15 seconds was used to show the effect of a 

"blockmean" filter on all of the data shown in Figure A. IE. Note that this last dataset is 

at a lower resolution than what the highest resolution data would support and what we 

may actually use for gridding these data. 

Step 4: Create a grid of the merged data 

Now that we have all the data condensed down to a single file, with no more than a single 

data point every 4 seconds, we can feed this decimated data into a GMT gridding routine. 

GMT provides several routines to create data grids out of X-Y-Z(-W) data, but the one 

we will use here is "neameighbor" (the others are "xyz2grd", "triangulate", and 

"surface"). 

The "neameighbor" routine will interpolate values to grid cells not supplied with 

data from step 3 provided they meet certain criteria. The two controls are number of 

sectors and search radius, which refer to a circle centered on a potential grid cell, with 

search radius being the radius of this circle, and number of sectors being the number of 

radial divisions in that circle. This algorithm will only assign a value to the grid cell if 

there is at least one point in each of these radial divisions within this circle. Finally, the 

"neameighbor" command can also use weight modifiers in its interpolation calculation. 

As a rule of thumb, we will use a search radius equal to about five grid cells when using 

the default number of sectors, 4: 
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nearneighbor -bi merged.xyzwb \ 
-R$rl -I4c \ 
-N4 -S20c -Gmerged . grd 

The new command line options invoked here are "-N" for the number of sectors, and "-S" 

for the search radius. So in this case, for "nearneigbor" to interpolate a value to a grid 

cell, it must have values around that cell which lie within 20 arc seconds of it and have at 

least one data point in each of the four sectors in that circle. 

Examples of gridded data are shown in Figure A.2. The first panel, A, again 

shows the Smith and Sandwell (1997) 2-minute data grid. The next three panels, B, C, 

and D, show grids created from the individual sonar sources, Hydrosweep, HAW All 

MR-1, and Simrad EM300, respectively. As mentioned earlier, Hydrosweep and MR-1 

could probably support the creation of data grids up to about 1 OOm resolution, Le., close 

to the 4-second resolution used here, and the EM300 data can support higher resolutions. 

The fifth panel, E, shows a grid created from 4-second mean-averaged data from all three 

sonar sources. 

Step 5: Reduce noise in the data grid 

The fifth panel, E, of Figure A.2 shows that much of the grid looks "bumpy", especially 

in areas where the source data was from the lower-resolution Hydrosweep and MR-I 

systems. We can reduce some of this "bumpiness" or noise by using the GMT command 

"grdfilter". This command, as its name implies, can filter or smooth a data grid based on 

criteria we specify. These criteria will be the type of filter we want to use (five are 

available) and the size of the filter. To smooth our grid with a boxcar filter of 5 x 5 grid 

cells, use: 

124 



grdfilter merged . grd - DO -Fb0 . 005 -Gmerged . filtered.grd 

The "-D" option tells "grdfilter" how to read the width supplied in the "-F" option, which 

in this case, "b" specifies a boxcar filter and "0.005" is the width. The "-DO" tells this 

GMT command to treat the grid as if it were in Cartesian co-ordinates (though it is really 

in geographic co-ordinates, the Cartesian calculation is faster) , so the width is in decimal 

degrees. Since the cell size is 4 seconds, and we want a filter five grid cells wide, this is 

-0.005 degrees of arc. The image resulting from this filtered grid is shown in Figure 

A.2F. Though the noise has been reduced relative to Figure A.2E, so has the detail or 

"sharpness" of the image. 

Step 6: Make an image using highest possible resolution data 

So far we have covered how to make a single bathymetry data grid from several swath

mapping sonar sources. However, the resolution that was used in that discussion, 4 

seconds (- l 20m), may only be appropriate for the lower-resolution data from systems 

such as Hydrosweep and MR-I. The Simrad EM300 data with its denser coverage of 

soundings can support higher resolutions. 

If we modified the above procedure by simply changing the grid cell size, the 

areas of dense data coverage provided by the EM300 surveys would look fine, but many 

cells will be left unfilled if we follow the 5-cell search radius rule at higher resolutions. 

On the other hand, if the search radius were held constant as the resolution was increased, 

the interpolation would introduce artifacts into the data grid. Therefore, to create an 
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image optimized to display the higher-resolution data without compromising the display 

of the lower-resolution data, we need to make two grids at two different resolutions, and 

then merge them. 

We have already created the first grid we need in Steps 1-5, the low-resolution 

grid created from all the available data. So now we need a higher-resolution grid of just 

the EM300 data. We can condense steps 3 and 4 for this purpose using a pipe thus: 

bloekmean -bi4 em300.subset.xyzwb -R$rl -Ile -bo J\ 
nearneighbor -bi -R$rl -Ile -N4 -sse -Gem300.grd 

The syntax is the same as before, but this grid is created solely from the EM300 data at a 

resolution of 1 second of arc and with a search radius of 5 seconds of arc. Also note that 

since we are only working with EM300 data, there is nothing to be gained by using the 

fourth column of weight modifiers. Therefore the "-W" option was omitted from the 

"blockmean" command, and so the fourth column will be ignored and only three columns 

of binary data will be sent to the "nearneighbor" command. 

In order to merge data grids in GMT, however, they have to have the same 

dimensions and resolution. Our two grids, "merged.filtered.grd" and "em300.grd" have 

the same dimensions ("rl ")but different resolutions (4 seconds and 1 second), so the 

lower-resolution grid needs to be re-sampled to match the higher-resolution grid. This 

process does not increase the resolution of lower-resolution grid, is just interpolates more 

points into the increased number of grid cells of the new grid. For this operation we will 

use the GMT command "grdsample": 
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grdsample merged . filtered . grd -R$rl -Ile - Gmerged . resampled . grd 

Now, in order to merge our higher-resolution grid with our resampled lower-resolution 

grid we will use the GMT command "grdmath", a reverse-Polish notation calculator (like 

Hewlett-Packard handheld calculators) for grid files. It works by comparing the values at 

the same nodes in two grid files, provided the two grid files have the same dimensions, 

resolution, and node registration. Registration refers to how the values within the grid 

are referenced by GMT: normal references the cells by their edges and pixel by their 

centers (see the GMT Cookbook) . Also important to note here is that empty nodes in a 

grid file do in fact have a placeholder value of "not a number" (NaN). Though the 1-

second grid created from EM300 data alone has a higher resolution than the 4-second 

grid, it covers less area and those grid cells that were not assigned a value by 

"neameighbor" were given a value of "NaN". 

Therefore, the math function we will use is the logical operator "AND". In 

"grdmath", the "AND" function works by comparing the two grids, and for those cells in 

the first grid having a value of NaN, it will replace the NaN's with data in corresponding 

nodes in the second grid if there are any available. The command to merge the two grids 

then looks like: 

grdmath em300.grd merged . resampled.grd \ 
AND = high_res_merge.grd 

Bathymetry grids for South Chamorro Seamount created by this technique are shown in 

Figure A.3. 
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Backscatter Data 

The final product of sidescan surveys usually include a set of image files (.jpg, .tif, .ras, 

etc.) of backscatter data mosaics in projected coordinates. In other words, the data are 

already converted to a grid format, but they are without geographic registration and have 

already been plotted in some map projection (such as Mercator). It is of course possible 

to go back to the raw data collected on the cruise to make maps on shore, but this can be 

very time consuming and is not for the novice user of GMT. A simpler, and faster, way 

to work with processed backscatter data is to geographically register the image grids and, 

for the purposes of plotting, treat them in much the same way as bathymetry grids. Ideal 

for our purposes would be a single mosaic covering the entire survey at a resolution 

sufficiently high to make detail maps later, which can be done by extracting subsets of 

the full mosaic. Finally, to geographically register the image grid, we will need to know 

which projection was used to make the image and its geographic boundaries. 

For our example in this section, notes taken during a DSL-120 deep-towed 

sidescan survey indicate that the image was created in Universal Transverse Mercator 

projection, zone 55. Fortunately, when the mosaic image is created, the program that 

generates it also output information about the image file that it is creating: 
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NW corner at (147.197148999630, 16.566563782000) 
NE corner at (147.249495300433, 16.566507676408) 
SW corner at (147.197090626212, 16.509068685655) 
SE corner at (147.249421428264, 16.509012785600) 
mscxorigin = 21032.851930 mscyorigin = 1825257.340300 
mscdwidth = 3298 mscdheight = 3756 
mscfilenm = /home/malolo0g/TN154/sstemp/03.104.06.06.04.tmp 
0 pixel left margin 
0 pixel right margin 
O pixel top margin 
0 pixel bottom margin 
Initializing mosaic file 

In addition to the geographic locations of the four comers of the image, we also see the 

width and height of the image in pixels, "mscdwidth = 3298 mscdheight = 3756". 

Therefore, let us define some variables in our script to geographically register our image: 

set r = "147.197090626212/16.509068685655/147.249495300433/16.56650767640Br" 
set nx = "3298" 
set ny = "3756" 
set UTM = "55" 

Note that we have used the lower-left/upper-right comer technique for defining our 

boundaries, as the Universal Transverse Mercator projection is not rectangular in 

geographic coordinates. 

Of additional concern is that the image file supplied will not be in GMT gridfile 

format, but of some other image file format (e.g., TIFF). Fortunately, GMT can read one 

image file format, Sun rasterfiles. To make sure that the mosaic image file is in the right 

format for GMT, open it in an image-viewing program (such as GIMP or XV) and save it 

as a grayscale standard Sun rasterfile, and save it with its original full resolution. 

Now that the image file is in a format that GMT is happy with, and since we have 

the necessary geographic information, we will use the GMT command "grdproject" to 
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convert our image file into a geographically-registered GMT grid. But before we can use 

"grdproject", we need to set the precision of the calculations to match the precision of the 

backscatter image, i.e., the variable "r", which in this case is twelve decimal places. This 

is done with the "gmtset" command, which modifies GMT default variables. In this case 

the variable "D _FORMAT" will be changed to the necessary precision, and this precision 

will be used until "D FORMAT" is given a new value. Together, the two commands 

look like: 

gmtset D_FORMAT %.12f 

grdproject backscatter . image.ras=3 \ 
-I -JU$UTM / $nx -R$r -N$nx / $ny \ 
-Gbackscatter.geo.grd 

The name of the input file, "backscatter.image.ms", has an "=3" appended to it in the 

command line to tell "grdproject" that the file is a standard Sun rasterfile. The first 

specified option, "-I", tells the command that it is to do the "inverse" transformation; that 

is, take projected grid cells and convert them back into geographically-registered grid 

cells. The "-J" option is used in GMT to specify a map projection used to make the 

image with a scale. The first letter after the J is the projection, and if uppercase, means 

that the following scale will simply be the width of the projected map in the default units 

of GMT (inches or cm). In this case, "U" means Universal Transverse Mercator, and the 

UTM zone is supplied by the variable "UTM", and the map width is set to be the same as 

the pixel width of the image file. The "-R" option works as before, and is here given the 

positions of the comers of the projected image. The "-N" option is used to supply the 

dimensions of the input grid in pixels. 
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Display Methods 

In addition to GMT's ability to manipulate data sets, it can also generate PostScript 

graphic files, and all of the map figures shown in this paper were created with GMT from 

gridded bathymetry data using the command "grdimage". Detailed instructions and 

examples on how to plot gridded data are already provided by GMT documentation the 

GMT Cookbook and the GMT Tutorial, and so will not be repeated here. 

Special Considerations in Displaying Backscatter Data Grids 

Once backscatter data images are geographically registered as described in section 3 .2 

they can be simply plotted as maps the same way as bathymetry data grids. However, 

instead of using color, our color palette table (CPT) will use only shades of gray as the 

backscatter images are grayscale images with Z values ranging from black to white 

represented by 0 to 255. Figure A.4A shows a DSL-120 backscatter image mosaic for 

the summit of South Chamorro Seamount as supplied by the sidescan sonar technicians. 

The image was created with the "grdimage" command using the geographically

registered image file plus a CPT file. For this image, the CPT file was created by the 

GMT command: 

makecpt -Cgray -T0/255/255 -z >! backscatter.cpt 

This command calls a reference CPT file with the "-C" option, and maps its values (in 

this case, grayscale values) to a range supplied with the -T option. For this image, this 

simply goes from 0 to 255 in a single step of 255. The "-Z" option makes this a 
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continuous CPT file; that is, shades will grade into each other instead of in a stepwise 

fashion. 

Now look at Figure A.4B. In this image contrast was increased relative to the 

original image by simply manipulating the CPT file. Instead of mapping 0 to 255 in the 

image to 0 to 255 in the CPT file, a restricted range was used and values between 97 and 

253 in the data were mapped to the entire grayscale interval of 0 to 255. The "makecpt" 

command then looks like: 

makecpt -Cgray -T97 /2 53 / 156 -Z > ! backscatter.clipped.cpt 

Any values below 97 are plotted a black (0), and above 253 as white (255). 

Another way to increase contrast though the use of a CPT file is to create a 

histogram-equalized CPT with the GMT command "grd2cpt": 

grd2cpt backscatter.geo.grd -Cgray \ 
-L0 /2 54 -Z >! backscatter.histeq.cpt 

In this case, the geographically-registered backscatter image file has to be given to the 

CPT-generating command so it can determine the distribution of data within it to make 

the historgram-equalizing calculation. The '.'-L" option is used to limit the calculation to 

values between 0 and 254 and omits the value for white, 255, since this is the value used 

to represent areas without data. The result of using this technique is shown in Figure 

A.4C. 
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It Will be up tci the user to decide which of these methods is best for their 

interpretive purposes. Using histogram-equalization for contrast enhancement is 

probably too severe for lithologic interpretation, but it does tend to highlight tectonic 

features. 

Draping Backscatter Imagery on Bathymetry 

Another useful way to merge swath-mapping data is to simultaneously display 

backscatter imagery with bathymetric information. This is performed by "draping" the 

imagery on the bathymetry, prodcuing an image in which color still indicates depth, but 

the intensity of the color ("lightness" or "darkness") will be proportional to backscatter 

intensity. Once such an image is created, geologic interpretation becomes intuitive. For 

example, high-backscatter features resulting from fault scarps will also appear as steep 

features in the bathymetry, sediments can be seen filling depressions, and the direction of 

lava flows may be determined by how they lie on a slope. 

Step 1 : Resample bathymetry data to match backscatter grid. 

In order to layer data grids to make images in GMT, they have to have the same 

dimensions, grid cell spacing, and node registration (normal or pixel). Therefore one or 

both of the either the bathymetry or backscatter data grid needs to be resampled. Usually 

the backscatter grid will cover a smaller area but at higher resolution than the available 

bathymetry data, so we will only need to resample the bathymetry grid. As in an earlier 

example showing the merging of higher- and lower-resolution bathymetry surveys, this is 

accomplished with the GMT command "grdsample", and we will use the same data 
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bounds as was used for geographically registering the backscatter image. The command 

will look something like: 

grdsample bathymetry.grd \ 
-R$r -N$nx/$ny -F \ 
-Gbathymetry.ss_sampled.grd 

Note that the source bathymetry data has a normal-node registration, but the backscatter 

data grid is pixel-node registered. Therefore, the "-F" option has been invoked to force 

the resampled output to have pixel node registration. 

Step 2: Create an artificial illumination grid for the bathymetry. 

Though the backscatter data will be converted to an artificial illumination grid, it will be 

useful to merge the converted backscatter data with an artificial illumination grid of the 

resampled bathymetry to fill in the portions of the image unsurveyed by sidescan 

instruments. An artificial illumination grid is created by the GMT command 

"grdgradient" this way: 

grdgradient bathymetry.ss_sampled . grd \ 
-A315 -Ntl.O \ 
-Gbathymetry.ss_sampled.ilu 

The option "-A" specifies that the location of the artificial sun to be at an azimuth of 

315°, i.e., from the northwest, and "-Ntl.O" specifies that the illumination data is to be 

normalized between the values of -1.0 to 1.0, the range that GMT expects for artificial 

illumination grids. 
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Step 3: Set white cells within the backscatter grid to null values 

Within the raw backscatter grid images (Figure A.4A) unsurveyed areas appear white, 

both in the map image and in the image grid itself, and have a value of to 255 in the grid. 

In order to merge this grid with the artificial illumination grid, we first need to empty the 

cells representing the unsurveyed areas. The GMT command we will use for this 

operation is "grdclip", which will set values above or below a specified value to a new 

specified value. To remove white areas representing a lack of backscatter data, the 

command looks like: 

grdclip backscatter.geo.grd \ 
-Sa254/NaN -Gbackscatter.nowhite.grd 

The "-Sa" option sets all values above 254 to "NaN". 

Step 4: Enhance the contrast of the backscatter grid 

In the earlier example where we merely displayed the backscatter data, enhancing image 

contrast was a simple matter of manipulating the color palette file. But in order to 

display the backscatter data draped on the bathymetry, a new grid of the backscatter data 

needs to be created with the actual image values adjusted. This can be done with any 

image-manipulation program, such as GIMP or Adobe Photoshop, but GMT commands 

also allow us to operate on the data directly. 

Consider the first of the two enhanced backscatter images for South Chamorro 

Seamount (Figure A.4B). In this case the highest and lowest values were ignored in 
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assigning grayscale values (0-255) for the values of the input grid (also 0-255). The same 

technique will be applied here. In essence we need to come up with a way to map 0-255 

grayscale values in the input grid to new 0-255 values in the output grid. From the CPT 

file we generated, we know the minimum and maximum values we want to operate on, so 

we need the formula for the heavy line shown in Figure A.5. 

As described by any algebra textbook, the formula for a line is: 

y = mx+b 

Where mis the slope of the line and bis they-intercept at x=O. Given two points (x1,y1) 

and (x2,y2), the slope of the line is given by: 

For our purposes, we know that y 1 = 0, y2=255, and the values x 1 and x2 are our cutoff 

values used in the color palette table, 97 and 253, respectively. Therefore, these 

equations reduce to: 

m = _25_5_ = 255 = 1.63 
253-97 

b = -mx1 = -(1.63)(97) = -159 

We can then apply the linear correction equation to our backscatter grid using the GMT 

grid calculator "grdmath": 
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set slope = 1.63 
set intercept = -159 

grdmath backscatter.nowhite.grd \ 
$slope MUL $intercept ADD \ 
= backscatter.linear.grd 

However, since the input grid values range from 0 to 255, the resulting grid will contain 

values less than 0 and greater than 255 from those input grid cells containing values 

below and above our cutoff criteria. Therefore, we have to use "grdclip" again to set 

these values equal to 0 and 255 for the low and high values, respectively: 

grdclip backscatter.linear.grd \ 
-SbO/O -Sa255/255 \ 
-Gbackscatter.clip.grd 

We now have a contrast-adjusted backscatter grid, "backscatter.clip.grd". 

Step 5: Convert contrast-adjusted backscatter data to illumination data 

Our backscatter data file still has values that range 0-255, but GMT expects values in the 

range of-1 to 1 for it to be used as an illumination grid. The GMT command "grdmath" 

is again employed: 

grdmath backscatter.clip.grd \ 
255 DIV 2 MUL 1 SUB \ 
= backscatter.ilu 

to normalize the backscatter values to a range appropriate for use as an illumination grid. 

The backscatter data can now be draped on bathymetry. However, areas without 
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backscatter data will be left without illumination information and assigned a value of 

NaN. 

Step 6: Merge backscatter illumination data with artificial illumination 

Though we may not have backscatter data in some parts of the map, we can fill in those 

empty areas with the artificial illumination from our bathymetry data. The artificial 

illumination grid was created above in Step 2, and already has the correct grid 

dimensions. We just need to use "grdmath" once more, this time using the logical 

operator "AND" which will replace NaN values in the first grid with values from the 

second grid for the same location: 

grdmath backscatter.ilu \ 
bathymetry.ss_sampled . ilu AND \ 
= backscatter . merged.ilu 

We now have everything we need to plot a map showing the backscatter image 

merged with the artificial illumination of the bathymetry and draped on the bathymetry. 

To make the maps we simply use the GMT command "grdimage" and use our resampled 

bathymetry file and backscatter-based illumination files as input. The resulting images 

from combining backscatter imagery with artificial illumination for the summit of South 

Chamorro Seamount are shown in Figure A.6. 

Summary and Conclusions 

This paper shows the novice user of the Generic Mapping Tools software how to take 

processed swath-mapping sonar data and tum it into map images useful for geologic 

interpretation. For bathymetric data, this involves converting multiple data formats to a 
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consistent, simplified format for use in the Generic Mapping Tools software, converting 

between binary and ASCII formats, taking subsets ofrandom X-Y-Z data, merging data 

from different sources, decimating random X-Y-Z data sets, and creating regularly

spaced data grids. For backscatter images created from sidescan sonar data, this involves 

geographically registering the image files and converting them to GMT grids, and then 

adjusting the image contrast if necessary. Finally, this paper describes a procedure for 

merging backscatter data with bathymetry data to produce images showing the 

backscatter imagery draped onto the bathymetry. This is accomplished by converting the 

geographically-registered backscatter image to an illumination grid for use in GMT grid 

plotting commands, then sampling the bathymetry data grid to match the imagery-derived 

illumination grid. 

By giving these tools and techniques to the end users of the data--geologists--it is 

hoped that they will be better able to understand not only where their data comes from, 

but also how to use it themselves and explore new ways oflooking at their data sets. In 

particular, the technique of draping backscatter imagery onto bathymetry holds the 

greatest potential to aid future data analysis, as it allows the geologist to intuitively 

understand the relationships between bathymetry, lithology, and tectonics, all in a single 

image. 
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Figure Captions 

Figure A.1. Distribution of data coverage from various sources for South Chamorro 

Seamount. Map projection is universal transverse mercator, zone 55. A) Smith and 

Sandwell (1997) compilation of gravity-derived bathymetry and ship trackline data. Data 

is from a grid with 2-minute resolution, thus the points represent these regularly-spaced 

data. B) Multibeam soundings from Hydrosweep surveys. Each point represents an 

individual beam sounding. Note the pattern of beam-swaths perpendicular to the ship 

track. C) HAW All MR-1 bathymetry data points; these are not derived from multibeam 

soundings and so have a random distribution within the swath. D) Simrad EM300 

multibeam soundings, similar to Hydrosweep but with a denser coverage. E) All swath

sonar acquired bathymetry soundings. F) All swath-sonar bathymetry soundings mean

averaged into 15-second grid cells for purposes of demonstration. 

Figure A.2. 4-second resolution bathymetry data grids of South Chamorro Seamount 

with artificial illumination from the northwest. A) Smith & Sandwell (1998) 2-minute 

bathymetry grid resampled to a 4-second grid. B) Hydrosweep data. C) HAWAII MR-1 

data. D) Simrad EM300 data. E) All swath-sonar bathymetry data. F) All swath-sonar 

bathymetry data filtered by a 20-second boxcar filter. Note that noise is reduced, but so 

is the resolution of the image. 

Figure A.3. Comparison oflow- and high-resolution bathymetry grid images of South 

Chamorro Seamount. A) The boxcar-filtered 4-second grid of all available swath-sonar 
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bathymetry data shown in Figure A.2F resampled to a 1-second grid. B) The result of 

merging a 1-second grid created exclusively from EM300 multibeam data with the 

resampled 4-second grid shown above in Figure A.3A. The box drawn on the summit 

indicates the location of the DSL-120 sidescan survey shown in Figure A.4 and Figure 

A.6. 

Figure A.4. DSL-120 backscatter images of the summit of South Chamorro Seamount. 

The location of this survey is shown in Figure A.3. A) Raw image supplied by Hawaii 

Mapping Research Group sidescan sonar operators. B) Contrast-enhanced image 

produced by clipping high and low values and scaling the gray values to the midrange 

values of the raw image. C) Histogram-equalized image created by using gray values 

histogram-equalized to the values within the survey. 

Figure A.5. Grayscale processing curve for increasing contrast. Values along the X-axis 

indicate grayscale values in a backscatter grid prior to contrast enhancement, and values 

along the Y-axis are the conrast-enhanced values. Contrast in the image is enhanced by 

linearly scaling values in the input grid between low and high cutoff values. 

Figure A.6. Merging of backscatter imagery with bathymetry data for South Chamorro 

Seamount. A) Color-shaded relief map of Simrad EM300 bathymetry data resampled to 

2 m (the resolution of the backscatter images) and to the region of sidescan coverage for 

_ the seamount. B) The artificial illumination grid produced for the resampled bathymetry 

grid. C) The backscatter grid converted to an illumination grid, and merged with the 
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bathymetry artificial illumination grid such that unsurveyed (white) areas have been 

replaced by artificial illumination data. D) The merged backscatter and artificial 

illumination grid used as illumination information for the bathymetry data. In other 

words, color is determined by depth, while the intensity of the color is determined by 

backscatter data or artificial illumination. 
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Figure A.2: 4-second resolution bathymetry data grids of South Chamorro Seamount 
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Figure A.3: Comparison of low- and high-resolution bathymetry grid images of 
South Chamorro Seamount 
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Figure A.4: DSL-120 backscatter images of the summit of South Chamorro Seamount 
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Figure A.5: Grayscale processing curve for increasing contrast 
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Figure A.6: Merging backscatter imagery with bathymetry data for South Chamorro Seamount 

145°58' 145°59' 146°00' 146°01 ' 145°58' 145°59' 146°00' 146°01' 

I I 

1 km 
-3500 -3000 

depth (m) 



REFERENCES 

Allerton, S., B. J. Murton, R. C. Searle, and M. Jones, Extensional faulting and 

segmentaiton of the Mid-Atlantic Ridge north of the Kane fracture zone (24°N to 

24°40'N), Mar. Geophys. Res., 17, 37-61, 1995. 

Baker, N., P. Fryer, and F. Martinez, Spreading History of the Northern Mariana Backarc 

Basin, SeaMARC II and morphology studies, Jour. Geophys. Res., 101,l l,427-

11,455, 1996. 

Barth, G. A., J. C. Mutter, and R. S. Detrick, Along-axis variability in East Pacific Rise 

seismic structure, Eos Trans. AGU, 68, 1491-1492, 1987. 

Becker, N. C., Painting by numbers: A GMT primer for merging swath-mapping sonar 

data of different types and resolutions, Computers Geosci., 31, 1075-1077, 2005. 

Blacic, T. M., G. Ito, J.P. Canales, R. S. Detrick, and J. Sinton, Constructing the crust 

along the Galapagos Spreading Center 91.3°-95.5°W: Correlation of seismic layer 

2A with axial magma lens and topographic characteristics, J Geophys. Res., 109, 

B10310, 2004. 

Bloomer, S. H., and J. W. Hawkins, Gabbroic and ultramafic rocks from the Mariana 

trench: An island arc ophiolite, in The Tectonic and Geologic Evolution of 

Southeast Asian Seas and Islands: Part II, Geophysical Monograph Series 27, 

edited by D. E. Hayes, pp. 294-317. AGU, Washington, D. C., 1983 

Bloomer, S. H., R. J. Stern, and N. C. Smoot, Physical volcanology of the submarine 

Mariana and Volcano Arcs, Bull. Volcano!., 51, 210-224, 1989. 

150 



Bracey, D. R., and T . A. Ogden, Southern Mariana arc geophysical observations .and 

hypothesis of evolution, Geo!. Soc. Am. Bull., 83, 1509-1522, 1972. 

Bruguier, N. J., and R. A. Livermore, Enhanced magma supply at the southern East 

Scotia Ridge: evidence for mantle flow around the subducting slab? Earth Planet. 

Sci. Lett., 191, 129-144, 2001. 

Burt, R. M., J. W. Cole and P. Z. Vroon, Volcanic geology and geochemistry of 

Motuhora (Whale Island), Bay of Plenty New Zealand, New Zealand J Geology 

Geophys., 39, 565-580, 1996. 

Buttles, J., and P. Olson, A laboratory model of subduction zone anisotropy, Earth 

Planet. Sci, Lett., 164, 245-262, 1998. 

Caress, D. W., and D. N. Chayes, New software for processing sidescan data from 

sidescan-capable multibeam sonars, Proceedings of the IEEE Oceans 95 

Conference, 997-1000, 1995. 

Caress, D. W., and D. N. Chayes, Improved processing ofHydrosweep DS multibeam 

data on the RJV Maurice Ewing, Mar. Geophys. Res,18, 631-650, 1996. 

Collier, J. S. and M. C. Sinha, Seismic mapping of a magma chamber beneath the Yalu 

Fa Ridge, Lau Basin, J Geophys. Res., 97, 14031-14053, 1992. 

Deschamps, A. and T. Fujiwara, Asymmetric accretion along the slow-spreading Mariana 

Ridge, Geochem. Geophys. Geosys., 4, Paper number 2003GC000537, 2003 

Ebinger, C. J., Tectonic development of the western branch of the East African rift 

system, Geo/. Soc. Am. Bull., 101, 885-903, 1989. 

Elsasser, W. M., Sea-floor spreading as thermal convection, J Geophys. Res., 76, 1101-

1112, 1971. 

151 



Embley, R.W., E.T. Baker, W.W. Chadwick, Jr., J.E. Lupton, J. A. Resing, G. J. 

Massoth, and K. Nakamura, Explorations of Mariana Arc Volcanoes Reveal New 

Hydrothermal Systems, EOS Trans. AGU, 85, 37-40, 2004. 

Engdahl, E.R., R. van der Hilst, and R. Buland, Global teleseismic earthquake relocation 

with improved travel times and procedures for depth determination, Bull. Seismal. 

Soc. Am., 88, 722-743, 1998. 

England, P. and C. Wilkins, A simple analytical approximation to the temperature 

structure in subduction zones, Geophys. J Int., 159, 1138-1154, 2004. 

Flower, M. F. J., R. M. Russo, K. Tamaki, and N. Hoang, Mantle contamination and the 

Izu-Bonin-Mariana (IBM) 'high-tide mark': evidence of mantle extrusion caused 

by Tethyan closure. Tectonophysics, 333, 9-34, 2001 

Forsyth, D., and S. Uyeda, On the relative importance of the driving forces of plate 

motion, Geophys. JR. Astron. Soc., 43, 163-200, 1975 

Frenzel, G., R. Muhe, and P. Stoffers, Petrology of the volcanic rocks from the Lau 

Basin, southwest Pacific, Geo!. Jahrb., D 92, 395-479, 1990. 

Fryer, P., and D. M. Hussong, Seafloor spreading in the Mariana Trough: Results of Leg 

60 drill site selection surveys, Initial Rep. Deep Sea Drill. Program, 60, 45-55, 

1981. 

Fryer, P., Petrogenesis of basaltic rocks from the Mariana Trough, Doctoral Dissertation, 

University of Hawaii, 157 pp., 1981. 

Fryer, P., Geology of the Mariana Trough, in Back Arc Basins: Tectonics and 

Magmatism, edited by B. Taylor, pp 237-279, Plenum, New York, 1995. 

152 



Fryer, P., Tectonic control over distribution of fluid venting and volcanism on the 

southeastern Mariana forearc and BACKARC region. Proc. JAMSTEC, Symp. 

Deep Sea Res., 9, 161-179, 1993. 

Fryer, P., Evolution of the Mariana convergent margin system. Rev. Geophys., 34, 89-

125, 1996. 

Fryer, P., J.B. Gill, and M. C. Jackson, Alvin observations of the Kasuga volcanoes, 

northern Mariana island arc, J. Volcano/. Geotherm. Res., 79:277-311, 1997. 

Fryer, P., H. Fujimoto, M. Sekine, L. Johnson, J. Kasahara, H. Masuda, T. Garno, T. 

Ishii, M. Ariyoshi, and K. Fujioka, Volcanoes of the southwestern extension of 

the active Mariana Island Arc: New swath-mapping and geochemical studies, 

Island Arc, 7, 596-607, 1998. 

Fryer, P., J.P. Lockwood, N. Becker, S. Phipps, and C. S. Todd, Significance of 

serpentine mud volcanism in convergent margins, in Ophiolites and Oceanic 

Crust: New Insights from Field Studies and the Ocean Drilling Program, 

Geological Society of America Special Paper 349, edited by Y. Dilek, Y., E.M. 

Moores, D. Elthon, and A. Nicolas, pp. 35-51, Boulder, Colorado, 2000. 

Fryer, P., N. Becker, B. Appelgate, F. Martinez, M. Edwards, and G. Fryer, Why is the 

Challenger Deep so Deep? Earth Planet. Sci. Lett., 221, 259-269, 2003. 

Fujiwara, T., T. Yamazaki, and M. Joshima, Bathymetry and magnetic anomalies in the 

Harve Trough and southern Lau Basin: from rifting to spreading in back-arc 

basins, Earth Planet. Sci. Lett., 185, 253-264, 2001. 

153 



Funiciello, F., G. Morra, D. Giardini, and K. Regenauer-Lieb, Dynamics ofretreating 

slabs (part 1): Insights from 2-D numerical experiments J Geophys. Res., 108, 

doi: 10.1029/2001JB000898, 2003a. 

Funiciello, F., C. Faccenna, D. Giardini, and K. Regenauer-Lieb, Dynamics ofretreating 

slabs (part 2): Insights from 3-D laboratory experiments, J Geophys. Res., 108, 

doi: 10.1029/2001JB000896, 2003b. 

Gamble, J. A., I.E. M. Smith, I. Graham, B. P. Kokelaar, J. W. Cole, B. F. Houghton, C. 

J. N. , Wilson, The petrology, phase relations and tectonic setting of basalts from 

the Taupo Volcanic Zone, New Zealand and the Kermadec Island Arc-Havre 

Trough, SW Pacific, J Volcano/. Geotherm. Res., 4, 235-270, 1990. 

Gamble, J. A., I. C Wright, J. A. Baker, Seafloor geology and petrology in the oceanic to 

continental transition zone of the Kermadec-Havre-Taupo Volcanic Zone Arc 

System, New Zealand. New Zealand J Geol. Geophys., 36, 417-435, 1993a. 

Gamble, J. A., I.E. M. Smith, M. T. McCulloch, I. J. Graham, B. P.,Kokelaar, The 

geochemistry and petrogenesis of basalts from the Taupo Volcanic Zone and 

Kermadec Island Arc, S.W. Pacific, J Volcano!. Geotherm. Res., 54, 265-290, 

1993b. 

Gamble, J. A., I. C. Wright, J. D. Woodhead, M. T. McCulloch, Arc and back-arc 

geochemistry in the southern Kermadec Arc-Ngatoro Basin and offshore Taupo 

Volcanic Zone, S.W. Pacific, in Volcanism Associated With Extension at 

Consuming Plate Margins, Geological Society of London Special Publication, 81, 

edited by J. L. Smellie, pp. 193-212, Geological Society, London, 1994. 

154 



Garfunkel, Z., D. L. Anderson, and G. Schubert, Mantle circulation and lateral migration 

of subducting slabs, J. Geophys. Res., 91, 7205-7223, 1986. 

Gill, J., Orogenic Andisites and Plate Tectonics, Springer Verlag, New York, 390 pp, 

1981. 

Griffiths, R.W., R. I. Hackney, and R. D. van der Hilst, A Laboratory Investigation of 

Effects of Trench Migration on the Descent of Subducted Slabs, Earth Planet. 

Sci. Lett., 133, 1-17, 1995 

Gudmnudsson, 0., and M. Sambridge, A regoinalized upper mantle (RUM) seismic 

model, J. Geohpys. Res., 103, 7121-7136, 1998. 

Guth, P. L., Slope and aspect calculations on gridded digital elevation models: Examples 

from a geomorphometric toolbox for personal computers, Zeitschrift for · 

Geomorphologie NF. Supplementband, 101, 31-52, 2001. 

Guth, P.L., E. K. Ressler, and T. S. Bacastow, Microcomputer program for manipulating 

large digital terrain models, Computers & Geosciences, 13, 209-213, 1987. 

Gvirstsman, Z. and R. J. Stem, Bathymetry of Mariana trench-arc system and formation 

of the Challenger Deep as a consequence of weak plate coupling, Tectonics, 23, 

doi: 10.1029/2003TC001581, 2004. 

Hagen, R., A. N. Shor, and P. Fryer, SeaMARC II evidence for the locus of seafloor 

spreading in the southern Mariana Trough. Marine Geology, 103, 311-322, 1992. 

Harding, A.J., J. A. Orcutt, M. E. Kapppus, E. E. Vera, J.C. Mutter, P. Buhl, R. S. 

Detrick, and T. M. Brocher, Structure of young oceanic crust at 13°N on the East 

Pacific Rise from expanding spread profiles, J. Geophys. Res., 94, 12163-12196, 

1989. 

155 



Harding, A. J., G. M. Kent, J. A. Collins, Initial results from a multichannel seismic 

survey of the Lau back-arc basin, Eos, Trans. AGU, 81, Fl 115, 2000. 

Hargrove, U, R. Stem, S. Bloomer, M. I. Leyboume, M. Edwards, and N. Becker, Results 

of new high-resolution bathymetric and back-scatter sonar imaging and dredging 

of the Mariana arc and back-arc system. Geol. Soc. of Am. Abstracts with 

Programs, 33, 398, 2001. 

Hawkins, J. W., Geology of the Lau Basin, a marginal sea behind the Tonga Arc, in The 

Geology of Continental Margins, edited by C. A. Burk and C. L. Drake, pp. 505-

520, Springer-Verlag, New York, 1974 

H~wkins, J. W., Petrology and geochemical characteristics of marginal basin basalt, in 

Island Arcs, Deep Sea Trenches, and Back-Arc Basins, Geophysical Monograph 

Series 23, edited by D. E. Hayes, pp. 355-365, AGU, Washington, D. C., 1977. 

Hawkins, J. W., and J. F. Allan, Petrologic evolution of Lau Basin Sites 834-839, Proc. 

Ocean Drill. Prog. Sci. Results, 135, 427-470, 1994. 

Hawkins, J. W., The geology of the Lau Basin, in Backarc basins: tectonics and 

magmatism, edited by B. Taylor, pp. 63-138, Plenum Press, New York, NY, 

1995. 

Honza, E., 1993. Spreading mode ofbackarc basins in the western Pacific. 

Tectonophysics, 251, 139-152, 1993. 

Hsui, A. T. and S. Youngquist, A dynamic model of the curvature of the Mariana Trench, 

Nature, 318, 455-457, 1985. 

Hussenoeder, S. A., J. A. Collins, G. M. Kent, R. S. Detrick, and the TERA Group, 

Seismic analysis of the axial magma chamber reflector along the southern East 

156 



Pacific Rise from conventional reflection profiling, J Geophys. Res., 101, 22087-

22105, 1996. 

Hussong, D. M. and S. Uyeda, Tectonic Processes and the history of the Mariana Arc, A 

synthesis of the results of Deep Sea Drilling Leg 60, Inital. Rep. Deep Sea Drill. 

Project, 60, 909-929, 1981. 

Irvine, T. N., and W. R. A. Baragar, A guide to the chemical classification of common 

volcanic rocks, Canadian J Earth Sci., 8, 523-548, 1971. 

Ishihara, T., R. J. Stem, P. Fryer, S. Bloomer, and N. C. Becker. Seafloor Spreading in 

the Southern Mariana Trough Inferred From 3-component Magnetometer Data. 

EOS Trans. Amer. Geophys. Union, 82(47), Fall Meet. Suppl., F1202, 2001. 

Karig, D. E., Ridges and basins of the Tonga-Kermadec island arc system, J Geophys. 

Res., 75, 239-254, 1970. 

Karig D. E., Origin and development of marginal basins in the western Pacific. 

JGeophys.Res., 76, 2542-2561, 1971 

Karig, D. E., Remnant arcs, Geo!. Soc. Am. Bull., 83, 1057-1068, 1972. 

Karig, D. E., R. N. Anderson, and L. D. Bibee, Characteristics of back arc spreading in 

the Mariana Trough, J Geophys. Res., 83, 1213-1226, 1978. 

Karig, D. E., and B. Ranken, Marine geology of the forearc region, southern Mariana 

island arc, in The Tectonic and Geologic Evolution of Southeast Asian Seas and 

Islands, Part 2, Geophysical Monograph Series 27, edited by D. E. Hayes, pp. 

266-280. AGU, Washington, D. C., 1983. 

157 



Kato, T., J, Beavan, T. Matsushima, Y. Kotake, J. T. Camacho, and S. Nakao, Geodetic 

evidence of back-arc spreading in the Mariana Trough, Geophys. Res. Lett., 30, 

1625, 2003. 

Kelemen, P. B., J. L. Rilling, E. M. Parmentier, L. Mehl, and B. R. Hacker, Thermal 

structure due to solid-state flow in the mantle wedge beneath arcs, in Inside the 

Subduction Factory, Geophysical Monograph Series 138, edited by J. Eiler, pp 

293-'311, AGU, Washington, D. C., 2003 

Kent, G. M., A. J. Harding, and J. A. Orcutt, Evidence for a smaller magma chamber 

beneath the East Pacific Rise at 9°20'N, Nature, 344, 650-653, 1990. 

Kincaid, C., and P. Olson, An experimental study of subduction and slab migration, J 

Geophys. Res., 92, 13832-13840, 1987. 

Klaus, A., and B. Taylor, Submarine canyon development in the Izu-Bonin Forearc: A 

SeaMARC II and seismic survey of Aoga Shima Canyon, Mar. Geophys. Res., 13, 

131-152, 1991. 

Klaus, A., B. Taylor, G. F. Moore, M. E. MacKay, G. R. Brown, Y. Okamura, and F. 

Murakami, Structural and stratigraphic evolution of the Sumisu Rift, Izu-Bonin 

Arc, Proc Ocean Drill. Program Sci. Results, 126, 555-574, 1992. 

Kobayashi, K and M. Nakada, Magnetic anomalies and tectonic evolution of the Shikoku 

inter-arc basin, in Geodynamics of the Western Pacific 6, edited by S. Uyeda, R. 

Murphy, and K. Kobayashi, pp. 391-402, Japan Science Society Press, Tokyo, 

1979. 

158 



Le Bas, M. J., R. W. Maitre, A. Streckeisen, and B. Zanettin, A chemical classification of 

volcanic rocks based on the total alkali-silica diagram, J Petrol., 27, 745-750, 

1986. 

Lin J. and J. Phipps-Morgan, The spreading rate dependence of three-dimensional and 

mid-ocean ridge gravity structure, Geophys. Res. Lett., 19, 13-16, 1992. 

Livermore, R., A. Cunningham, L. Vanneste, and R. Larter, Subduction influence on 

magma supply at the East Scotia Ridge, Earth Planet. Sci. Lett., 150, 261-275, 

1997. 

Macdonald, K. C., Near-bottom magnetic anomalies, asymetric spreading, oblique 

spreading, and tectonics of the Mid-Atlantic Ridge near latitude 37°N, Geo/. Soc. 

Am. Bull., 88, 541-555, 1977. 

Macdonald, K. C., Mid-Ocean Ridge Tectonics, Volcanism and Geomorphology, in 

Encyclopedia of Ocean Sciences, edited by J. Steele, S. Thorpe, K. Turekian, pp. 

1798-1813, Academic Press, 2001. 

Macpherson, C. G., and R. Hall, Tectonic setting of Eocene boninite magmatism in the 

Izu-Bonin-Mariana forearc, Earth Planet. Sci. Lett., 186, 215-230, 2001. 

Mantovani E., M.Viti, D. Babbucci, C. Tamburelli, and D. Albarello D. Back arc 

extension: which driving mechanism? J. Virtual Explorer,3, 17-44, 2001 

Marsh, B. D., and E. S. E. Carmichael. Benioffzone magmatism, J Geophys. Res., 79, 

1196-1206, 1974. 

Mart, Y, E. Aharonov, G. Mulugeta, W. Ryan, T. Tentler, and L. Goren, Analogue 

modelling of the initiation of subduction, Geo phys. J Int., 160, 1081-1091, 2005. 

159 



Martinez, F., P. Fryer, N. Baker, and T. Yamazaki, Evolution ofbackarc rifting: Mariana 

Trough, 20°-24°N, J Geophys. Res., JOO, 3807-3827, 1995. 

Martinez, F., P. Fryer, and N. Becker, Geophysical characteristics of the southern 

Mariana Trough, 11°50'N-13°40'N, J Geophys. Res., 105, 16591-16607, 2000. 

Martinez, F., and B. Taylor, Mantle wedge control on back-arc crustal accretion, Nature, 

416,417-420,2002. 

Martinez, F., and B. Taylor, Controls on back-arc crustal accretion: insights from the 

Lau, Manus and Mariana basins, in Intra-oceanic subduction systems: tectonic 

and magmatic processes, edited by R. D. Larter and P. T. Leat, pp. 19-54, 

Geological Society, London, 2003 . 

Masuda, H., R. Lutz, S. Matsumoto, S. Matsumoto, and K. Fujioka, Topography and 

geochemical aspects on the most recent volcanism around the spreading axis of 

the southern Mariana Trough at 13 °N. Proc. JAMSTEC Symp. Deep Sea Res., 10, 

175-185, 1994. 

Masuda H., K. Mitsuzawa, N. Seama, S. Masumoto and YK99-l l Shipboard Scientific 

Party, Bathymetry and hydrothermal activities in the southern Mariana Trough, 

JAMSTEC J Deep Sea Res., 18, 83-88, 2001a 

Masuda, H, S. Nakagawa, and the Shipboard Scientific Party ofKK-00-03, Newly found 

low temperature hydrothermal activities at the spreading axis of the southern 

Mariana back arc basin-summary ofDive#l64 during KK-00-03, JAMSTEC J. 

Deep Sea Res., 18, 89-93, 2001b. 

McCabe, R., and S. Uyeda, Hypothetical model for the bending of the Mariana Arc, in 

The Tectonics and Geologic Evolution of Southeast Asian Seas and Islands, Part 

160 



2, Geophysical Monograph Series 27, edited by D. E. Hayes, pp. 281-293, AGU, 

Washington, D.C., 1983. 

Mitsuzawara, K., H. Masuda, N. Seama, Y. Hasegawa, M. Miyamoto, N. Togashi, A. So, 

and H. Yamanobe, Preliminary report of Deep-TowN okosuka Cruise at 

hydrothermal areas in the Mid and Southern Mariana, JAMSTEC J. Deep Sea 

Res., 17, 73-87, 2000. 

Moberly, R., Origin oflithosphere behind island arcs, with reference to the Western 

Pacific, Geo!. Soc. Am. Mem. 423, 35-55, 1972. 

Molnar, P., and T. Atwater, Interarc spreading and Cordilleran tectonics as alternates 

related to the age of subducted oceanic lithosphere, Earth and Planet. Sci. Lett., 

41, 330-340, 1978. 

Morton, J. L. and N. H. Sleep, Seismic reflections from a Lau Basin Magma Chamber, in 

Geology and Offshore Resources of Pacific Island Arcs-Tonga Region, Earth 

Science Series Vol. 2, edited by D.W. Scholl and T.L. Vallier, pp. 441-453, 

Circum-Pacific Council for Energy and Mineral Resources, Houston, TX., 1985. 

Muenow, D.W., N.W.K. Liu, M. 0. Garcia, and A. D. Saunders, Volatiles in Submarine 

Volcanic Rocks from the Spreading Axis of the East Scotia Sea Back-Arc Basin, 

Earth Planet. Sci. Lett., 47, 272-278, 1980. 

Mullen, E. D., MnO/Ti02/P205: A minor element discriminant for basaltic rocks of 

oceanic enviroments and its implications for petrogenesis. Earth Planet. Sci. 

Lett., 62, 53-62, 1983. 

161 



Nakajima, K. and M. Arima, Melting experiments on hydrous low-K tholeiite: 

Implications for the genesis of tonalitic crust in the Ozu-Bonin Mariana arc, 

Island Arc, 7, 359-373, 1998. 

Okino, K., S. Kasuga & Y. Ohara, A New Scenario of the Parece Vela Basin Genesis, 

Mar. Geophys. Res., 20, 21-40, 1998. 

Okubo, C. H., Schultz, A., and Stefanelli, G. S., Gridding Mars Orbiter Laser Altimeter 

data with GMT: effects of pixel size and interpolation methods on DEM integrity, 

Computers Geosci., 30, 59-72, 2004. 

Olbertz, D., M. J. R. Wortel, and U. Hansen, Trench migration and subduction zone 

geometry, Geophys. Res. Lett., 24, 221-224, 1997 

Packham, G. H., and D. A. Falvey, An hypothesis for the formation of marginal seas in 

the western Pacific, Tectonophysics, 11, 79-109, 1971. 

Park, C.H., K. Tamaki, and K. Kobayashi, Age-depth correlation of the Philippine Sea 

back-arc basins and other marginal basins in the world, Tectonophysics, 181, 3 51-

371, 1990. 

Pearce, J. A., M. Emewein, S. H. Bloomer, L. M. Parson, B. J. Murton, and L. E. 

Johnson, Geochemistry of Lau Basin volcanic rocks: influence of ridge 

segmentation and arc proximity, in Volcanism associated with extension at 

consuming plate margins, Geological Society of London Special Publication 81, 

edited by J.L. Smellie, ,pp. 53-75, Geologicial Society, London, 1995. 

Pearce, J. A., R. J. Stem, S. Bloomer, and P. Fryer, Geochemical Mapping of the Mariana 

Arc-Basin System: Implications for the Nature and Distribution of Subduction 

Components, Geochem. Geophys. Geosys., 6, doi: 10.1029/2004GC000895, 2005 . 

162 



Rohr, K. M. M., B. Milkereit, and C. J. Yorath, Asymmetric deep crustal structure across 

the Juan de Fuca Ridge, Geology, 16, 533-537, 1988. 

Rongstad, M., HA WAil MR-1: A new underwater mapping tool, Int. Conj on Signal 

Processing and Technology, pp. 900-905, 1992. 

Rosendahl, B. R., Architecture of Continental Rifts with special reference to East Africa, 

Annu. Rev. Earth Planet. Sci., 15, 445-503, 1987. 

Saunders, A. D. and J. Tamey, Back-arc basins, in Oceanic Basalts, edited by P.A. Floyd, 

pp. 219-263, Blackie, Glasgow and London, 1991 

Schellart, W. P., Kinematics of subduction and subduction-induced flow in the upper 

mantle. J Geophys. Res., 109, doi : 10.1029/2004JB002970, 2004a. 

Schellart, W. P., Quantifying the net slab pull force as a driving mechanism for plate 

tectonics. Geophys. Res. Lett., 31, doi:10.1029/2004GL019528, 2004b. 

Searle, R. C., P.A. Cowie, N. C. Mitchell, S. Allerton, C. J. MacLeod, J. Escartin, S. M. 

Russel, P.A. Slootweg, and T. Tanaka, Fault structure and detailed evolution of a 

slow spreading ridge segment: The Mid-Atlantic Ridge at 29°N, Earth Planet. 

Science Lett., 154, 167-183, 1998. 

Seno, T., and S. Maruyama, Paleogeographic reconstruction and origin of the Philippine 

Sea. Tectonophys, 102, 53-84, 1984. 

Shemenda, A. I., Subduction of the lithopshere and backarc dynamics: Insights from 

physical modeling. J Geophys. Res., 98, 16,167-16,185, 1993 . 

Siebert, L. and T. Simkin, Volcanoes of the world: an illustrated catalog of Holocene 

volcanoes and their eruptions, Smithsonian Institution Digital Information Series 

GVP-3, http://www.volcano.si.edu/gvp/world 

163 



Singh, S. C., G. M. Kent, J. S. Collier, A. J. Harding, and J. A. Orcutt, Melt to mush 

variations in crustal magma properties along ridge crest at southern east Pacific 

Rise, Nature 394, 874-878, 1998 

Smith, W. H. F. and Sandwell, D. T., Global sea floor topography from satellite altimetry 

and ship depth soundings, Science, 277, 1956-1962, 1997. 

Smoot, N. C., The growth rate of submarine volcanoes on the South Hoshu and East 

Mariana Ridges. J. Vo/can. Geotherm. Res., 35, 1-15, 1988. 

Stern, R. J., N. C. Smoot, and M. Rubin, Unzipping of the Volcano Arc, Japan, 

Tectonophysics, 102,153-174, 1984. 

Stem, R. J. and S. H. Bloomer, Subduction zone infancy. Geo/. Soc. Am. Bull., 104, 

1621, 1992. 

Stem, R. J., M. J. Fouch, and S. L. Klemperer, An Overview of the Izu-Bonin-Mariana 

Subduction Factory, in Inside the Subduction Factory, Geophysical Monograph 

138, edited by J. Eiler, pp. 175-222, AGU, Washington, D.C., 2003. 

Stolper, E. and S. Newman, The role of water in the petrogenesis of Mariana trough 

magmas, Earth Planet. Sci. Lett., 121, 293-325, 1994. 

Sunkel, G., Petrology and geochemistry of submarine lavas from the Lau Basin (SW 

Pacific), Mar. Min, 9, 205-234, 1990. 

Tamaki, K., and E. Honza, Global tectonics and the formation of marginal basins: Role of 

the western Pacific. Episodes, 14, 224-230, 1991. 

Tatsumi, Y., Formation of the volcanic front in subduction zones, Geophys. Res. Lett., 13, 

717-720, 1986. 

164 



Tatsumi, Y., and S. Eggins, Subduction Zone Magmatism, Blackwell Science, 

Cambridge, MA., 1995. 

Taylor, B., Rifting and the volcano-tectonic evolution of the Izu Bonin-Mariana arc, Proc 

Ocean Drill. Program Sci. Results, 126, 627-652, 1992. 

Taylor, B. and G.D. Kamer, On the evolution of marginal basins, Rev. Geophys. Space 

Phys., 21, 1727-1741, 1983. 

Taylor, B., K. Fujioka, and shipboard scientific party, Initial Reports, Proceedings of the 

Ocean Drilling Program Leg 126, Ocean Drilling Program, College Station, TX, 

1002 pp., 1990. 

Uyeda, S. and H. Kanamori Barck-arc opening and the mode of subduction, J. Geophys. 

Res., 84, 1049-1061, 1979. 

Vallier, TL, G. A. Jenner, F. A. Frey, J.B. Gill, A. S. Davis, A. M. Volpe, J. W. 

Hawkins, J. D. Morris, P.A. Cawood, J. L. Morton, D. W. Scholl M. 

Rautenschlein, W. M. White, R. W. Williams, A. J. Stevenson, and L. D. White, 

Subalkaline andesite from Yalu Fa Ridge, a back-arc spreading center in southern 

Lau Basin: petrogenesis, comparative chemistry, and tectonic implications, Chem. 

Geo/., 91, 227-256, 1991. 

Vogt, P.R., Volcano spacing, fractures and thickness of the lithosphere, Earth Planet. 

Sci. Lett., 21, 235-251, 1974. 

Wessel, J., P. Fryer, P. Wessel, and B. Taylor, Extension in the northern Mariana forearc, 

J Geophys. Res., 99, 15,181-15,203, 1994. 

Wessel, P. and W. H.F. Smith, Free software helps map and display data, EOS Trans. 

AGU, 72, 441, 1991. 

165 



Wessel, P. and W. H. F. Smith, New, improved version of the Generic Mapping Tools 

released, EOS Trans. AGU, 79, 579, 1998. 

Wiedicke, M. and J. Collier, Morphology of the Yalu Fa Spreading Ridge in the Southern 

Lau Basin, J Geophys. Res., 98, 11,769-11,782, 1993. 

Yamazaki, T., N. Seama, K. Okino, K. Kitada, M. Joshima, H. Oda, and J. Naka, 

Spreading process of the Northern Mariana Trough: Rifting-spreading transition 

at 22°N, Geochem. Geophys. Geosys., 4, doi: 10.1029/2002GC000492, 2003. 

Zellmer, K. and B. Taylor, A three-plate kinematic model for Lau Basin opening, 

Geochem. Geophys. Geosys., 2, Paper number 2000GC000106, 2001. 

166 


